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Abstract

High performance microprocessors employ various advanced circuit techniques to achieve high clock frequencies.
Critical 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 containing both static logic and dom-
ino logic. Our model integrates naturally with the SMO model for static timing analysis of sequential circuits.
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1 Domino Logic

Domino logic is a popular dynamic logiarhily. A generic Domino gte is depicted in Figurk The operation of the
circuit is as follevs. When the cloclg is low, the internal node is prechaged, and the output nodgeis set to 0. The
period in whiche is low is called theprecharge phase. A rising transition on the clock permits to conditionally dis-
chage the internal nodg through the pullden network. The alues of the inputs determine whether the digghar
actually tales place. This phase is called #valuate phase. Oncez is dischaged, it will stay lev for the rest of the
evaluate phase no matter whalwes the inputs assume. Therefore, either the inpuéstbasettle to their stablale
before the start of thevaluate phase, or thean settle to their stablatue (a high &lue) by making a single rising tran-
sition during the ealuate phase. This condition, of inputs making at most one rising transition, duringalinste
phase is actually too strict, as will be illustrated later in Fi§ufEhe condition can be reled as follavs. Inputs are
allowed to mak a single rising transition in thediening of the aluate phase. After this rising transition yttnave to
remain stable, for at least long enough for the dynaatie @ propaate the transition to its output. This minimum sta-
ble time dictates a hold constraints on inputs of the dynaai& d\fter the transition has been progiagl, the input
signals are allwed to change. Thisfetctively reduces the period in which the correct resulaslable at the output of
the domino gte: the output might get set to 0 before the prgehphase starts.

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 nadis a weak node. When the clock isvJdhe 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#i coupling. A consequence of theérting 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.
However, in mary technologies, and especially in CGaAs, the performance of such aatieié §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.

- y

n-pulldown
network

Figure 1: Generic domino gate: circuit (left), symbol (right)
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2 Modeling the W aveform of a Signal Pr oduced b y a Domino Gate

Accurate ‘erification of domino circuits requires a more sophisticataceform model than the classicaldvevent
model used in [1]. The output signal of a dynamic gte has characteristic properties. Aform model can be
derived by enumerating all ddrent waveforms they can ehibit. First consider the dominaatg under the classical
rules for proper operation, i.e. inputsveao remain stable duringga@uate, or mad at most a single rising transition
during evaluate. Bur cases can be distinguished on the basis of vethag¢ the gte @aluated to in the pwous g/cle,
and what alue the gte &aluates to in thisycle. These are the top fouaweforms fory in Figure2.

Now consider the implications of allang signals corresponding to thexheycle to arrve before the end of the
evaluate phase. Such an earlyatican only decty if y is supposed tovaluate to 0 during thisycle. An early
arrival of a rising transition corresponding to thetngy/cle, on an input signal, can theweowrite y with a 1. Shortly
after this transition, theafling transition on the clock will force to 0. The gact waveform depends on theact arrvzal
time of that early transition on the input, the delay from that inpyt sond the delay from the clock $o For our treat-
ment it sufices to note that there is going to be an irgkstarting near the end of theatuate phase of thigycle, and
continuing until somehere in the bginning of the prechge phase of the recycle, in whichy exhibits a rising tran-
sition followed by a &lling transition. Furthermore, due to proximityfests the transitions may blend and the high
value may neer be reached at all. Thefeft described>dends oer two consecutie clock gcles. Hence, in a clock
cycle the efiect can occur both at thediening of the prechge phase, and at the end of thaleate phase. All cases
that occur are enumerated in Figdre

All of the waveforms enumerated a® can be summarized in a singlaveform shevn at the bottom of Figur2.
This waveform constitutes ouraveform model. It is characterized by foweats, instead of the usualdvevent model
used in [1]. The gion marledchanging could be denoted with a more specific atti#(at most 2 transitions)ybthis
information is not used in the rest of the analysis. Essential of thahnes that it separates theyien in which the gte
evaluates to its intendedlue from the rgion in which the gte is set to the preclyaralue.

Figure3 shavs the I/Owaveforms of a dynamicaje using our model. &/distinguish between inputs &n by
static logic and input drén by dynamic logic. Our notation to denote thengs defining the sveform is an gtension
of that used in [1]. Essentially wevearefined the inteal [a,A] in which the signal is changing, to three ingdsv dur-
ing [Lal,aT] the waveform is changing; durinffal, A]] the waveform is O; during| A][ AT] the waveform exhibits
a single rising transition or no transition at all.
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Figure 2: Waveforms of the output of a domino gate
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Figure 4: Timing checks for dynamic gates: circuit fragment
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3 Static Timing V erification of Cir cuits Containing Domino Gates

In this section wexend the SMO static timing analysis model ([1] and [2]), dynamic logic. The discussion in the
previous section pnddes enough material to formulate the timing constraints associated with dyreesic The con-
figuration under imestication is shan in Figure4. A multiphase clock generator produces clock phases with the same
periodT,. Each phase is characterized by its rising analling transitionR, andF ,. Each latchi has an enabling
and latching eent time,E; andL, . These map ont®, andF, depending on whether the latch is sewmsitd the posi-
tive or the ngative level of the clock. Egnt times relatie to a local time zone are denoted The actual signal clock-
ing a latch has a minimum and maximunesgkg, and Q; with respect to the base phases. Combinational logic is
characterized by its minimum and maximum de3ay anda,; ;. Earliest and latest avel times of signals at the input
of synchronizers or dynami@ates are denoted lay and A respectrely. Arrival times are measured relatito the time
zone of the primary clock of the synchronizer or dynanaie gSimilarly d and D denote the earliest and the latest
departure time respeetly. A more elaborate discussion of the base model can be found in [1] and [2].

We will now augment the SMO model to handle domino logic. The configuration netexbby the original SMO
model is shan in Figure4. A dynamic @tei clocked by ¢ . Some of its inputs are #&n by static combinational
logic. The other inputs are den by other dynamicages.

Dynamic gate macromodel

» Static inputs:

A<E.-S 1)
a+T 2 A +H; (2)
» Dynamic inputs:

[A]sT.~-S 3
[a]<Ei-§ (4)
& |+ Tex[A]+H, (5)

» For fanout to dynamic logic:
[D;] = maq{[A]+A,  ,Ei+4, ,+Q} (6)
|Di| = Ej+3, ,*q Q)
[d]=28,.,+Q )
|d |+ T, = min{a+T +38, . |a|+T +8, ,E +3, ,+q} (9)

» For fanout to static logic:

d = |d| (10)
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D, = [D;] (11)
Combinational Propadion Constraints
» Static inputs:
A = maxDj+4;; -0} (12)
a = min{d; +5;; —0;;} (13)
» Dynamic inputs:
[A] = max{[D;]-0j} (14)
| A ] = min{| D; |-0ji} (15)
[a] = max{[d;]-0ji} (16)
|a | = min{| d; |-0j} (17)
Phase Shift Operators:
Oji = Te—(L;—L;)modT, (18)
Oji = (Te=(L;—L))modT,+¢; T, (19)

The parametec;; in the expression for the phase shifvaiving dynamic gtes has to be set according to what the
design intent is.

3.1 Timing Verification

For timing \erification, the constraints formulated abmeed to be cheell. This requires the computation of the
arrival times of the inputs to the dominatgs. If all synchronizers in the circuit are edge triggered, all thalaimes
can be computed by trarsing the circuit in kel-order starting from the synchronizers.

If level-sensitve synchronizers are presentvexal iterations might be required to obtain the actualartimes. A
relaxation algorithm for solving these equations is described in.

4 Example

An example circuit is shon in Figure5. The vaveforms &hibited on each circuit node are shoin Figure5. Cau-
sality is indicated by the am®s. The rgisters at the boundaries of the circuit argatiee-edge triggered, and are
clocked by the same phase. Thus one clogltecis aailable for the signals to propatg between the gesters. The
logic in between the gisters consists of a mixture of static and dynamic logic. The dynamicgate is of special
interest. Both the true and the complement of the input signals are required. Input signals/adetalioak a rising
transition during thewaluate phase. But, a rising transition on the uncomplemented input im@léagtfansition on
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d = 150 a = 150 = —150 [ a = 250
D = 150 A = 150 A =1500 A = 600
A<150 [ A<150 0 A<920 [
a+1000= A+50 [ a+1000= A+50 [ a=00
\ XOR
’—l>C ' x0
w L
M \ (0]
V 1 ! 1
L J; Cha Yy 2
1 , u Is'
l C \ x1
P 7\ )t *\ * 1
: L r Y ‘
® a - i L/( o d = [100,100] ® d=-500
0, 1 D = [300 400] 2 D = 3000
¢
a = 150 Ld] = 100 a = [100, 100] a = [-200,-200] O
A = 150 [d] = 100 A = [300 300] A = [0,100] O
A<1500] LD = 300 [A1<950 O [A1<950 O
La]+1000=[A7+50 O [D] = 300 lal<150 O lal<150 O
La|+1000=[A7+50 O La]+1000=[A7+50 O

Table 1: Delays [ps]

Dynamic static
(AND,OR,
XOR) INV DFF

@ -y (prech.)| 100 N/A N/A
¢-Yy 100 N/A 150
Xy 100 50 N/A
Setup 50 N/A 80
Hold 50 50 0

N/A = not applicable

U These event times are relativegs.

Clock Schedule

“l

¢

0 200 300 500

Figure 5: A multiphase example
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the complemented signal. Thus if a dynamioregate is appended to a chain of domiradeg, and theall have the
same clock, incorrect operation will result. There are $alutions to this problem. The first one is to produce the true
and the complemented signals directly from dynamic logic. This migblvim a significant areaverhead. The second
solution is to generate to complemented signal with a stagctér from the dynamic signal, and to ensure that the lat-
est arrval of both true and complemented signals occurs during the pgecphase of thexer. This is achieed by
using a separate clock phase to clock tta-gate. This second solution is adopted in tkengple. The xample also
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Figure 5: Waveforms for the example in Figure 5.
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illustrates that early signal changes pertaining tx¢ ¢leck g/cle, might arwve during the ealuate phase. The classical
domino rules wuld not allev this behsior. The input signalr assumes its mevalue att = 1150. At that time the
clock steering the xoKp, , is still high. Hence, if thexer gate @aluated to a 0, the early arl of v might cause the
zero to be eerwritten by a 1. The delay of theag causes the output to bdéezted 100ps latemhis is ho problem pro-
vided that the intendedlue the ror evaluates to, propages to the synchronizers. At 1000, the correct alue ofy,

is captured by the outputgister This is well before the early aral of v corruptsy . According to the classical dom-
ino rules we wuld be forced to makthe &lling edge ofp, occur earlier so that the early aaliof v occurs during the
prechage phase. This requires more cormpecuitry. In our casep, can simply be generated by delayipg

5 Conclusion

The timing of domino logic as analyzed. A aveform model for signals produces by domirates vas proposed.
The waveform has four parameters instead of the usuaftwwaveforms produced by static logic. Theaneaveform
model coreys enough information to alofor an accurate analysis of the subtle issues in the timing of domies. g
Our model intgrates naturally with the SMO model for static timing analysis.
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