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Timing Verification of Sequential Dynamic Circuits

David Van Campenhouttudent Member, IEEETrevor Mudge Fellow, IEEE and Karem A. Sakallatfellow, IEEE

Abstract—This paper addresses static timing verification for electrical simulators such as Spice [5] to verify their designs.
sequential circuits implemented in a mix of static and dynamic This paper addresses static timing verification for sequential
logic. We restrict our focus to regular domino logic and footless  wirqits implemented in a mix of static and dynamic logic. We
domino logic, a variant of domino logic. First we derive con- id | | fd ic logic: lar domi
straints for proper operation of dynamic gates. An important CONSIder two popular styles of dynamic logic: regular domino
observation is that for dynamic gates, input signals may start logic, and a variant of domino logic called footless domino.
changing near the end of the evaluate phase without compro-  The characteristic timing constraint for domino gates was
mising correct operation. This gives the circuit designer extra giated in [4]: “All nodes can make at most only a single

flexibility. We present two verification methods. Both are based . . - .
on the Sakallah—Mudge—Olukotun (SMO) model for static timing (rising) transition and then must stay there until the next

analysis of sequential circuits. The first method models dynamic Precharge.” Most work in static timing analysis of sequential
gates explicitly. The signals at the terminals of the dynamic gates circuits has not considered dynamic logic. Also, most work
are modeled by five events: the earliest/latest, rising/falling tran- on timing verification of dynamic logic has concentrated on
sitions, and a fifth event that models the occurrence of a spurious o timing constraints for this logic, and has disregarded the

rising transition. The second method applies the original SMO . fi fi th traints i | stati
model after a preprocessing step that computes the combinational ISSU€ OrF Incorporating these constraints In a general static

delays. A postprocessing step checks the constraints specific tofiming analysis framework. One explanation for this lacuna
dynamic gates. The relationship between both methods is studied. is that dynamic logic has been applied only to critical sections

We show that the second method may result in a more conserva- of designs. Synthesis of these sections has been a manual

tive analysis than th_e first method, but_at a lower compu'tatlonal_ task and structure has been imposed to make timing analysis
cost. We also examine a less aggressive set of constraints, which

disallows spurious transitions. A detailed example illustrating the €asier. Venkaet al [13], [14] described a timing verifica-
important features of the model is presented, and an electrical tion methodology for domino circuits. The focal points of
simulation of that circuit is performed. The results demonstrate their work are the identification of dynamic nodes, constraint
the practical relevance of the methods. generation for verifying the operation of the dynamic logic
Index Terms—Modeling, timing verification. gates, and handling gated clocks. However, how domino gates
can be handled during the actual static timing analysis, was
not addressed. Narayanahal. [6] investigated self-resetting
CMOS (SRCMOS) [3], [15], a form of dynamic logic closely
IGH-performance microprocessors employ advanced Cfglated to domino logic. They described how to augment an
cuit techniques to help meet their performance objegxisting static timing analysis system to handle SRCMOS. In
tives. Critical sections of the design are often implementgdp] we described methods for the static timing verification
in dynamic logic. Domino logic [4], [16], a popular stylesf circuits implemented from a mix of static and domino
of dynamic logic, has the advantage of small area and fag§ic. Our methods were built on a standard static timing
operation over complementary static logic. However the use alysis framework [8]. In this work the analysis is refined
domino logic has been restricted mainly to full custom designgnq extended to handle footless domino logic.
in part because of the difficulty of verification. Not only do \ye present a set of timing constraints for domino and
electrical effects such as charge sharing need to be verifigthiess domino circuits. Our work is distinguished from
but also the timing of the circuits is critical. In the absence Qfjated work in the following: We present a systematic analysis
good timing models, designers often have to depend solely giyne requirements governing proper operation of domino and
footless domino circuits. Our formulation is more general and
Ml;clnuscript receivofled_ AUQUSL 21F1 1997; _revized October 19H 1998. Thagpplies to circuits that freely mix static with dynamic logic.
o SO 1 L) e et Reseaih CoortBlythermre our formulation fs n a ramework for tatc -
(ARPA) under Contract DAAH04-94-G0327, and by the National Sciend®ld analysis of latch-based circuits and can therefore be used
Foundation (NSF) under Grant MIP-9404632. This paper was recommendext timing verification of circuits that use cycle borrowing. As
by Associate Editor T. Szymanski. a byproduct of our analysis we have identified a behavior that
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The actual verification methods are described in Section V. A S
detailed example illustrating the model’s important features is GND
provided in the Section VI, followed by concluding remarks
in Section VII. clk |_precharge | evaluate l
x0 l
II. STATIC TIMING ANALYSIS
xt ] [ L

A comprehensive model for analyzing the temporal behavior
of synchronous sequential circuits, the SMO model, is de- x2 |
scribed in [8]-[10]. These sequential circuits are composed of —x =
an interconnection of static combinational logic and clocked
storage elements, referred to as synchronizers. The synchiig-2. ANDOR21 Domino gate with sample waveforms.
nizers can either be level-sensitive (latches), or edge-triggered

(flip-flops). The SMO model assumes a multiphase clocking, ing the precharge phase, the circuit's output is brought
sy;tem with common C_IOCk period... '_I'he cpmbmatlona! to, one logic value, regardless the logic values of the inputs.
Iogu; betyvgen each pair 9f synchromzerg IS CharaCte”ZcEquing the evaluate phase, the output conditionally makes a
by its minimum and maximum propagation delays. Ea ansition to the other logic value, depending on the logic

synchronizer is characterized by its setup time and hold time,,, ,o.q of e inputs. The phases are defined by a clock signal
the phase and the minimum and maximum delay (skew) of jis., ic provided to every dynamic gate

clock signal, and the minimum and maximum delay between
the data input and the output. The worst-case time complex,'
for verifying the timing of a circuit with|L| latches ande¢]
combinational edges connecting the latche®{$L||¢|).

Domino logic is one of the most popular styles of dynamic
%ic and is the basis of many derivatives. Fig. 2 shows
an ANDOR21 domino gate and some sample waveforms.
. . 1 The gate consists of a pulldown network (PDN), an evaluate

A key feature of this model is that the analy_3|s 'S pe_zrform ansistorV,., which is part of the PDN, a precharge transistor
modulo 7.. A reference clock cycle is associated with eac » - and a static CMOS inverting buffer. The operation of the

synchronizer. Referring to Fig. 1, the output of the SynChr%'ircuit is as follows. When the clocklk is low, the internal

nizer undergoes the following sequence during the referenncgdez is precharged, and the output noglds set to zero,

cycle. First, it holdsw;_; the stable value that was latched o . . .
the end of the previous cycle. As soon as the clock enal?lﬁ—gpf period in whicfelk is low is called theprecharge phase

the synchronizer, the output may start changing. The event”smg transition on the clock conditionally disc_harges the
time of the earliest change is denoted dbYearliest departure m_tter;r:].'ilisrtlggez atl:\ergugh Ing ::IDEI,[S Tt]riep\?;\llug(sm;sieoﬁr:hﬁts
time). That event can be triggered either by the synchronizen 9 y puts. P

r's . ) )
clock or by the synchronizer's data input, depending on theqetermlne whether the discharge actually takes place. This
temporal relationship. Next, the output signal settles to it

hase is called thevaluate phaseOnce z is discharged, it
stable valuey;. This is the value that is latched at the en

ill stay low for the rest of the evaluate phase even if the
of the cycle. The latest time this happens is denotedZby inputs change subsequently. Therefore, either the inputs have
(latest departure time). For the latching to happen relia

bIto settle to their stable values before the start of the evaluate
the data input must respect a setup and a hold constraint V\%{F‘ase, or they can settle to their stable high value by making
respect to the latching edge of the clock. Hence, in the S

gle rising transitions during the evaluate phase.
model signal waveforms are modeled with two events in theThe inverter at the output of the gate is included for several
reference clock cycle. re

asons. First, it is required for proper operation of a chain
of domino gates. Signals produced by domino gates that lack
the inverter cannot be fed into another domino gate because
IIl. DYNAMIC LogiC they violate the requirement stated above. This can be seen as
Combinational circuits in static CMOS logic have the propgfollows. The output of a domino gate that lacks the inverter,
erty that at any time that the circuits’ signals have settled, tiee reset to one during precharge. This high value will still
logic value of the outputs depend solely on the logic valuge present at the beginning of the evaluate phase of the next
of the inputs. This property does not hold for dynamic logi@ate in the chain, and thus that next gate will be inadvertently
In dynamic logic, circuit operation is divided in two phasedischarged. Consequently, that next gate becomes insensitive
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of footless domino gates, which is generally undesirable. This

clibar___o 4 VDD can be seen in the figure, as the falling transition;aé not
triggered byclk, but by 20 and z1. Also note that during
x0 — the beginning of the precharge phase a conducting path from
Xt |4 positive supply (VDD) to ground (GND) may exist, leading to
increased power consumption over the regular domino version.
X2 q Both these two problems are usually alleviated by clocking
] z > y each stage in a chain of footless domino gates with a clock that
- I is slightly delayed with respect to the clock of the preceding
EL GND stage. The advantages of footless domino circuits are that they
require less area and are faster.
Fig. 3. Dominop-MOS gate.
IV. MODELING DYNAMIC GATES
vDD
clk 4‘1{“’ z o A. Waveform Model
I I In this section we introduce a five-event periodic waveform
X0 : : model that captures the relevant temporal behaviors of dy-
: : pulldown namic gates. This waveform model will be used to represent
1 — ' network the data input signals and output signal of dynamic gates. Four
X2 : . of these events are the earliest rising and falling transitions,
. . and the latest rising and falling transitions. The corresponding
" LGNp event times are denoted &, 4, D®, DF', respectively, and
are ordered as followsi® < D <« d® < DZ, For input
clk —|_precharge | evaluate | signals thed's are replaced by's (arrival times). This model
is depicted in Fig. 5. A reference cycle with respect to a
x0 I dynamic gate starts with the clock signal triggering the output
1 ] L signal to make a falling transition some time in the interval
[@F, DF]. If the gate had not made a rising transition in the
- — previous reference cycle, the falling transition does not take
Y — | place. If the gate is to evaluate to “1” during the current
_ _ _ reference cycle, its output will make a single rising transition
Fig. 4. Footless domino gate with sample waveforms. in [dR, DR]. The high value is valid at least [DDR, dF +T.

Alternatively, the output signal remains low throughout the

to transitions on its inputs during evaluate. Second, the intermabt of the reference cycle: at least duripg”,d® + T.].
node z is a weak node. This is indicated in the figure by thelowever, as the analysis presented in Section IV-B will show,
capacitance at node When the clock is high, the high valuecorrect operation is possible even when the gate produces
on that node is not driven. The inverting buffer separates thatglitch. That is, although the gate is to evaluate to “0”,
dynamic node from the rest of the circuit, thus alleviating does make a single rising transition late in the reference
charge-sharing problems and minimizing capacitive couplingycle. By considering this phenomenon, which we term a
A consequence of the inverting buffer is that a domino gatgitching zerq constraints for correct operation can be derived
can only implement a noninverting function of its inputs.  that are looser than those previously published. Although the

Fig. 3 shows a doming-MOS gate, which is the dual of the glitching zero behavior may occur only rarely in practical
circuit from Fig. 2 and which implements the same functiordesigns, we will present an example together with a detailed
However, in many CMOS technologies, the performance ahalysis that demonstrates this behavior (see Section VI). For
such a dual gate is far inferior to that of the original gate dweglitching zero not to affect the logic operation of the circuit,
to the poor characteristics of thetransistors. The following it should not propagate to the synchronizers. To analyze the
discussion will only be concerned with the type of gate showtiming in the presence of glitching zeros, a fifth parameter
in Fig. 2 (dominon-MOS). d®%, which denotes the earliest time at which such a spurious

A common variant of domino logic, termddotless domino rising transition occurs, is required. Note that since falling
is shown in Fig. 4. This type of gate differs from the standartlansitions are only triggered by falling transitions of the clock
domino gate only in the absence of the evaluate transistor. T8ignal, the event times of glitches corresponding to the falling
operation is similar to that of regular domino logic, exceptansition are the same as those during normal operation. The
for the precharge phase. Precharge will only take placeriging transition of the glitch must take place strictly later
all paths in the PDN are broken whildk is low. Due to than the rising transition during normal operation (otherwise
the absence of the evaluate transistor, this requirement isthe glitch cannot be distinguished from a valid “1"), that is,
longer trivially satisfied. Another consequence is that during? < d®°+T.. The effect of a glitching zero is that the period
precharge, a falling transition can propagate through a chanwhich the low value of the signal is valid is shortened to
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Fig. 5. Enhanced waveform model for dynamic gates: output signal.

[DF, d®° + T,]. Hence, considering both the high and th&he four-event model does not handle glitches explicitly, but

low values, the signal is valid at least during the intervahey can be taken into account by settiffy= d7°, as shown

[D®, min {d"° + T, d" + T.}]. The value of the signal in this in the figure. The waveform can be abstracted further to the

“valid” interval, will be referred to as the signal&able value two-event model, which is also shown in the figure.

Not every dynamic signal exhibits glitching. The absence of 1) Static Signals:Input signals to dynamic gates that are

glitching is modeled by = +o0o. In cased®® # +o00, it produced by static logic are modeled by the four-event ab-

satisfies the following orderingd® < df° + T, < d¥ 4+ 7,. straction. The major difference with dynamic signals is that

Fig. 5 illustrates the model. The figure shows the wavefortiere is no longer an interval in which the signal is guaranteed

of the clock to a domino gate, and the waveforms that can Is&v. Also, the event order is looser: the only requirements on

o , R R F F

exhibited by the gate’s output. The waveform of the clock i€ event order aré™ < D™ andd” < D”.

at the top of the figure. The next two waveforms correspond to

the output evaluating to “1” and “0,” respectively. The fourtiB. Proper Operation

waveform shows the case where the output exhibits a glitchingprior to deriving the constraints that govern the operation

zero. Composing these three waveforms leads to the f'Ve'eVSﬂ"dynamic gates within a sequential circuit, we define the

waveform. Note that not all events with respect to a singlgytion of proper operation.

reference cycle are shown. Instead we show the rising eventpefinjtion 1—Proper Operation of Dynamic Gatesx dy-

in the current reference cycle and the falling and glitchingamic gate operates properly in a synchronous sequential

events from the next reference cycle (as indicated by the tegifcuit if the stable value of its output is determined solely

+1. on those event times). This simplifies the figure, as iy the stable values of its inputs.

reduces the number of cases to be considered. We assume that input signals to a dynamic gate are indepen-
The five-event waveform can be abstracted to the four-evefnt and represented by the five-event waveform model intro-

waveform model proposed in [12]. Again, this is illustrateduced in the previous section. Static inputs (inputs produced

in the figure. In the four-event model, the event times at® static logic) are represented by the four-event waveform

orderedd” < D¥ andd® < D%, but D¥ < 4% does not model. Under this assumption necessary and sufficient con-

necessarily hold. Also, in this model, the signal is stable traints for proper operation of dynamic gates can be derived.

[max (D®, D¥), T. +min (d%, d¥')], but not necessarily zero. These constraints dictate temporal relationships among the

It will be shown later that it is important to be able to capturdata input signals and between the data input signals and the

the period in which dynamic signals are guaranteed to be loglock signal.
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Fi

g. 6. Temporal relationships between a data input and the evaluate phase.
constraint with respect to the latest rising input along the path.

While going over the constraints it is useful to refer t(I)HV'
Fig. 6. The figure enumerates all the different relationships ai +T.> maz{A]R} 4 TtWH,
between A® and A" of a dynamic data input and clock er
edges delineating the evaluate phase of the dynamic gatéYote that the constraint is to be satisfied for all inputs,
that can lead to proper operation. Segments in dashed lifR@uding the clock input«( = clk). Since the max-operator
or gray pertain to the next or the previous reference cyclg2ncems’, the clock input is always considered in the right
The first case shown is that when battf and AF occur hand side, for both types of gates. Hence the constraint also
during the precharge phase. In total there are six cases, &Agures overlap with the evaluate phase. _
they have in common that the intervah®, of + 7], in The constraint is illustrated in Fig. 7 for the domino gate
which the input attains its high stable value, overlaps wiffiom Fig. 2. Waveform segments associated with the current
the evaluate phase of the current reference cycle. This sifiference cycle are indicated with solid lines; segments associ-
leaves quite some latitude and both high stable values frétifd With the next or the previous reference cycle are in dashed
the previous reference cycle (case 3), and high stable vallj§€S: The latest rising input along the path — +2 — clk is
from the next reference cycle (case 6), may overlap with tHe- The IHV constraint for each of the inputs along this path

evaluate phase of the current reference cycle. Notice that if & Shown in the figure.

waveforms were offset even more, such that values from twoz) Integrity of the Low Output Value (ILVP and ILVN):

cycles apart would overlap with the current evaluate pha? oper operation nec?SS|tates that a low output value will be
served at the gate’s output when the stable values of the

correct operation would no longer be possible (there wou : . )
no longer be overlap between the high stable value of tfyrrent reference cycle of the inputs indicate so. During the

current reference and the current evaluate phase.) Each of F]eecharge phase the gate’s output will be brought to zero, but

six cases can be differentiated further by considerifiga?’’, this low _output value can_be corrupteo_l n tW(.) ways. First,
and the fifth signal parametesR. These were omitted in an old high value on an input may still persist during the

order not to clutter the figure. current evaluate phase and trigger the gate to inadvertently

Consider a regular or footless domino gate whose inplﬁ\gimh to'one. Sl.JCh a transition is always illegal because the
(including the clock input) are referred to Byits clock input output will remain high throughout the evaluate phasel

o . ar = pah n e PDN by, To ncuce thetk put_ 15 [0S occrserlr 0 vl g rensiion o
in the set of inputs along a pathin the PDN of a footless P 99 Y put. ' 9

domino gate, the notatigpl = pUclk is used. To differentiate value on an input still per.5|sts during the Cu”e”t. gvaluate
9 Y . _ phase, at least one other input on each path thraughthe
dynamic signals from static signals we use the prefiyr

the clock signal is also considered dynamic: the key properl?DN Is to be guaranteed low. Only dynamic inputs can be

. o ) low in the i F o). Th int th
is that dynamic signals are guaranteed low dufiag, «%]. g¥|aranteed ow in the intervai™, a"] e constraint that

1) Integrity of the High Output Value (IHV)Proper oper- Ier\e/Ssely tests this property is as follows.

ation necessitates that the gate’s output will rise in the current

reference cycle, if stable values of the current reference cycle AZF < max{af‘fk, max {af ‘ (Af < Af)}}

of the inputs indicate so. Therefore, the high stable interval dynjcp’

of each input must overlap with the current evaluate phase.The constraint must hold for every data input, not for the
However, this alone is not sufficient. The stable high valuetock input. This constraint also applies to footless domino
of inputs along the same pathin the PDN have to overlap gates and will be referred to as ILVP, as it protects the low
as well. For electrical reasons, the period of overlap must alue from corruption by signals from a previous reference
at least7’"WH, This requirement can be formulated as a holdycle.
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Fig. 8. ILVP: Integrity of the low output value: (a) satisfies constraint Fig 9. ILVN1: Integrity of the low output value: (a)o satisfies constraint
and (b)z; violates constraint. and (b)x violates constraint.

The constraint is illustrated in Fig. 8, again for the domind-VN2
gate from Fig. 2. The stable values of the inputs &age= 0, RO SED R
z1 = 0, o = 1; hence, the stable value gfshould be zero. % T I > 177 + max IH?X{AJ }v
In Fig. 8(a) an old logic one on input; is still present during
the current evaluate phase, but does not affect proper operation min { AF 4T
since inputz, along the same path is guaranteed to be low. If dynjep U7 ¢

(s <)}
the old high value persisted longer, as shown in Fig. 8(b). [fperersEP js 4 timing constant. These constraints also apply
may enable input, to trigger a spurious rising transition on

to footless domino gates and will be referred to as ILVN1

y- There is no input along Fhe same pa.th which IS guarantegrqd ILVNZ2, as they protect the low value from corruption by
to be low while x; makes its latest falling transition, henceSignals from a next reference cycle

that transition must_ ta_ke place before the beginning of th_eILVNl is illustrated in Fig. 9, again for the domino gate
evaluate phase; this is not the case and, hence, |LVPﬁJ8m Fig. 2. The stable values of the inputs arg = O,

vulated. d . hich the | | z1 = 0, xz2 = 1; hence the stable value gfis zero. In the
second way in which the low output value may gefoi reference cycley goes high, but this occurs so early that

corrupted is that a high value associated with the next refer(_aqﬁg event takes place during the evaluate phase of the current

cycle triggers an inadvertent output transition. Such a SPUriolSerence cycle of.. Consequently, that early rising transition

tr_an_smo_n (glitching zerq) IS permlssn?l_e as Io_ng as It can Qﬁ xp triggers a spurious rising transition gf(glitching zero).
distinguished from a valid rising transition. This means that Kssuming thatz, is the overall latest rising input it can be

a spurious transition takes place, it must haplager than the seen that in Fig. 9(a) the low output value is not corrupted as
ll‘ﬁe spurious transition takes place at least a separation time
stant after the latest valid rising transition. In Fig. 9(b)
ILVN1 is violated: the spurious rising transition takes

events that need to be checked for afe+ 7, anda®™ + 7. 0
Either, these events have to take place after the latest vaﬁ@'
rising transition is triggered, or at least one other input alo ace before the latest rising transition and, hence, cannot be
each path has to be gua_ranteed low. This property is pred%ﬁ%inguished from a valid rising transition. ' '
expressgd by the following: 3) Precharge: Constraints ILVP, ILVN1, and ILVN2 en-
ILVNL sure that the low output value will not be corrupted by signals
from other reference cycles, but it remains to be seen if the
gate will correctly settle to that low value during the precharge
phase. A regular domino gate precharges correctly if its clock
(af‘i < af) }} respects a minimum width;”W', of the low phase (precharge
phase). For footless domino gates this is not sufficient. For

ol 4T, > TSFP | max{maX{AJR},
J

min {Af + T,
dynjep
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such a gate every path in the PDN must remain broken tillc) Integrity of Precharge
the end of the precharge phase, starting ffl@f"’ before IPCH1:
the end of the precharge phase. This property can be precisely
expressed by two constraints. The first constraints, IPCH1, max{ Clk,max Fl¥(dynj € p)
stipulates that the latest time at which a path becomes broken
must be at least”V’ before the end of the precharge phase. ((AF < AF) (af"' <Al < aﬁk))}
IPCHl < R _TPVVL' (5)
max{Agk,max{A Y(dynj €p): IPCH2 (only for footless):

F F R R R R PWL min{max{—oo, max {af}}} > af, (6)

((Az < AJ ) \Y (aj < Az < aclk)) S Aol — T . p dynjeEp

_ _ It is easy to see that proper operation of a domino gate
The second constraint, IPCH2, stipulates that no path shedinsists of exactly the following five requirements:
be turned on before the start of the evaluate phase. i) If the stable values of the inputs from the current

IPCHZ reference cycle dictate a high output value, the gate’s
min< maxq —oo, max {af } > all
p dynjep

output must rise during the current reference cycle.
The term —cc reflects that if a path exists for which all

i)

If the stable values of the inputs from the current
reference cycle dictate a low output value, the low
output value set during precharge of the current refer-
inputs are static, precharge may fail. Constraint PCH2 only ence cycle is not to be corrupted by high input values
applies to footless domino gates. Constraint PCH1 reduces ta
AL < aff, — TPWL for regular domino gates. .
These findings are summarized below. An important prob-
lem, to be addressed by electrical analysis [2], is the deter-
mination of the minimum pulse widths and minimum sep-
aration times7"WH TPWI " and T5*P, Furthermore some .
these parameters actually depend on the discharge path my)
volved.
Constraints governing proper operation of a domino gate'v)
A domino gate operates properly in a synchronous sequential
circuit iff the following constraints are satisfied:

)

belonging to a previous reference cycle.

If the stable values of the inputs from the current
reference cycle dictate a low output value, the low
output value set during precharge of the current refer-
ence cycle is not to be corrupted by high input values
belonging to the next reference cycle.

Every path in the PDN must become open at least some
time before the end of the precharge phase.

No path in the PDN is to turn on from the time specified
in 1V, until the start of the next evaluate phase.

These five requirements correspond precisely to our con-

a) Integrity of high-output volume (IHV):

af +1.> max{A]R} +PWH 1)
Jjcp’

b) Integrity of low-output volume (ILVP):

{af (A5<Af)}}. 2)

max

AF < max{ af
0 clk»
dyn j€p

ILVN1:

oRAT, > TSEP+max{maX{Af},
J

min

{af+r.
dyn jé€p

(ot <)}

3)
ILVN2:

afO 4T, > TSP +InaX{maX { AF’} ;
J

min

{af+r.
dyn jé€p

(oo <a)}}

(4)

straints IHV, ILVP, (ILVN1 and ILVN2), IPCH1 and IPCH2,
respectively. The concrete expressions for the constraints were
explained before.

4) Discussion: We have derived the constraints for proper
operation under the assumption that there are no correlations
between the input signals. If there are such correlations, the
constraints are still sufficient for proper operation, but they
may not be necessary. Unfortunately, it is not practical to
include input correlations in the analysis in general.

Narayanan, Chappell and Fleischer [6] formulated three
types of constraints for SRCMOS: pulse overlap, pulse width,
and collision-avoidance constraints. The pulse overlap corre-
spond to IHV. The pulse width constraints with respect to the
high pulse are already implied by IHV; those with respect to
the low pulse correspond to IPCH1 and IPCH2. The collision-
avoidance constraints correspond to ILVP, ILVN1, ILVN2.
The main difference between [6] and our analysis, that goes
beyond the differences between SRCMOS and domino logic,
are that [6] does not allow high stable values that originated
from a previous or next reference cycle to overlap the evaluate
phase of the current reference cycle. Consequently no spurious
transitions have to be considered in [6]. As already shown
in [12], by allowing these spurious pulses extra flexibility is
gained. The constraints presented in [12] are stricter. This is
because we do consider the topology of the PDN in this work.
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Puri and Shepard [7] studied the interaction of static armhd at least one of the other data inputs needs to be low.
dynamic logic in the context of logic synthesis. A two-phask case bothz; and x, are low, the only capacitance that
clocking methodology is assumed. Their synthesis systameds to be discharged is that at internal ned&he same
requires that the latest falling transition on static inputs te true in casex; is low and z high. In this case the
a domino gate must take place before the evaluate phasgpacitance at node;> was already discharged beforg
They also present a relaxed constraint, to be used duringes. However whem:; is high andz, low, the capacitance
resynthesis, which is identical to our ILVP. In their workat nodez;» needs to be discharged through thetransistor
spurious transitions are not allowed. as well. This results in a larger delay. For complex gates

Although the constraints stated above are necessary dhid effect can be significant. The example also suggests
sufficient for proper operation of both regular and footledbat in general, the delay from a transition on inpytto
domino gates, they do not limit the time in which a conductingutput 4 can be dependent on the logic value of the side
path between VDD and GND may exist in footless dominmputs. However, taking into account this dependency greatly
gates. IPCH1 and IPCH2 ensure that near the end of ttemplicates the timing analysis. The delay characterization
precharge phase no path in the PDN will be on for at least gates is an important and difficult problem to be ad-
a time specified byi "W, However, in the first part of the dressed by electrical analysis, but is beyond the scope of this
precharge phase several paths in the PDN may be on, leadager.
to excessive power consumption. To limit that short circuit
period we can impose the following constraint (compare {9 propagation Equations

IPCH1). . .
sgc ) The output signal of a dynamic gate can now be expressed

in terms of input signals. Again the assumption is that the
input signals are independent and are represented by five-
event waveforms. The propagation equations are only valid
for inputs that satisfy the constraints for proper operation.
((Af < AJF) v (af < AF < agk))} 1) Rising Transition: The output of a dynamic gate
F SC switches to “1” as soon as one path in the PDN is turned
< Gy + 177 (7) on (see Fig. 2). Any paths that are turned on later, do not
ect the gate’s output. Along the path that is turned on first,

SCC ensures that each reference cycle, VDD and GND. L . "
C is the | rising in hat triggers th ransition.
cannot be shorted through the PDN for a period longer thmsnéee atest rising Input that triggers the output transitio

T5¢,

max{Agk,max{Af ‘\v’(dynj €p):
2

alt = min{lr‘lax{af3 + 6Z<RR}}. (8)
C. Gate Delay Model p | iep

We assume that for each gate a set of min/max, iNputThg |atest time for a rising transition on the output occurs
to output delays are available for each input/output pajy case only a single path is turned on. There are as many
The minimum delay from a transition of typ#; (either ,ch cases as there are paths. Again input transitions arriving

rising or falling) on input: that triggers a transition of pofore the clock goes high do not affect the output

type 7}, on outputy is denoted by&iTj‘;jTy, and similarly for

the maximum deIayA:;}T”. In the case of a single output DE = Inax{A§+A§R}, (9)
gate, we simplify the notation té?Ty, A?Ty. Depending '

on the gate type, not all combinations apply. For examplBptice the latest departure of a rising transition is independent
a two-input regular domino AND-gate is characterized bygf the gate’s functionality whereas the earliest rising event
the set{s27, s 6BE sEEF ARR ARR ARR AEEFL Note does depend on the functionality.

that only the clock input can trigger falling transitions on 2) Falling Transition: A falling transition can only be trig-
the output. For a static XOR-gate, any transition on thgered during the precharge phase. For the earliest falling
output can be triggered by any transition on an input. Hentmnsition, consider the case where only a single path was on.
all transition-pairs(Z;,T;) apply. Worst case conditions areThe first input along that path to fall will trigger the output
assumed for the side inputs. Consider the domino ANDOR2ttansition. Hence

gate in Fig. 2. The minimum dela§*" is most likely to be

exhibited when both discharge paths turn on simultaneously. d" = maX{agk + 5§f,miin{af + 52”}}. (10)

The maximum delay\#% is most likely to be exhibited when

only a single discharge path turns on while the other pathThe analysis for determining the latest falling transition for
remains off. Note that the differentiation between minimura footless domino gate is the same as for determining IPCH1.
and maximum delays reflects the differences in delay d@onsider the case where a single path in the PDN is on. Such
to different conditions of the side inputs. This is illustrated path will break to the arrival of the falling transition on
with the domino ANDOR21-gate in Fig. 2. Consider thany of its inputs. For such a transition to be the first input to
propagation of a rising event on input to the output. In break the path, it is not to overlap with the inter\yeﬂf,af
order for the event to propagate, the cladk must be high in which any dynamic side inputs is guaranteed low. This can
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be expressed as follows: During a preprocessing phase the combinational delay be-
» - . tween each connected pair of synchronizéfs;” andA 7",
D" = InaX{Aclk + Ak, is computed. In contrast to method 1, these paths may cross dy-

F FF . ) namic gates (only rising transitions propagate through domino
my?x{Ai A ‘V(dyn‘] €p): gates). The presence of dynamic gates necessitates the con-
AF < AFY v (aF < AR R ' S|derat|on of an a(_jqnlonglltype of path, namel)_/ those paths

(( iS4y ) (af <A adk))}} starting at a transition (rising or falling) of a primary clock
(11) phase and entering a dynamic gate through its clock input.
Once the combinational delays have been computed, the timing

For the case of a regular domino gate (9) and (10) reduce ..." .. .
to: dF = af, 4+ 65F, DF — AR 4 ALF, verification reduces to the basic problem addressed by the

. o . . . . SMO model. Unlike in method 1, the system of equations
. 3) Gen_e_ratlt_)n OTG“tCh'ng Ze_ro.The earliest SPUMoUS 1S~ < ved in Step 2 contains only events associated with the
N9 tr_a}nsmon is triggered by either anRearIy arrving rISIn%ynchronizers as variables. Consequently, Step 2, which has
gagﬁgfsnrfg?? tt?aengﬁi)gnr%fﬁraegciﬁ C&fﬁg‘; ;f(:)l'noc:rggmo? the highest worst-case complexity(|L||e|) for a circuit
sEch an in utg event to make thepth ut ri;é the side in VYith |L| latches ande| combinational edges connecting the
b . Rp RO plI'a%’ches) among the three steps, has the same computational
along a path have to be nonzero, i, +1.), or (a;*° + 1)

. ) - R ¢/ cost as that of analyzing the timing of an equivalent circuit
must not overlap with the intervgld; + 7., aj + Tc in containing only static logic. This makes method 2 attractive

which any dynamic 5|de. input is guaranteed low. This 4o large dynamic circuits. After Step 2, the departure times
be expressed as follows: : ;
of the output signals of all synchronizers are known. In

dRO 4T, — min{{awarTc +5zRR‘ the last step, the arrival times of the input signals of all

dynamic gates are computed, and the constraints associated

V(dynjeyp): (afw < af) }, with dynamic gates are checked. This can be done with a single

R RR - traversal of the circuit. Note that the absence of dynamic gates

{Gf, +T.+6; ‘V(dynj €p'): during the SMO analysis no longer necessitates distinguishing

between rising and falling transitions as in method 1. For the

al <al ) v (aly > aff > aff . . ; .

i J clk i J ’ analysis below, the SMO analysis is assumed to differentiate

+OO} (12) between transitions. This is also preferred in most practical

) cases as it can significantly increase accuracy at relatively low

If the set considered in the right hand side of the equati&St:
is empty, d?0 = +4o0.
C. Relationship Between Method 1 and Method 2
V. TIMING VERIFICATION To analyze the relationship between the two methods, con-

For timing verification we propose two approaches. The fir§ider the circuit shown in Fig. 10. The circuit consists of a
approach extends the SMO model by explicitly modeling trdngle regular domino gate and four level sensitive latches. For
dynamic gates. The alternative approach makes use of the b&§#e of generality each latch is clocked with a distinct clock
SMO model. Dynamic gates are taken into account durif{@s€. In method 1, each signal shown is modeled explicitly
combinational delay computation and in a postprocessing sifih the five-event model, and the events on signatlate

which checks constraints specific to dynamic gates. to those onzxg, x;, =, andclk, via the event propagation
equations (8)—(12) for the domino gate. In method 2, the

domino gate is reduced to a set of combinational delays

) ) o during the preprocessing step, as shown in the right-hand
In this approach, dynamic gates are modeled explicitly. Dalgje of the figure. During this preprocessing step the temporal

input signals of synchronizers and dynamic gates are modelghtionship among the inputs of a domino gate are not known,
by four event “mes_(aR’aF’AR’AF)-_ Similarly, the output ang hence conservative assumptions have to be made. For
s%nalFof iync?romz_ers and dynamic gates are modeled byeqular domino gate, it is assumed that every rising input
(d%,d", D", D). Signals produced by dynamic gates havg@ansition can trigger an output transition; only the clock input
an additional parametet™. The combinational delay from capn trigger falling transitions of the output. The effect of
elem;,_rT\'_[ (syQ_CThronlzer/dynamm gatgYo elementi is given he apstraction can be seen as a modification of the event
by 6537, A propagation equations of a regular domino gate. The modified
event propagation equations are

A. Method 1: Explicit Modeling of Dynamic Gates

B. Method 2: Implicit Modeling of Dynamic Gates

R _ _: R RR
This method consists of three steps: d* = Irli}n{av: +6; } (13)
1) preprocessing: computation of combinational delays; D= maX{Af + Afm} (14)
2) standard SMO timing analysis; - ; .
3) postprocessing: verification of all timing constraints d" =dgy + o (15)

associated with dynamic gates. DF = DE, + AEE. (16)
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Fig. 11. Example in which a violating short path involves a rising transition

(b) through a domino gate.

Fig. 10. Circuit view of (a) method 1 and (b) method 2.
that spurious rising transitions are not allowed. The fifth signal

Comparing (13)—(16) to (8)—(12), we can see that thepa@rameter!® is no longer needed. Referring to Fig. 6, cases
earliest event times computed by (13) and (15) are smalfbro; and 6 can no longer lead to valid behavior. IHV reduces to
than those computed by (8), (12) and (10). Likewise the » R PWH
latest event times computed by (14) and (16) are larger G + 1 2 EQ%X{AJ}‘FT 17)
than those computed by (9) and (11). Hence, the modified F F
propagation equations underestimate the interval in which @ Z Ace (18)
the computed signgll is valid, gnd thus they are conservatil\ﬁ/N1 and ILVN2 are replaced by
compared to the original equations. It can be seen that method
1 would yield identical results as method 2 if the original al > AL (19)
event propagation equation for domino signals were replaced
by (13)—(16). We can conclude that method 2 provides |BVP, IPCH1, and IPCH2 remain intact.
conservative approximation for method 1. The computationalThe verification problem with these constraints will be
cost of method 2 is smaller than that of method 1, becauggerred to as theonservative verification probler®nly slight
the standard SMO analysis (Step 2) is performed on a syst@Bdifications to the methods for solving the original problem

with many fewer variables. are necessary. For the case of regular domino circuits the event
For footless domino gates, the modified propagation for tigopagation equations are given by
rising transition are also given by (13) and (14), but those

for the falling transition are similar to (13) and (14), with the d® — min max{aB n 633} (20)

R’s replaced byI’s. Again a conservative approximation is p |iep U ° ¢

obtained. DR — max{Af‘" + Afm} 1)

D. Domino Verification Revisited df = aly +65F (22)
The choice of clocking methodology is an important de- DF = AL + AL (23)

sign decision. Cycle time and power consumption, but also

manufacturability and yield, reliability, scalability, testability Revisiting our comparison between method 1 and method 2,
and time to market are all affected by that decision. Therefopsly the modified equation for the propagation of the earliest
more aggressive clocking methodologies might be rejected.riaing transition (13) introduces a conservative approximation
this section we consider a set of timing constraints for domiraver the propagation equations used in method 1. In most
logic that require that input signals to domino gates not changases, the earliest arrival of a rising transition does not
earlier than the beginning of the precharge phase. This impligstermine the overall timing of circuit. This is because in
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Fig. 12. Example circuit.
the conservative verification problem, a rising transition can TABLE |
never occur later than the earliest falling transition in the Detavs 6 @ A [ps]

R F F i
same reference cyclé}zi > Aj 2 q ). Henpe, |f'a short Gate Tnput RR FR FFE RF
path involves a domino gate, it will most likely involve a
falling transition of that domino gate’s output rather than a™V x0 N/A— 50:50 N/A- 155
rising transition. Thus the conservatism involved in (13) will AND2 x0,x1 75:100 N/A 50:75 N/A
never be exposed, and for most practical cases method 2 agg, x0.x1 50-75 N/A  100:125 N/A

method 1 will yield identical results under the conservative

. 4 . : OR21 0 80:90 N/A N/A N/A
domino constraints. A pathological case arises when the outptﬁ\f\JD X

of a domino gate feeds into a static combinational network x1,x2 | 90:100 N/A N/A N/A
for which a very large discrepancy between the short path clk 75:100 N/A  125:150 N/A
delays triggered by a rising transition and those triggered by oo X0.x2 80:100 N/A N/A N/A

a falling transition exists. Fig. 11 shows such a pathological

case. A domino gate feeds a block of static combinational x1x3 | 90:100 N/A N/A N/A
logic, which is captured by a positive level-sensitive latch. clk 80:115 N/A 100:125 N/A
In the example there are only noninverting paths through theprgn clk N/A  150:150 125:125 N/A
static combinational logic betwean andy,. The first set of
waveforms show that whep, transitions to one, the setup and
hold constraints on the latch are satisfied. Causality is denoted TABLE I
by the arrows and the combinational delays through the static TIMING PARAMETERS [ps]
logic are indicated. The bottom set of waveforms show that this Gate Parameter | Value [ps)
is also the case whep is set to zero. However, if the earliest -
.. . . . . DFFN Setup time 150
rising event is computed with the conservative propagation
equation (13), a hold violation is incorrectly reported. In the Hold time 0
figure the conservative waveforms fgr and . are shown ANDOR21, | TPWH 200
in dashed line. ANDOR22 [ PWL 200
Note that in the aggressive verification problem, short paths SEP 700
involving domino gates are as likely to be due to rising

spurious transitions as they are due to falling transitions.

and share the same clock. One clock cycle is available to
propagate the signals between the flip-flops. The combinational
logic between the flip-flops consists of both static and regular
An example circuit is shown in Fig. 12. Gate delays ardomino logic. The domino ANDOR22 gate drivirg is of

listed in Table I, setup and hold parameters in Table Il. Thespecial interest. This gate implements a multiplexer. Since
parameters were obtained by means of Spice simulatiodemino gates can only implement noninverting functions, the
The waveforms exhibited on each circuit node are shown select signal 30) has to be made available to the domino

Fig. 13. Causality is indicated by the arrows. The flip-flopgate in both polarities. Given that the uncomplemented select
at the boundaries of the circuit are negative-edge triggeresitjnal is generated by domino logic, there are two alternatives

VI. EXAMPLE
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OSV: old stable vaiue NSV: new stable value

Fig. 13. Waveforms for example circuit; times in ps.

for generating the complemented version. The first one isTo ensure correct operation the falling transition gg0b

to produce the complemented signal by a separate chainnmfst be hidden in the precharge phase of the ANDOR22
domino logic. This effectively drives back the inversion t@ate. In the example, this is accomplished by clocking the
the flip-flops. In this case either the complemented or tENDOR?22-gate withclk2, which is a delayed version ofk1.
uncomplemented select signal will stay low throughout Another alternative, not shown in the figure, would be to
clock cycle, whereas the other signal makes a single risingake sure thasO stays low during [300, 515], which is the
transition during the evaluate phase. The advantage of tphiriod in whichg30b may still be at a high value from the
implementation is that the ANDOR22 gate can be clockaatevious clock cycle (see Fig. 13). This could be accomplished
by the same phase as the other domino gates. The secbydeplacing the static flip-flop producing0 by a domino
alternative, adopted in the example, has a lower area compadegdh. In that case the ANDOR22 gate can still uflel, but

to the first, but incurs a delay penalty. A static invertethe domino latch would use another clock phase.

produces the complemented select signal. If the ANDOR22-The example also illustrates that early signal changes orig-
gate is clocked wittclkl, incorrect operation may occur. Ifinating from the next clock cycle, might arrive during the
g30 evaluates to zero, it stays low throughout the evaluatealuate phase, producing a glitch. Such behavior violates
phase andy30b, stays high throughout the evaluate phas¢he conservative domino rules, which stipulate that no input
But if g30 evaluates to one, it makes a single rising transitiosignal change from its stable value earlier than the end of
during the evaluate phase ag@0b makes a single falling the evaluate phase. Input signa@ and sl are in violation
transition during the evaluate phase. This last case leadsofdhe conservative domino rules: they may start changing as
incorrect operation fog30 = 1, sO = 0, andsl = 1 (s early ast = 150, which is before the end of the evaluate
switches to one when it is supposed to stay low). phase of the ANDOR22 at = 300. Suppose again that
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Fig. 14. Electrical simulation.

TABLE I VII. CONCLUSION
STABLE VALUES

We addressed static timing verification for sequential cir-
cuits implemented in a mix of static and dynamic logic.
We restricted our focus to regular domino logic and footless
domino logic, a variant of domino logic. The operation of
dynamic gates was systematically examined and a set of
constraints for proper operation was derived. An important
g30 = 1, s0 = 0, andsl = 1, and that in the next observation is that input signals to dynamic gates may start
cycle sO switches to 1. As can be seen from the waveformghanging near the end of the evaluate phase. This gives the
the outputs of the ANDOR22 is affected at = 230: it cjrcuit designer extra flexibility. Two verification methods
switches to 1, although its stable value is zero. This is N@fere presented. Both are based on the SMO model for static
a problem provided that the stable value fpropagates (iming analysis of sequential circuits. The first method models
to the flip-flops. This is the case as at= 0, the stable g namic gates explicitly. The signals at the terminals of the
value of s, is captur_ed by the output flip-flop. Th's IS WeIIdynamic gates are modeled by five events: the earliest/latest
before the early arival 080 corruptss. According to the rising/falling transition and a so-called glitching zero event.

conservative domino rules we would be forced to make t ) L
. . : e second method applies the original SMO model after a
falling edge ofclk2 occur earlier so that the early arrival

of sO occurs during the precharge phase. This requires mdygprocessing step that computes the combinational delays. A

e . . " )
complex circuitry. In our caselk? can simply be gener(,;ltedpostprocessmg step checks the dynamic-specific constraints.
by delayingclkl.

The relationship between both methods was studied. We show
To demonstrate that these results are realistic, we also pt@

Cycle [ns] {a0 b0 al bl p32 g32 sO sl gl pl g0 glO g30 g30b s
(roo200(f0 1 1.0 1 0 1 0010 O O 1
(2.00,3.00) |0 1 1 1 0 01 010 O O 1
(3.00,400) |1 1 1 1 0 10011 1 1 0

—_ - O

0
0

at the second method may result in a more conservative

formed an electrical simulation of the circuit from Fig. 12. Th@nalysis than the first method, but at a smaller computational
actual circuit was implemented in a complementary galliunost. A detailed example illustrating the important features
arsenide technology [1]. Some representative waveforms &fethe model was presented, and an electrical simulation of
shown in Fig. 14. The stable values of the signals are listéfte circuit under consideration was performed. The results
in Table lll. Note that at 2.3 ns the ANDOR22 gate (whosgemonstrate the practical relevance of the models. A possible
output iss) switches. This is due to the effect of the earlyopic for future work in this area is the study of gated
arrival of thesl signal as was described above. clocks.
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