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Abstract

High performance microprocessors employ various advanced circuit techniques to obtain the required speed. Criti-
cal sections of the design are often implemented in domino logic, a popular style of dynamic logic. This paper describes
a new model for analyzing the temporal behavior of sequential circuits using static logic mixed with domino logic. Our
model integrates naturally with the SVIO model for static timing analysis of sequential circuits.
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1 Introduction

High performance microprocessor designs emphrious adanced circuit techniques to ackgehigh clock fre-
guencies. Critical sections of the design are often implemented in domino logic, a popular style of dynamic logic. This
paper describes awenodel for analyzing the temporal beha of sequential circuits containing both static logic and
domino logic. Our modeb#ends the SMO model [1] for static timing analysis of sequential circuégprdposexden-
sions to the Cascade Design Automasostatic timing tool ACTIC based on our timing model. Araample is pre-

sented to illustrate the concepts.

2 Domino Logic

Domino logic is a popular dynamic logiarhily. A generic domino @te is depicted in Figure The operation of the
circuit is as follevs. When the cloclp is low, the internal node is prechaged, and the output nodeis set to 0. The
period in whichg is low is called theprecharge phase. A rising transition on the clock conditionally discges the
internal nodez through the pullden network. The \alues of the inputg determine whether the discharactually
takes place. This phase is called tvaluate phase. Oncez is dischaged, it will stay lav for the rest of thevaluate
phase no matter whahales the inputs assume. Therefore, either the inpustbaettle to their stablale before the
start of the ealuate phase, or thean settle to their stablalue (a high &lue) by making a single rising transition dur-
ing the @aluate phase.

The irverter at the output of theate is included for seral reasons. First, it is required for proper operation of a
chain of domino gtes. Second, the internal nazis a weak node. When the clock is/Jdahe high alue on that node is
not driven. The inerting luffer separates that dynamic node from the rest of the circuit, thustilg chage-sharing
problems and minimizing capae# coupling. A consequence of theerting huffer is that a dominoaje can only

implement a non-werting function of its inputs. The dual circuit of thatwhan Figurel is also a alid domino gte.
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Figure 1: Generic domino gate: circuit (left), symbol (right)



TIMING ANALYSIS OF DOMINO LOGIC 2

However, in mary technologies, and especially in CGaAs, the performance of such aatieigd §r inferior to that of
the original @te due to the poor characteristics of the pF&fiong the reasons wlzipper logic, a &riant of domino
logic is not ery popular are that it uses these dwkg and that it does not use théfdring inverter The following

discussion will only be concerned with the type afegshan in Figurel.

3 Static Timing Analysis

Static timing analysis is concerned witrifying that a sequential circuit operates correcthegia delay model and
a clock schedule. In this paper we will assume that all of the cg@yitichronizers are edge-triggered. A single pri-
mary clock is distribted to each synchronizer via a netlWwconsisting of bffers. These assumptions are not essential
to the discussion,ub they greatly simplify the understanding. The more general case in whiehsiensitve latches are
present, and a multi-phase clocking system is present is discussed in [2].

Static timing erification is used to ensure that the circuit will latch the saahees as the underlying delayless cir-
cuit. The timing analyzer needs to compute the longest and the shortest signal paths between each pair of synchronizers.
For edge triggered synchronizers, a transition at the output of the synchronizer can only be triggered by a transition of
the clock input. Therefore, the paths of interest are those starting with a transition on a primary clock or a transition on
a primary input. The paths end at the data-input of a synchronizer or a primary output.

Those longest and shortest paths can be computed by performing a breadth first search, starting from the primary
clock and primary inputs, for each transition. The rising transition on the primary clock will sensitize paths starting with
the clock-to-output path of posié-edge triggered synchronizers. Similar paths gative-edge triggered synchroniz-
ers will be sensitized by thalfing transition of the primary clockransition chains can also originate frony aransi-
tion on a primary (data-)input.oF each circuit node fourvents are &pt track of: the earliest/latest risiraling
transition. Eent times at input (output) signals of a circuit element will be referred to eal &departure) times. In the
next sections we will describe tothese eents at the output of a dominatg can be computedyvgn theseents on
the inputs to theae. Furthermore, for correct operation, the signals at the input of the doatenbage to comply

with certain constraints with respect to the clock input.

3.1 Delay Model

We assume that for eachtg a set of min/max, input to output delays amglable for each input/output paifhe
minimum delay from a transition of typg (either rising ordlling) on inputi that triggers a transition of typ‘Ery on
outputy is denoted b)BI‘Jy. Similarly for the maximum deIaXAI‘Jy. Depending on theage type not all combina-

tions apply For eample, a 2-input domino ANDage is characterized by the set

U.RR sRR <RR sFF RR ,RR RR
?a,y’ %,y %9y Oy Bay Lo,y Doy

ary transition on an input. Hence all transition-paffs,, Ty) apply: Note that the diérentiation between minimum and

O . " .
A(';Fy O. For a static XOR-gte, ai transition on the output can be triggered by

maximum delays reflects the fdifences in delay due to fiifent conditions of the side inputs. This is illustrated with
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Figure 2: Domino ao21 gate: a) transistor-level schematic b) gate-level schematic

the domino ANDOR-gte in Figure2. Consider the propagon of a rising gent on inputx, to the output. In order for
the event to propaagte, the clockp has to be high and at least one of the other data inputs needswo Imeciase both
Xgand x, are law, the only capacitance that needs to be digghhis that at internal node The same is true in case
X4 is low andx, high. In this case the capacitance at nggewas already dischged beforex, rises. Hwever when

X4 is high andx, low, the capacitance at nodg,; needs to be dischggd through thex, transistor as well. This
results in a lager delay For comple gates this déct can be significant. Thexample also suggests that in general, the
delay from a transition on inpwt to outputy can be dependent on the logalue of the sideinputs. Mever, into

account this dependengreatly complicates the timing analysis.

3.2 Calculation of Earliest and Latest &t Times at the Output of a Domino Gate

In this section we will describe foto calculate the earliest and latestvadrtimes of a transition at the output of a
domino gite. The earliest awdl of a rising/alling transition is denoted beyR anda” , respectiely. Similarly, AR and
A" denote the latest avel of a rising anddlling transition, respeately. Departure times are denoted d)F;, dF,
DRandD".

The topology of dominoaes implies that afling transition on the output can only be caused afliad transition
of the clock.

_ FF
dy =a,t 5(p,y (D)

F_ .F FF
Dy = A(p+A(ny (2)

On the other hand, a rising transition on the output can be triggered either by a rising transition on the clock, or by a ris-

ing transition on a data input:

y "oy ©)
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R _ U R ,RR R, .RRU
Dy = maxg(A(p+A(p’y),(Ai +Ai,y)D (4

RR
iy’
not to hold we wuld hare to mak eplicit that events on the inputs cannot be progigl unless the clock is high.

Equation (4) assumes thﬁﬁR > A, for all inputsi . This is a alid assumption for practical dominates. If it were

3.3 Timing Checks related to dominatgs

For correct operation of the circuit, the signalsénéo comply with constraints. These constraints ensure that the
synchronizers capture the intended siga#lies. These are the classical setup, hold, and pulse-width constraints for the
synchronizers. & a ngative-edge triggered flip flop with data-inpdt clock inpute, and clock frequernycl/T, the
constraints are:

Ad =3y = Teetup (5)
A3~ Teeup (6)
aq +TCZA('|:>+ThoId )
ag"TcZAg*Thold (8)

Additional constraints are necessary to ensure correct operation of the dat@aoThe constraints are between
events on data-inputs, and @ents on the clock-inpup of each domino &e. Agin, the clock period i .. For each

data-inputi , the follawving has to hold:

AiF s a('?_Tsetupl 9)
AiR s a([; - Tsetupz (10)
a +T.2 A('[:J *+ Thold (11)
a +T, 2 A$ * Thold (12)

The constraints are illustrated in Fig@eThe first constraint forces the latestifig transition on an input to the dom-
ino gate to occur before the precharphase ends. This constraint ensures that dke @annot be inadvtently
switched. The constraint is actually consgme. In case the input will maka rising transition after the lateatling
transition, i.e., the input settles to high, it does not matter thaalthegyftransition occurred before the clock goes high.

Unfortunately taking into account suchfe€ts malks the analysis more compldhe second constraint states that the
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Figure 3: Constraints for adomino gate

latest rising transition on the input must happen before the end ofallbate phase, otherwise that transition might not
be propagted to the output of the dominatg. The combination of thesedwonstraints implies that during theatu-
ate phase, either an input has to remain stable, or it camarsikgle rising transition. Constraint (11) and (12) force the
earliest change in the inputs to happen after the end ofdhea&e phase. Finally there areotmore constraints which
apply to the clock input onlyThey ensure that the preclggrand ealuate pulses are wide enough:

Ap—Ag2T (13)

eval

F R
Te—(Ap—Ag) = T prech (14)

Many of these constraints (9)-(14) may appear superfluous. In a pure domino subcircuit, all constepht®econ-
straint (10), might be trially satisfied. Haever, one can alays come up with a case in which clockwgks such that

each of these constraints becomesverie

3.4 Example

A circuit fragment is shen in Figured. The flip-flops are mative-edge triggered. Theare all clockd by the same
primary clock, and there is no clockeak The OR and the ANDaies are static. The ANDORxigs are dynamic. The
delays corresponding to each of theteg are shvan in Tablel. For simplicity minimum and maximum delays are
assumed to be equal. The timing diagram (Figyréepicts the paths corresponding to the constraints. The format is
that used in ACTIC. The endpoints of the gments correspond to transitions on circuit nodes. Timeaets represent

the delay to propage the transition on the circuit node corresponding to the left end point to the circuit node corre-
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sponding to the right end point. ggeents whose right endpoint are risingll{ifig) transitions are colored green (red).
The first two paths she that the setup constraint 67 fis met. Both the latest rising transition and the latdbng tran-

sition on g30 ta& place before theafling edge of the signal clockind7f The rising transition on clk propaigs
through the dominoajes and triggers the latest rising transition on g30. The latksgftransition on g30 is due to the
prechage of the domino @fe. The net two paths correspond to the hold constraintféf The diagram shws the
events leading to the earliest rising transition and the earilisigf transition on g30. It is clear that the hold constraint

is met. The remaining eight paths concern the constraints associated with the g0 input of AAIBQER3gNote that

the setup constraint for the latealiihg transition is with respect to the rising edge of the clock whereas that for the lat-
est rising transition is with respect to tladlihg edge of the clock. In thixample the signal paths resnt to the setup

constraints of g0 happen to be identical to thos@aatdo the setup constraints.

3.5 Requirements for Analysis of Domino Logic witATTIC

Domino cates need to be tagged with a property that distinguishes them from other circuit element types (flip-flops,
level-sensitve latches, static ajes). Eents need to be propatgd correctly across dominatgs as described in
Section3.2. This implies that both paths starting the domate ¢hrough its clock input, as well as paths going through
the domino gte via one of the data-inputsv/kao be consideredoFdomino @gtes, timing checks need to be performed
on the appropriatevents on data-inputs and the clock input. The multitude of constraints associated with each domino
gate results in a lge number of paths being redat. Also, in normal domino circuits manonstraints will be satisfied
“almost trivially.” For example, in a block of pure domino logic sharing the same clock, the hold constrainte/awi al
be met. Hence for the graphical user irged, it vould be useful to alle the user to suppress certain types ofveaie
paths which do not violate their constrainter Fastance, the useronld have the option to suppress all non-violating

relevant paths with respect to the hold constraints on all donzitesg

4 Conclusion

We presented a model for analyzing the temporahbehaf sequential circuits using both static and domino logic.
Our model hilds on the SMO model. In our model wedp track of fourvents per node: the earliest/latest risial/f
ing transition. The model assumes a min/max adegate delay model. The model is compatible with Cascade Design
Automations TACTIC timing tool.
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Figure 4: Circuit fragment
Table 1: Delays [ps] Table 1: Setup and Hold
Times [ps]
gate input RR FF FR
DFF ao21
and2 x0,x1 100 75 N/A
Tsetupl N/A 50
or2 x0x1 75 125 N/A
Tsetup2 N/A 100
x0,x1 100 N/A N/A
Tsetup 150 N/A
20210 | X2 100 N/A N/A
Thold 0 0
clk 100 125 N/A
Tprechage | N/A 200
DFF clk N/A 140 150
Teval N/A 200

[1x0 and x1 are the inputs which are AND-ed.
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g10:clk
0 >Tprecharge 300 >Tevall 700
clk a0 g0
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° ° °
0 150 250
clk a0 g0
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clk b0 g0 0
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0 125 200

Figure 5: Timing diagram



