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Abstract A second category of work [7, 8, 9] attempts to gener-

Atechnique to derive test vectors that exercise the worst- ate delay tests for a circuit considering crosstalk effects.
case delay effects in a domino circuit in the presence of A major limitation of these techniques is that the effect
crosstalk is described. A model for characterizing the delay of crosstalk is analyzed for only one targeted victim line.
of a domino gate in the presence of crosstalk is developedHowever, in reality, the worst-case delay of a circuit may
and exploited by a new efficient timing analysis algorithm. be exhibited when crosstalk effects are distributed along a
The algorithm uses a single, breadth-first traversal to com- sensitized path. Hence, a delay test generation methodol-
pute delays in the presence of crosstalk. Thus, it avoids theogy should consider crosstalk effect on the delay of all sig-
iterative methods commonly employed for static CMOS cir- nal lines along a sensitized path, rather than a single victim
cuits. The timing analysis technique is used to generate testline. This is a complicated problem for static CMOS cir-
input vectors that exercise the worst-case delays of a multi- cuits because the delay of a victim line is dependent upon
plier circuit implemented using domino logic. Hspice sim- the transition of lines physically adjacent to the victim line.
ulation results demonstrate that the technique identifies test Similarly, the transition of adjacent lines are also dependent
vectors that produce circuit delay that satisfy the targeted on the transition of lines that are adjacent to them, thus cre-
value in the presence of crosstalk. ating a chicken-and egg problem. Most proposed solutions

use an iterative timing analysis technique [3, 4, 5]. In addi-
tion, analyzing crosstalk is further complicated since static
; CMOS circuits can have static hazards, a fact considered in
1 Introduction [6] but not accounted for in other work [7, 8, 9].

Finally, there is work [10, 11, 12] that has investigated
the timing analysis of domino logic circuits. However, they
have not addressed the influence of crosstalk on the delay
of domino gates.

Crosstalk affects domino circuit operation in two ways.
First, excessive noise due to crosstalk can alter the logic
value of an otherwise non-switching gate [1]. Second,
crosstalk may affect the delay of a domino logic gate since ) ) ) )
transitions on neighboring lines may cause an increase or N this paper, we confine ourselves to “full-domino” cir-
decrease in the effective gate delay. The effect of crosstalkCUits, that is, circuits composed solely of domino gates.
on the delay of domino circuits is the subject of this paper. Since full-domino circuits are unate, they offer several mod-
Research work pertaining to the effect of crosstalk on eling S|mpl_|f_|cat|ons: (1) all transitions are monotone (|:e.
circuit delay can be roughly classified into two categories. 0—>1.t.ran5|t|ons) and (.2) there are no statl_c hazards. Since
The first category [2, 3, 4, 5] describes how static timing transitions oceur oply in one d|r¢ctlon, a line can only 'be
analysis techniques for static CMOS circuits can be modi- sped up by_ switching adjacent lines. Also, our modeling
fied to cope with crosstalk effects. However, static timing and analysis of delay reduction reveals that speedup can

analysis is inherently circuit functionality independent. The onlty ovcvcurhlf a(:f]actetﬂt “nis tranS|t|otr) prior tg the \lnc.:ln;t
work in [6] is an exception, but it only uses circuit function- gate. We show that tnese two properties can be exploited to

ality to prune aggressors that cannot transition opposite to COMpute the delays na QOmlno circuitin a S|_ngle,.breadth—
the victim. It does not consider circuit functionality for the first traversal of the cireutt, |mply|ng_that the iterative pro-
purposes of path sensitization. To generate manufacturingcedures used for static CMOS circuits are unnecessary. We

tests for path delay faults, test vectors that exercise maximal“S€ OUr Qelay computation scheme in a timed ATPG frame-
delay in the circuit must be identified. work to identify vectors that cause the worst-case delay of

a domino circuit.

*This work was supported by the Semiconductor Research Corporation | N€ SUbsequem sections of the paper are organizgd as
under contract no. 982.001. follows. Section 2 formulates the problem of analyzing
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crosstalk on the delay of domino circuits. Specifically, Sec- by a domino gate DR, where MN1 and MP1 are the transis-
tion 2.1 describes the assumptions adopted concerning theors of the output inverter of DR. For simplification, assume
analyzed circuit. Section 2.2 presents our model of domino that the input (DRD) to the driver inverter transitions from
logic delay, while Section 2.3 describes how crosstalk im- Vpp to 0 at¢=0, implying MPL1 is in saturation since its
pacts the delay of a domino logic gate. Based on the analy-drain-to-source voltage,, is high for¢>0. The effect of
sis in Section 2.3, Section 3 presents a breadth-first analysisMN1 can be neglected since it is off due to its input being
strategy to perform timing analysis of a domino circuit in at ground fort>0. For this scenario, the capacitance at line
the context of crosstalk. Section 4 describes the results ob-A (C 4) is being charged through the PMOS transistor MP1
tained from the application of our method to a multiplier which acts as a constant current source as shown in Fig-
circuit and their validation using Hspice simulations. Fi- ure 1b. C4 is the total capacitance associated with line A
nally, Section 5 summarizes our current work and presentsand includes the coupling capacitances of the adjacent sig-
directions for future work. nal lines, the substrate capacitance of line A, and the input

capacitance of transistor MNA. Thus, the voltageat line

A initially increases linearly with time as shown in Figure 2

2 Domino Gate Delay and its rate of change is given by

This section describes a model for domino circuit delay. dva - Ic (1)

Our delay analysis is limited to circuits consisting of only dt Ca

domino gates with characteristics that are elaborated uponyhere],. is the drain current of the transistor MP1 in satu-

in the upcoming subsections. ration. The voltage at line A causes a discharge curfgnt
to flow through MNA, which discharges the dynamic node

2.1 Preliminaries D causing the eventual transition of the gate output. The

discharge currenf; can be expressed as a function of the
The following assumptions are adopted concerning the voltagev 4 [13]:
domino circuit under analysis. It is assumed that the cir-
cuit to be analyzed is a full-domino circuit, the only static I = 0 if va<Vr (2)
gates used are the inverters that are pushed to the primary in- I, = K(va—Vr) if va>Vrp 3
puts. We also assume that significant cross-coupling capac-
itance is present only at the outputs of the domino gate and ~ The parameter&” and V- depend on several character-
the internal dynamic nodes of a gate have negligible cross-istics of the evaluate chain. For example, if the victim is
coupling capacitance. The cross-coupling capacitance tothe only transistor in the evaluate chai, is large and
the dynamic node is assumed insignificant since domino Vr is small. K is reduced and’r increases if there are
circuits are realized using standard Ce”S, where a Sing'e other transistors in series with the victim transistor. AISO, if
domino gate equates to one standard cell. Corresponding|y,0ther transistors in series transition Simultaneously with the
all transistors within a cell are sized and placed with short Victim, K is further reduced andl7- increases even more.
intra-cell connections. Hence, the transistors within a cell To address this variation d& and V-, the maximum and
are typically placed close together, ensuring that the dy- minimum values ofk” and V- are derived for every evalu-
namic node cannot have Signiﬁcant Coup”ng Capacitance_ate chain of eVery standard cell through HSpice simulations.
Another assumption is that the effect of noise induced by The K andVr extrema are then used in the analysis of max-
external (static CMOS gates outside the domino netlist of Imum and minimum delays. From equations 2 and 3, it is
concern) signals or signals from the other phase of domino €vident that the discharge currdgtbecomes non-zero only
operation are neglected. The input-to-output delaf/a afterv, reached/r. This occurs fot > ¢, = 2% asillus-
domino gate is defined as the interval of time between the trated in Figure 2. “
time instant when the input begins to transition to the time For t>t,, the dynamic node begins discharging due to
instant when the output begins to rise. It is also assumed],. When the integral of ; reache<>;,,, x Vinp (Viny is the
that the capacitive and resistive parasitics of the circuit have threshold voltage of MP2 and;,,,, is the input capacitance
been extracted from the layout resulting in a SPICE netlist; of the output inverter), the output OUT of the domino gate
this netlist serves as the starting point of our analysis. increases and becomes non-zero. Assume OUT becomes
non-zero at = t4 as shown in Figure 2. Thety has to
satisfy the relation,

2.2 Coupling-Free Delay Analysis

t
Consider a domino AND gate that transitions from 0—1 due / ’ Lydt = Ciny X Vinp 4)
to a transition at its input A. Figure 1a shows line A driven 0

1This definition of delay is different from the conventional definition therefore, using equations 2 and 3
that equates gate delay to the time between the 50% transition points of t
the input and output; however our definition greatly simplifies analysis and
P p greatly simp Y K x (va — Vp)dt = Ciny X Vipp (5)

can be easily mapped to the conventional definition. .
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driving gate DR = domino AND gate

Figure 1: The domino AND gate transitions after the input to the inverter of the driver domino gatBYB&nsitions from
Vpp to 0. Line A charges through the PMOS transistor MP1 which acts as a constant current source kgual to

2.5 Consider the effect of one aggressgion the transition
I of the domino gate shown in Figure 3a. Assuméransi-
201 D tions with a slope otVD—D att = —t, and there is a coupling

LT capacitance of’, betweenaz and the victim. The glitch

jrg\ 1.5 VDD ‘/fhp i -
< : waveform due taz; can be superimposed with the wave-
3 | form due to DR. The glitch waveform due to the aggressor
go is given by
S ) T
~ j 'Ucoup(t) = W(l —e RaryXCa ) t<0 (8)
| V X CC Xt
-0.5 | t’l | | | Ucoup(t) = Ucoup(o) + Dgft’r‘ t>0 (9)
20 0 20 40 60 80 100 120 140 A ¢

e whereR .., is the linear-region resistance of the transistor
MN1. vcoup is shown in Figure 3b. Before=0, the glitch
Figure 2: The signal waveforms for various lines when the waveform increases slowly since the driving NMOS tran-
domino AND gate in Figure 1 transitions reached/r at sistor MN1 drains charge from line A. Afté=0, the glitch
timet, and OUT transitions at time;. waveform increases at a greater rate since the driver MN1
is off. (Although the PMOS transistor MP1 is on, it does
. ) _ _ not appear in equation 9 since the additional voltage due to
sincev,=Vr att = t, andv, increases linearly with slope ¢ 5sstalk depends only on the small-signal resistance of the

dv
“ai*- Equation 5 then reduces to driver transistor [14], which is significant when the PMOS
is in saturation. This point is further illustrated using Fig-
/ K(—=2 d“A (£))dt = Ciny X Ving (6) ure 4. The model of the overall circuit is shown in Fig-
ta ure 4a. The response of this circuit can be obtained through

the superposition of two responses. First, the waveform that
appears due to the driver PMOS without coupling is shown
in Figure 4b. Second, the glitch induced at line A by the
ty =ta + \/(M“;Vih@) 7) switching aggressor with the PMOS transistor replaced by
K x < its small-signal resistance is shown in Figure 4c.) Thus, the
glitch waveform due to the aggressor is greater, if the ag-
Thus, the total delaytf) of the domino gate without any  gressor transitions afteér0 since more of the glitch obeys
coupling can be estimated using equation 7. equation 9 instead of equation 8. However, a late aggressor
transition means less time to participate in the discharge of
the dynamic node D. Thus, a tradeoff exists in determining
worst-case transition time of an aggressor. Determining the
When one or more adjacent lines coupled to the victim can alignment of aggressor transitions so that the complete dis-
transition, the problem of determining gate delay becomes charge of the dynamic node occurs as early as possible is
more complicated since the exact worst-case times for ag-analyzed in the Appendix and is used in the next section to
gressor transitions must be determined. develop a domino-centric timing analysis algorithm.

wheret, is given by

2.3 Effect of Coupling on Delay
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Figure 3: (a) An aggressar; coupled to the victim line A through capacitan€e. (b) The waveforms involved in the
discharge of dynamic node D are shownand DRD are the waveforms at ling; and DRD, respectively, and.,., is the

voltage glitch at line A due to the transition on aggressor

3 Timing Analysis mum gate-to-gate delays are evaluated from least to greatest
(i.e. from smallest,,;, to largestt,,;,), the effect of cou-
) ) ~ pling on delay can be estimated based on the delay of gates
From the arguments made in Section 2, two observations|ready evaluated.

can be made. First, since the glitch waveform due to an ag-
gressor switching from 0 to 1 is always positive, aggressor  The procedure for calculating the minimum delays and

transitions can only hasten the transition of the victim gate. hence the minimum timing windows is given in Figure 5.
Thus, the maximum delay of a domino gate occurs when The algorithm begins with the primary inputs, each having
all the adjacent lines coupled to its inputs do not transition. a ¢,,;,=0. The algorithm in Figure 5 maintains a linked
We can therefore calculate the maximum possible delay of list of signal lines calledignal wv frnt. Signal wv frnt

a gate by replacing all the adjacent lines with ground (as- contains gate output lines whosg,;, have been calcu-
suming input patterns exist which prevent the aggressorslated (arranged in ascending order of thgjy;,, value).
from switching while the victim transitions). Second, if an Signal_wv frnt is akin to a wavefront of signal lines; it
aggressor line is to decrease the delay of a victim domino propagates through the circuit from the primary inputs to
gate, it must transition before the victim output transitions. the primary outputsSignal_wv frnt initially contains the

In fact, itis proven in the Appendix that if an aggresspin primary input lines (line 1 of Figure 5). A link; with min-
Figure 3a is aligned to cause minimum input-to-output de- imum ¢,,,;, from Signal_wv frnt is selected and the de-
lay, it must transition even before the gate inputs transition. lay of all fanout gates of 4 are calculated. The minimum

If a; transitions significantly after the transition of the in- delay betweeriy andn 4 calculated in line 6 is based on
put, its effect on the input-to-output delay will be negligible. the aggressor alignment criteria described in Section 2 and
So it can be concluded thatdf is to aid the minimization the Appendix. It is important to note that each aggressor
of the input-to-output delay significantly, its transition must «; that could influencé 4-to-n4 delay has a correspond-
begin before the transition of the input. Thus, if the mini- ing t,,n(a;) < tmin(la) and therefore has been already
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Figure 4: (a) There are two drivers that include the PMOS (in saturation, acting as a current source) and the switching
aggressou;. The resulting waveform at line A is the superposition of the responses in Figures 4b and 4c. (b) The circuit is

driven by the PMOS with a static aggressor. (c) The circuit is driven by aggressoth the driver PMOS replaced by an
open.

%Mismatch Iterative method
1 Initialize Signal_wv frnt to contain the Pls. Iteration no. | with our method| CPU time (secs)
2 while( Signal_wvfrnt is not empty) 1 21 0.21

3 {la=pop( Signal_wvfrnt) :2), 162 82;

4 for every fanout gate Ga of la I 3 0:84

5 {na=output of gate Ga 5 3 1.05

6 delaynew=delay( la—na)

7 if  Gais an OR gate Table 1: Comparison of our method with the iterative

8 {if ( tmin(n 4) > delaynew+ imin(l 4)) method in terms of accuracy and time.

9 tmin(na)= delaynew+ t,,in(l 4)

10 }

E i (if Cz“ t:ma(:b AASND< g;éfaynew tin(l 1) of thg timing_ windows op.taineclj usin_g our method and those
13 Ernin(14)= de@ynew * toin(l 4) pbtamed using the traditional iterative methods, after every
14 } iteration. Column 3 of Table 1 shows the cumulative CPU

15 Insert ( na,t min(n 4)) N Signalwovfrnt time after each iteration. The conventional iterative method
16 } requires five iterations to converge and hence 5X the CPU
17 } time to reach the final values, which our method closely

approximates in just a single iteration. Although just one
_ o ) example, we believe this illustrates the gains achievable by
Figure 5: Pseudocode for static timing analysis. using a timing analysis approach developed to exploit the
properties of domino logic. Also, it can be observed that
the percentage mismatch between the timing windows ob-
tained by our method with those obtained using the iterative
gate (m) is updated based on its logic function (lines 7 method is about 3%. Hence our method sacrifices very lit-

to 14). Finally, the newly evaluated lines with their up- tle, if any, accuracy.

dated minimum transition times are added to the sorted list Our method was next extended to a dynamic timing anal-
Signal wv frot in line 15. ysis procedure to generate test vectors. The motivation for

deriving the vectors using dynamic timing analysis is based

on the following. Designers use static timing analysis to en-
4 Simulation Results sure that under nominal conditions all vectors in the circuit

produce delay less than some delay valyg;, thus allow-
Validation of our ideas utilize a dual-rail, domino Wallace ing the circuit to be clocked with a time period equat {Q;;.
multiplier circuit [15] implemented in a 2-metal, 0.18y, However, in the presence of extreme manufacturing varia-
1.8V technology. A layout of the multiplier was generated tions or defects that are likely difficult to model or predict,
automatically using an industrial place and route tool. A the circuit may exhibit a delay greater thap,; causing in-
netlist containing parasitic capacitances was extracted fromcorrect circuit operation. To detect such failures, we would
the layout using the tool Space [16]. like to apply vectors that can detect any circuit delay that

Static timing analysis was applied using our method and surpasse&;;,;. The most likely circuit paths to exceeég.:

the iterative methods described in [4]. For the iterative under manufacturing perturbations are those which (1) are
method, five iterations were required for the timing win- sensitizable and (2) when sensitized, exhibit delay nearly
dows to converge. Our method, on the other hand, requiresequal tot,;,; under nominal conditions (i.ethe critical
only a single iteration and consumed 0.23 seconds of CPUpaths). Thus, it is necessary to identify vectors that exer-
time. Column 2 of Table 1 shows the percentage mismatchcise the circuit to exhibit delays close tg,; under nom-

analyzed. Once the delays of all the fanout gates ftam
are calculated, the minimum transition time,{#) of each
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Test vector | Predicted Delay Test vector generatio 5 Summary and Future Work
no. max delay | from Hspice time (secs)
1 278 269 1.2 . .
5 567 0 17 In this paper, the effe_ct of c_rosstalk on the delay of domino
3 254 234 18 CMOS circuits was investigated. It was shown that the
4 252 220 1.2 monotone nature of signal transitions in domino CMOS
5 248 221 14 circuits can only cause crosstalk effects that reduce gate
6 244 229 L2 delay. In addition, signficant delay reduction only occurs

when coupled lines transition earlier than the victim gate
inputs. We exploited these properties of domino circuits to
develop a breadth-first timing analysis algorithm to com-
pute signal delays in the presence of crosstalk. The timing
analysis technique is more efficient than standard iterative

inal conditions because under manufacturing perturbationstechniques and at the same time sacrifices very little accu-
those vectors may cause the circuit delay to exdegg. racy compared to existing iterative methods. We applied our
Generating the aforementioned vectors requires a generalovel timing analysis strategy in a timed ATPG framework
ized methodology to identify test vectors that cause circuit 10 generate delay tests for a domino multiplier circuit un-
delay within a small delta of,,,;. These requirements are der test. The delay test generation strategy was validated by
satisfied by our dynamic timing analysis technique which is comparing our delay prediction for a domino mulplier with

described next. Hspice simulations.
Future work will focus on extension of the methodology

For dynamic timing analysis, a timed-PODEM approach to (1) accommodate mixed static-domino circuits and (2) in-
similar to the one proposed in [17] is used, where both logic clusion of the effect of noise due to external circuit lines that
values and min-max transition times,i., t.na.) @re Main-  pass near or through the domino circuit under analysis. The
tained for every signal line. Timed ATPG takes a gate-level extension to mixed static-domino circuits can be performed
netlist, a corresponding Hspice-level netlist, and a target cir- in two stages. The first stage is to generalize the output in-
cuit delayt;q,4c+ @S input. It then assigns logic values to the verter of the domino gate to any static CMOS gate. This
inputs of the netlist to justify the required time {#,.) at generalization will extend the methodology to any mixed
some primary output. For every new logic value assign- static-domino circuit that has no significant coupling to the
ment at the primary inputs, all the logic values and tim- dynamic node. The second stage must examine coupling to
ing windows are recalculated using a method similar to that the dynamic node. This will allow the application of the
described in Figure 5. Whenever the maximum possible methodology to any mixed static-domino circuit. However,
time at the primary outputs falls short of..,.: due to a  the second stage will be difficult since aggressors that have
new primary input assignment, a decision reversal (back- 1 — 0 transitions can increase delay. For this more realistic
track) is performed. Whenever the minimum switching time circuit, the simplifications adopted in our analysis are likely
at any primary output exceeds,q.:, a test vector is ob- invalidated implying that a judicious combination of the it-

tained. Several runs of dynamic timing analysis, each with erative methods and our methodology must be employed.
a larger value ot;q,4.: than the last and terminating with

tstat, l€ads to all possible vectors that exhibit delay near or .
greater thar,;,;. Appendlx

Using static timing analysis, the maximum and mini- |n this appendix, the problem of determining the alignment
mum circuit delay were found to be 282 ps and 70ps, re- of aggressor transitions to minimize the victim domino gate
spectively. Table 2 shows the results for various test vectorsdelay is addressed. Consider an aggreasaoupled to a
obtained from dynamic timing analysis. Each row in Ta- switching gate input line A through a coupling capacitance
ble 2 provides information for a particular test vector. Col- ¢, as shown in Figure 6a. In Figure 6b, the aggressor be-
umn 1 shows the test vector number. Column 2 shows thegins its transition at some time instange< 0 and causes
maximum delay (f.rq.¢) that was predicted by our dynamic  a glitch waveformu,..,(t) at A. As in Section 2.2, we as-
timing analysis tool for that test vector. Column 3 shows the sume that the driver inverter input DB transitions at time
delay obtained from Hspice simulation of the netlist for that ¢=0. Thus, the waveform, at line A is the superposition
particular test vector. Column 4 shows the time taken by of two voltages:v..., due to the switching aggressor and
timed PODEM to generate the test vector. The Hspice sim- 4, . due to the transition of the driver inverterpz in-
ulation delays agree fairly well (to about 6 percent average creases linearly with time, starting frots0, with a slope
mismatch) with our predicted maximum delays. The vari- %A given by equation 10, whet®:- is the drain current of
ability that exists between the maximum delays predicted by the aggressor's PMOS transistor MP1 afid is the total
our tool and the delays obtained using Hspice is attributed capacitance of the victim line.
to sources modeled in our methodology in only a min-max
fashion (e.gthe effect of multiple gate inputs changing si- dvs o
multaneously is captured only at the min-max corners). G~ Ca (10)

Table 2: Test vectors obtained using dynamic timing analy-
sis.
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In general, the aggressor can transition at any time. There-V (the voltage parameter of the victim transistor evaluate

fore, the equations governing,,,, must be partitioned into
several time intervals. Far< 0, veoup Can be modeled us-
ing equations 11 and 12 fer< t; + tr; andt > t; + try,
respectively,

t—t;
Ucoup(t) = W(l — 6_ Ry XCa ) (11)

_ tri —(t—t;—tr;)
Veoup(t) = W(l — e RarvXCa)(e FaroCa ) (12)

whereR,., is the linear-region resistance of the transistor
driving the victim line,C.. is the coupling capacitance, and
tr; is the rise time of the aggressor. o> 0, veoyp iN-
creases according to equations 13 and 14, wherés the

time instance just before the aggressor completes its transi- /

tion.
Vop x Ce x t
Uco'u,p(t) = ’Ucoup(o) + % t<ti+1tr; (13)
Veoup (t) = Veoup(tr; ) t>t; +tr;  (14)

Assumingv 4 reaches/r att = t,, discharge of the dy-
namic node occurs for > t, according to equations 2
and 3. Att = t4 (see Figure 6b), the discharge from the
dynamic nodg AQ = Ciy, X Vipp) causes the output to
transition. Our objective is to determine the value ahat
minimizest,.

A decrease irt; means more 0., Will follow equa-
tion 11 and 12 which means the glitch waveform will de-
crease. On the contrary, f is significantly increased, the
domino gate is discharged duedgr alone and the glitch
waveform does not contribute to the discharge. An illus-
trative example of this point is presented in Figure 7. In
Figure 7a, the glitch waveform has= —50 ps. Although
the glitch waveformu.,.,, is small, it partially discharges
the dynamic node D as shown. In Figure Zh,= —20
ps, so the glitch waveformy,,., is large, but the glitch

does not participate in the discharge since it begins after =
the output transitions. Given such tradeoffs, our purpose is = |,

to determine the optimal;, = t,p: SO thatveeup + VDR
discharges the dynamic node (icauses a discharge of
AQ = Vinp x Ciny, WhereVy,, is the threshold voltage
of MP2 and(C;,,, is the capacitance of the dynamic node)
as early as possible.

Our definition of optimal alignment,,; is as follows:

At t; = t,,, the aggressor transition is assumed to be op-

Qeoup(07)  dveoup(0”
dt dt

chain), andAs = ) is the change in

slope ofveyp att = 0.

Proof: We will show both necessity and sufficiency by
contradiction. Assume that the aggressor transition in Fig-
ure 6 is aligned to produce minimury, that is, it is not
possible to increasﬁfzo 14dt by changing;, the transition
time for aggressot;.

Now assume the aggressor transition is pushed to the fu-
ture by an infinitesimally small interval of tim&¢ causing a
new coupling waveforna,,,,, that starts at; + At. v,,,,, (t)
can be related to,,,, (t) using the following equations:

Veoup (1) = Veoup(t — Al) t<0 (16)
Also, due to the abrupt discontinuity of slopetat 0,
Veoup(t) = Veoup(t — At) + As x At t>0 (17)

It is assumed that the contyibution dueuttor remains un-
changed for eithev..,,, or Veoup- The discharge contribu-
tion of vy between—oo andt, is

AQ (18)

/td Ii(Veoup(t))dt

Using equation 3 from Section 2.2, equation 18 can be re-
written as

AQ = / dK (Veoup(t) — Vir)dt (19)

The discharge caused by;gup) between the times-oco
andt, is

AQ = [ Lavioup(t))dt

- ttj K (Vooup(t) — Vr)dt

[ K (veoup(t = At) = Vi + As x At)dt

S K (Veoup(t) = Vi)dt + AsAt(ta — ta)

= j;tad K(UCOUP(t) - VT)dt - (Ucoup(td) - 'U(:Oup(ta))At +
AsAt(ty — ta)

= AQ — (Veoup(ta) — Veoup(ta)) At + As(ta — ta) At
therefore

AQ' = AQ = —(veoup(ta) = veoup(ta)) + As(ta — ta).

If AQ — AQ>0, movement of the aggressor transition into
the future will increase discharge.AfQ' — AQR<0, move-

timally aligned causing the dynamic node to discharge at ment of the aggressor into the past will increase discharge.

t = tq. Then, if the aggressor transition timds moved by
an infinitesimally small time intervaht in either direction

(i.e. the past or the future), there cannot be any increase in

the total discharge from= —co tot = 4.

Theorem 1 Domino gate delay, is minimal if and only if
for each aggressow; coupled to the victim, the following
relation is satisfied:

As X (tqg — ta) = Veoup(td) — Veoup(ta) (15)
wherev.,,, is the glitch waveform due to a transition on
a;, t, is the time instant where the victim waveform =
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Therefore, for optimal alignmenf\Q" — AQ=0, implying
thatveoup (ta) — Veoup(ta) = As(ta — ta). |
It can be shown that for any arbitrary waveforms, the
condition can be generalized to
As(ta—ta) = veoup(ta) —Veoup(ta)+3_ (Veoup (ts) —Veoup (ta))
wheret, andt, refer to the time instants when the total
waveform at line A crosse®r (¢, refers to a time when
v 4 IS increasing and, refers to a time when4 is decreas-
ing). The criteria in equation 15 is used to derive the optimal
alignment of aggressor waveforms for minimum delay.
From equation 15, we can conclude thatmust be less
than 0 to minimize delay, that is, the aggressor transition
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Figure 6: (a) A domino gate switches due to a transition on its input A and crosstalk due to aggreg®mnpr is the
voltage waveform due to the driver gate DR,.,, (equations 11, 12, 13 and 14) is the contribution due to the aggressor.

’

Veoup

should begin before the driving gate ORbegins to transi-

tion. Specificallyvcoup(ta) > Veoup(ta) SINCEU oy, (€QUA-

(2]

tions 13 and 14) andpr are non-decreasing functions.

From equation 15p.oup(ta) — veoup(ts) IS positive and
sincety — t, is also positive due to; > t,, As is posi-
tive. As can only be positive i, Starts before = 0,
otherwiseAs = 0. Thus, ifve,, Starts prior tot = 0, ¢;

(3]

should be negative, implying the aggressor transition should [41
be earlier than the driving gate. This conclusion is used in

the timing analysis algorithm described in Section 3.
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