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Abstract

Latches are extensively used in high-performance sequential
circuit designs to achieve high frequencies because of their
good performance and time borrowing feature. However, the
amount of timing uncertainty due to crosstalk accumulated
through latches could be larger than the benefit gained by
time borrowing. In this paper, we show that the trade-off be-
tween a latch and a flop can be leveraged in a sequential circuit
design with crosstalk, so that the clock period is minimized by
selecting a configuration of mixed latches and flops. A circu-
lar time representation is proposed to make coupling detection
easier and more efficient. Experiments on our heuristic algo-
rithm for finding an optimal configuration of mixed latches
and flops showed promising results.

1 Introduction

In a sequential circuit, clock signals are usually applied at
memory elements to lock correct state values and to filter
out unintended transitions. Generally speaking, memory el-
ements can be categorized into two groups according to how
they respond to clock signals: edge-triggered flops store the
data when the clock switches; level-sensitive latches let the
output have the input value during its active duration.

Latches dominate high-performance designs as they have
smaller delays and occupy less area than flops. More impor-
tantly, since signals can pass through a latch anytime during
its active duration, time borrowing between two consecutive
latches is possible. As a result, circuits designed with latches
can operate at higher frequencies than their edge-triggered
counterparts [7].

On the other hand, with increasing clock frequencies and
shrinking process geometries in deep sub-micron technology,
both capacitive and inductive coupling (also known as crosstalk)
become big concerns in designs. For present day processes,
the coupling capacitances can be as high as the sum of the
area capacitances and the fringing capacitances. Trends in-
dicate that the role of crosstalk will be even more dominant
in the future as feature sizes shrink [16]. Besides introducing
noises on quiet wires, crosstalk may greatly change the wire
delays, hence affect the timing analysis. If an aggressor and
a victim switch simultaneously in the same direction, the vic-
tim will speed up, called assistive coupling. Likewise, if an
aggressor and a victim switch simultaneously in opposite di-
rections, the victim will slow down, called opposing coupling.
Assuming that coupling capacitances and inductances domi-
nate all other capacitances and inductances of wires, failure to
take crosstalk effects into timing analysis may produce wrong
results. Our work in this paper equally applies to crosstalk
induced by capacitive and inductive couplings. However, to
simplify the presentation, we only talk about capacitive cou-
plings in the rest of the paper.

The problem of clock schedule verification without consid-
ering crosstalk has been elegantly solved by Szymanski and
Shenoy [21, 18]. Their approach was also extended to incorpo-
rate crosstalk [10, 23], where coupling detection required addi-
tional phase translations and comparisons. Several techniques
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have been proposed to evaluate crosstalk effects on combina-
tional delays. Some are based on iterative techniques [2, 14];
some are based on the propagation of events [4]; others are
based on more complex mathematical formulations [9]. Con-
sideration of the functional correlation of the victim and the
aggressors allows further accuracy in analysis [1, 3, 22]. The
worst case victim delay can be obtained by driver modeling
using reduced order modeling and worst case alignment of
the aggressors relative to the victim [6, 8, 19]. What these
techniques have in common is that crosstalk effects are ex-
pressed by expanding the switching window at the victim to
accommodate more possible switchings.

Since latches allow signals to pass transparently, crosstalk
effects on switching windows may accumulate on a long path
and cause a clocking violation in the end. These phenomena
will be explained in more details in Section 2. It is interesting
to observe that the switching window at the output of a flop
is just a single point, or a switching window with width zero
(for the ease of the presentation, we assume no clock skew
uncertainty). A natural thought is to select a set of latches
such that when they are replaced with flops, the crosstalk
effects contributed by their original output switching windows
are greatly reduced and the previous clocking violations are
removed.

Our contribution in this paper is twofold. Firstly, we pro-
pose a circular time representation for coupling detection. We
show that detecting coupling under the circular time represen-
tation is easier than state-of-the-art approaches [10, 23]. Fur-
thermore, since complicated phase translations are avoided,
clock schedule verification under the circular time represen-
tation is more efficient. Secondly, we formulate the trade-off
between a latch and a flop in sequential circuits with crosstalk
as a problem of seeking a configuration of mixed latches and
flops to minimize the clock period. We present an effective
and fast heuristic algorithm to solve this problem. Experi-
ments showed promising results. Although our implementa-
tion is based on dynamically bounded delay model proposed
by Hassoun [9], the framework and solution proposed here can
be easily extended to utilize other discrete coupling models.
Due to space limit, all of the proofs are omitted, which can
be found in [12].

2 Motivation and problem formulation
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Figure 1: Crosstalk effects on system performance.

We now use an example in Figure 1(a) to show that the
amount of timing uncertainty due to crosstalk accumulated
through the latches could be larger than the benefit gained



by time borrowing. In this example, we have six latches driven
by a clock ¢ with period 2 shown in Figure 1(b), which has
a duty cycle ratio of 0.5, i.e., the active duration is half the
period. The ellipses between the latches represent the com-
binational blocks with their minimum and maximum delays.
Opposing coupling increases the delay by 0.5 while assistive
coupling decreases the delay by 0.5. Suppose that the set-up
and hold times are all zero and the inputs are available at Iy
and I> at time 1. Then the switching windows of A and D
are [2,4] and [2,3.5] respectively, illustrated in Figure 1(b).
According to the transparent nature of latches, the switching
windows of B and E are [3,4] and [3, 3.5] respectively. If the
capacitor between C and F does not exist, then the switch-
ing windows of C and F will be [5, 6] and [5, 5.5] respectively.
Since no clocking violation occurs, 2 is a feasible clock period.
However, due to the presence of the coupling capacitor and
the fact that the switching windows of B and E overlap, op-
posing and assistive couplings are assumed in the blocks they
feed. As a result, the switching windows of C and F become
[4.5,6.5] and [4.5, 6] respectively. We detect a set-up violation
at latch O;. Therefore, this circuit has to work at a period no
smaller than 2.2 (assuming duty cycle scales proportionally
with period).

However, if we replace the latch between A and B by a
flop that operates at the falling edge of ¢, then the switching
window of B is shrunken to [4,4]. Since the new window
does not overlap with that of E, coupling is not triggered.
Therefore, the switching windows of C and F become [6, 6]
and [5, 5.5] respectively. The previous set-up violation at O,
is now removed. The new circuit can still work under period
2.

This example shows that the trade-off between a latch and
a flop can be leveraged to improve sequential circuit designs
with crosstalk. We formulate it as a problem of finding a
configuration of mixed latches and flops to minimize the clock
period.

Problem 1 (Optimal Latch-Flop Configuration)

Given a sequential circuit and its clock schedule, find a con-
figuration of mized latches and flops for the memory elements
such that the circuit satisfies the clocking conditions with
crosstalk under the minimal clock period.

3 Models and notations

A clock schedule for a circuit is a set of periodical signals
d1, ..., oo, with width w; of the phase ¢; and a common period
T. Selecting a period of length T" as the global time reference,
we can order the phases ¢; by its starting and ending times
(si,e:) with respect to the reference. We generally order the
phases such that e; < e; if i < j, and choose e, as the global
time reference. In particular, if e; = >7, the clock schedule
is symmetric [11]. The set-up and hold times are denoted as
X,; and H;, respectively. We assume that both s; and e; scale
proportionally with T. A clock schedule is valid if and only
if the circuit has no clocking violation under it. The common
period of a valid clock schedule is called a feasible period.

We choose to use the dynamically bounded delay model [9]
to capture the delay variations due to crosstalk. More specif-
ically, each vertex v has a combinational delay range [d,, Ay].
In addition, for each coupling capacitance between v and an
aggressor u, we associate it with five parameters: §u,v, 6v,u,
Ay, Ay and 7y,». If the switching window at v’s input
overlaps with that at «’s input within a specified amount of
time 7., then §, is decreased by d,,, and A, is increased by
Ay,v if they have never been done so.

While more accurate continuous models are possible, e.g.,
[5], the chosen model is a generalization of discrete coupling
models, such as ones that assume a 0 X, 1 X, or 2 X effective
coupling capacitance, e.g., [14]. The framework and solution

proposed here can be easily extended to utilize other discrete
coupling models.

A directed graph G = (V,E) is used to represent a se-
quential circuit, where V = Vg U V7, is the union of two sets
of vertices: the gates Vi and the memory elements Vr, and
E = Er U Ec is the union of two sets of edges: the inter-
connects E; and the coupling capacitances E¢c. Vertices and
coupling capacitances are modeled by dynamically bounded
delay model. Interconnect delays are available since we are
considering circuits after placement and routing. We assume
that all the primary inputs and primary outputs are latched.

We designate the latest (earliest) arrival time at a vertex v
as Ay (av). The latest (earliest) departure time from a vertex
is denoted by D, (dv). [av,Au] and [dy, Do) are called the
input and output switching windows of v respectively.

If v is a memory element, p(v) denotes its given phase.
Depending on the particular configuration, v could be a latch
with phase p(v), or a flop operating at the rising or falling
edge of p(v). However, to simplify the presentation, we only
talk about latches and the flops that operate at the falling
edges.

4  Previous work

The problem of clock schedule verification without consid-
ering crosstalk has been elegantly solved by Szymanski and
Shenoy (21, 18]. Without crosstalk, we only need to consider
switching windows at memory elements. The input switching
window of a memory element i can be computed by prop-
agating the output switching windows of ¢’s fanins through
shortest and longest path delays to i. Timing conditions for
latches are formulated as [18]

A, = I]I_l_a;i((Dj + Cii — Epiyp(iy) 1)
a; = gni?(dj + ¢ji — Ep()p(s)) (2)
D; = max(A;, T — wp)) (3)
di = Spa) =T — wp() “)
4 < T-X; (5)
w > H (6)

where C}; and c;,; represent the maximal and minimal com-
binational delays from latch j to latch i respectively, and
E,(j)p(i) is a phase shift operator defined as [13]

if p(4) < p(7)
otherwise.

€Ep(i) — Ep(4)>

E&uwm‘f{gfﬁemjﬁQmﬂ7
Note that used here are local times referring to local time
zones that end with the phase falling edges. Timing equations
involving flops can be similarly derived. We say that j is the
latest critical predecessor of i if A; = Dj + Cj; — Ep(j)p(i). If
ai = dj + ¢j,i — Ep(4)p(i), then j is called the earliest critical
predecessor of 1.

We choose to characterize d; by (4) instead of the more
aggressive formulation with d; = max(a;,T — wp(;)) in [13].
This is because [20] showed that there are common situations,
such as a latch driven by a qualified clock signal, in which
the aggressive formulation is incorrect, and a similar problem
arises in circuits which permit the clock to be stopped between
adjacent latches to save power.

In the presence of crosstalk, however, switching windows
at both memory elements and gates need to be considered
because crosstalk may change the shortest and longest path
delays between them.

Hassoun et al. [10] proposed to assign each gate v a virtual
phase, also denoted as p(v), which can be derived by analyzing
the phases of the memory elements in the combinational fanin
and fanout of the gate. Based on the virtual phases, the



switching windows at combinational gates can be computed

in a similar fashion as those at memory elements, expressed

as

0 = 4 mineaen (du = Epupe);
v min(y v)eEy du7

u,v Du - u v ) lfp(u) #p(?})

A, = 1 maXuwes( p(w)p(v))s 8
{ maxXy,v)eE; Du7 1 p(u) = p(U) ( )
d'u = Gyt 51; (9)
Dv = Av + Av (10)

Their approach of verifying clock schedules with crosstalk
works as follows. At the beginning, no crosstalk is assumed
to take effect and the Szymanski and Shenoy algorithm is
used to find a solution. Then the solution is used to compute
the switching windows at gates by (7)-(10). The results are
used to check for switching window overlaps and to modify
the delays based on crosstalk effects. These three processes
are repeated until there is no change on delays. Zhou [23]
proposed an improved algorithm that essentially combined
the three processes together and computed the accumulated
switching windows during the iterations.

However, detecting overlap in both approaches was not
easy. [10] showed that when two vertices couple, the victim’s
input window can overlap with either one, two, or three of
the three possible switching windows at the aggressor’s in-
put: the previous, the current, and the following windows.
The input window of the aggressor must be translated to
the victim’s local time zone to perform a meaningful com-
parison. It was shown that the previously defined phase
shift operator E,pi) cannot be used for such a transla-
tion since it may lead to coupling detection misses. Consider
the example in Figure 2 (taken from [10]), where T' = 10,
€p(u) — Ep(v) = 1, Ep(u)p(v) =9, Ty = 1.01 and 50% duty
cycle. If Ep,(u)p(v) is used to translate the aggressor’s ranges:
the previous [5 — T, 7 — T, the current [5, 7] and the following
[6+T, 7+T], then the ranges, respectively, become [—14, —12],
[—4, —2], and [6, 8]. If the victim occurrence is [13,15], then
comparing the translated aggressor ranges against the vic-
tim’s will not indicate a coupling problem. However, cou-
pling should have been detected because the fourth occurrence
[16, 18] is within 7., of the victim occurrence.
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Figure 2: An example where coupling is missed by Epu)p(v)-

As a remedy, they proposed a new phase shift operator

!/
p()p(i)s defined as
. T
) i) ~ )+ T i epy —epy <=5
EpGywt) = €ni) — eph) if =5 <epi) —ep) < +3-

ety — ep(i) — T if epi) — €p(g) > +3
Consider the example in Figure 2 again with the new phase
shift operator. In this case, E,,),) = —1. Subtracting
this phase shift operator, the three aggressor ranges now be-
come [—4, —2], [6, 8], and [16, 18] respectively. The previously
missed coupling is now detected.

5 Circular time representation for coupling detection

Although coupling can be detected with E;)(j)p(i), the process
of detection is complicated. Occurrences on three time zones
need to be translated and checked. An important observation
here is that if we translate the input windows of both the
aggressor and the victim to the global time reference and take
modulo T on them, coupling can be easily detected. For the
example in Figure 2, assuming that the global time reference
coincides with v’s local time zone, we have [13,15] mod T =
[3,5] for v, and [—4,—2] mod T = [6,8] for u. Given that
Tu,» = 1.01, coupling is successfully detected. The following
theorem establishes the correctness of this approach.

Theorem 1 Two vertices couple if and only if their switching
windows overlap within a specified amount of time after being
translated to the global time reference and taken modulo T'.

In addition, if switching windows at all the vertices are
always computed with respect to the global time reference,
phase translations are not necessary at all.

A formal treatment of taking modulo 7" on switching win-
dows can be illustrated in a circular time representation. Fig-
ure 3(a) shows the circular time representation of a three
phase clock schedule. The whole circle represents the global
time reference we selected. The time reference at the top
point is 0. It increases clockwise until it goes back to the
top, where reference 1" coincides with 0. Each phase i is then
represented as an arc with endpoints s; and e;. Under this
representation, each switching window becomes an arc. When
propagating through a gate, an arc will be shifted clockwise
and expanded, as shown in Figure 3(b). The modulo T opera-
tion can be treated as a transformation from the original axis
representation to the circular time representation to ensure
that the values of the endpoints are within [0,7"), whenever
an arc is shifted or expanded beyond the top point.

We must note that it is possible to have A, < a, under the
circular time representation. Therefore, [a,, A,] is no longer
interpreted as an interval in the original real axis, but a record
that indicates the starting and ending points of an arc. In
the remainder of this paper, we will use “window” and “arc”
interchangeably.

TO
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Figure 3: (a) The circular time representation of a three phase
clock schedule. (b) Switching window propagation through a
combinational vertex under the circular time representation.

We then propose clock schedule verification with crosstalk
under the circular time representation. It has two phases. In
the first phase, we check if the clock schedule is valid (having
no clocking violation) without crosstalk using the Szymanski
and Shenoy algorithm. Given that we are using (4) to charac-
terize d; instead of the aggressive one, the switching window
without crosstalk is guaranteed to be a subset of the switching
window with crosstalk at each vertex [24]. Therefore, a clock
schedule is ensured to be invalid if it has clocking violations
at this phase. If there is no clocking violation, (7)-(10) are
carried out to obtain the switching window at each gate. We
then translate switching windows at all the memory elements
and gates to the global time reference, and take modulo 7" on
them, that is, represent them as arcs.



In the second phase, the occurrences of overlaps are used
to update delays and switching arcs to take crosstalk effects
into consideration. Whenever a switching arc is changed, the
amount of change is propagated to all its fanouts and coupled
wires. Propagation through a combinational vertex v can be
expressed as

[dv, Dy] = [(av + dv)mod T, (Ay + Ay)mod T

Propagation through a latch ¢ is formulated as

di = Sp@)
p, — A i (A —ai)(Ai = spei))(spi) — ai) >0
g Sp(i) otherwise

Propagation through a flop can be similarly formulated. The
change on one arc may trigger or cancel other succeeding cou-
plings and result in more changes. The process of update is
carried out over the whole circuit until convergence or a clock-
ing violation is found.

For all ¢ € Vi, let

AN
[R,X, Rfl} = [(6p(i> - Xp(i))mod T, (ep(i) =+ Hp(i))mod T},

as shown in Figure 4.

Figure 4: Illustration of R and R¥ for memory element i.

The following theorem states the necessary and sufficient
conditions for a valid clock schedule with crosstalk.

Theorem 2 Given that the clock schedule is wvalid without
crosstalk, it is valid with crosstalk if and only if the input
switching arc [a;, A;] of each memory element i € Vi does

not intersect with [Rix, Rfl] anytime before convergence.

Based on this, a set-up violation is caused when A; is
shifted clockwise to make the following inequality satisfied.

(11)

A hold violation is caused when a; is shifted counterclockwise
to make the following inequality satisfied.

(A; —ai)(Ai = RX)(RX —ai) > 0

(Ai —ai)(Ai — RDYRF —a)) > 0 (12)

Compared with the methods in [10, 23], our approach has
two advantages. Firstly, no phase translation is needed in the
second phase of verifying the clock schedule with crosstalk.
Secondly, the overlap detection is much easier under the circu-
lar time representation. As a result, the process of verification
is accelerated, which is confirmed by the experiments.

6 Algorithm for an optimal latch-flop configuration

6.1 Lower and upper bounds of a feasible clock period

In [17], a set of constraints equivalent to (1)-(6) was proposed
to characterize a feasible clock period, expressed as

epiiy = epj) — Wy + O — KT+ Xy (13)
ep(i)y = ep(y) — Wp(j) T C?,i + (1 - qu,i)T — Hpy (14)

if j is a latch, and

epiiy 2 epg) +CF — KT+ Xpg)
epiy < epgy T, + (1= KT — Hygy

if j is a flop, where CY, and cj, are the maximal and min-
imal combinational delays along any combinational path ¢
between j and another memory element ¢ without crosstalk.
K, counts the number of occurrences that two consecutive

memory elements x and y on q have e,y > e,(,), recursively
defined as

0 if k= j
Kiae) if epoir) < eptr)
iy T i ep) < eppmy)

K, =

gk T

where b(k) represents the preceding memory element of k on

The lower and upper bounds of a feasible clock period are
given by the following theorem.

Theorem 3 Let T; denote the minimal period that satisfies
(13) for all q, and let T, denote the mazimal period that
satisfies (16) for all q, where ¢ = j ~ i, ¥j,i € Vi. If
0< Ty <T, < o0, then the minimal period that can be possi-
bly achieved with crosstalk is within interval [Ty, T,].

The lower and upper bounds can be easily computed once
cg-,z-, C’J‘-]‘i and K]L-Zyi are obtained, which takes O(VL(VG + EI))
time by the Szymanski and Shenoy algorithm. If the com-
puted lower bound is actually negative or oo, it implies a
design error in assigning phases to the memory elements in
the circuit. If the computed upper bound is oo, it means that
the circuit is immune from hold violations no matter what the
clock period is and how the configuration is chosen. For this
case, we can use the period that is feasible under the worst
case coupling scenario (assuming all the couplings take effect)
as the upper bound.

Although an upper and a lower bound can be obtained,
we cannot use binary search to find the optimal period. This is
because the solution space may not be convex with crosstalk [10].
Therefore, we examine each candidate period from the lower
bound incrementally. The first feasible period under which
the clock schedule is valid with crosstalk is the optimal solu-
tion.

6.2 A heuristic

Given a clock period, we first scale the clock schedule propor-
tionally and treat all the memory elements as latches to take
advantage of time borrowing. Then we compute the switch-
ing windows with crosstalk under the circular time represen-
tation. If there is no clocking violation, the clock period is
feasible; otherwise, we apply a heuristic to remove the viola-
tions by replacing a subset of latches by flops.

Suppose a clocking violation occurs at i € V. In order
to find the latches for replacement, we recursively define the
source graph of a vertex v € V, or sG(v), as

G(v) = 0, ifveVy and dy, = D,
SEWWI= sG(w) U {u, (u,v)}, if (u,v) € Er or they couple

Then sG(i) can be obtained by tracing back from ¢ along
the interconnect edges and the coupling capacitances, where
crosstalk takes effect, until we reach a memory element j with
d; = Dj or a previously traversed vertex on each branch.
Figure 5 shows an example of sG, where vertical rectangles
represent latches and horizontal rectangles represent the input
switching windows of the vertices below them with the gray
parts indicating the crosstalk effects.

The following theorem states that the latches in sG are
the candidates for replacement.
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Figure 5: The source graph of latch .

Theorem 4 At least one latch in sG(i) has to be replaced
with a flop in order to remowve the clocking violation at i.

If sG(%) involves no coupling capacitance, the input switch-
ing window of 7 is determined by the minimal and maximal
combinational delays from its critical predecessors. To remove
a hold violation at i, a; needs to be increased. This, by (2),
implies that the earliest departure time at the earliest criti-
cal predecessor of ¢ needs to be increased. Since the earliest
departure time at the output of a latch is a constant by (4),
the only way to increase it is to replace it by a flop. For a
set-up violation at i, we can trace back from i along the lat-
est critical predecessors until we reach a root j in sG(4) with
d; = Dj, such that A; is determined by D; through the max-
imal combinational delay from j to ¢. However, A; cannot be
decreased by replacing j with a flop. In other words, the set-
up violation at i cannot be removed even without crosstalk
effects. Therefore, the current clock period is infeasible.

Alternatively, if sG(7) contains coupling capacitances, iden-
tifying the latches for replacement becomes very hard. Re-
placing a latch with a flop shrinks its output switching arc
to a point. Unlike the situation without crosstalk, shrinking
one switching arc may lead to decreases in maximum arrival
times at the succeeding latches due to coupling misses. For
the example in Figure 5, when latch j is replaced by a flop,
if the resulting switching window at x does not overlap with
that at ¥ and the maximum arrival time at x is smaller than
the original D, then the maximum arrival time at latch ¢ is
actually decreased due to the replacement, which may help
to fix the set-up violation at . In other words, the effect of a
placement is dependent on the coupling configuration in the
circuit, which in turn depends on the replacement. They are
mutually dependent.

Therefore, we propose a heuristic that considers each latch
in sG(i) as a candidate. For each candidate, we estimate the
effect of the replacement on the input switching window of i,
assuming that the switching windows at other vertices will not
change. Among the vertices whose individual replacements
remove the violation, we choose the one whose latest arrival
time is the closest to its phase falling edge. Intuitively, we
want the increase of the latest arrival time of the latch being
replaced to be as small as possible, so that the chance of in-
troducing other violations at its succeeding memory elements
is small. If the violation cannot be removed by replacing any
latch in sG(i), we choose the one that gives the least amount
of violation. After replacing the chosen latch by a flop, we
perform clock schedule verification with crosstalk on the new
circuit. The above process is iteratively conducted until there
is no clocking violation or the source graph has no candidate
latch, for which we consider the current clock period infeasi-
ble.

Since switching windows at many vertices may vary when
a latch is replaced by a flop, computing the effect of the re-
placement using the original switching windows may produce
a result that is different from the later one by actually carry-
ing out a verification on the new circuit. However, since we
only allow one latch to be replaced at a time, it ensures that
our assumption yields good estimations.

In Figure 6, we give the algorithm for finding the minimal
clock period and the corresponding configuration of mixed

latches and flops.

Algorithm Optimal latch-flop configuration

Input: A directed graph G = (V,E) and
an n-phase clock schedule with period T'.
Output: A configuration of mixed latches V — Vi,

and flops V, with the minimal period T™*.

Compute T; and Ty ;
T «— T — AT
Do
Restore flops to latches;
Vi —0;
T* «— T* + AT,
Scale the clock schedule from T to T7*;
Do

Compute switching windows w/o coupling under T™*;

If (5)-(6) are satisfied then
Compute switching windows at gates by (7)-(10);
Translate switching windows to global time;
Take modulo 7™ on all the switching windows;
Compute switching windows w/ coupling under T™;
Check clocking violations by (11)-(12);

If a clocking violation occurs on latch 7 then
Choose latch j from sG(i) by heuristic;
Replace j with a flop;

Vr ‘_Vru{j};
While (a new j is added into V;);
While (clocking violations exist);
Return V, and T7*;

Figure 6: Pseudocode of the algorithm

The following theorem gives the complexity of the algo-
rithm.

Theorem 5 The algorithm in Figure 6 terminates with a so-
lution in O((VLEr + Vi + EcEr + ViVa) 52T time.

7 Experimental results

We implemented the algorithm in a PC with a 2.4 GHz Xeon
CPU, 512 KB 2nd level cache memory and 1GB RAM. Our
test files were generated from ISCAS-89 benchmark suite.
Each combinational vertex in the circuit was randomly as-
signed with a maximum delay within 0.5 and 2.5; the mini-
mum delay was randomly initialized with a value that is at
most 0.5 less than the maximum delay. We randomly added
capacitors equal in number to 10% of the total circuit ver-
tices. Each capacitor was randomly assigned a delay between
0.0 and 3.0. The delay was also added into the minimum
and maximum delays of the two joint vertices. We converted
flops to back-to-back ¢1/¢2 latches and used ASTRA, a min-
period retiming tool developed by Sachin and Deokar [15], to
determine a symmetric, non-overlapping, two-phase retiming.

To find the optimal clock period, we search the space start-
ing with the lower bound specified by 7; in Theorem 3, in-
crementing this period by 0.01 until we find a feasible period.
We cannot use a binary search here because the solution space
may not be convex. This is confirmed by our experiments
that feasible periods may interleave with infeasible ones. For
simplicity, we assume 7 = 0 (strict overlap) and zero set-up
and hold times. The results are reported in Table 1. Col-
umn “I;” lists the period lower bounds. Column “TLOpt” lists
the optimal periods for circuits with only latches. The opti-
mal periods computed by our algorithm are listed in Column
“TEE’:F”. The effectiveness of our algorithm is illustrated by
the highlighted cases where T7** > T7%".. Column “impr%”
lists the reduction achieved with respect to the maximum pos-
sible reduction (i.e. TPP" — Tj). Since we choose the search



step to be 0.01, the number of iterations from “T}” to “T;%',”
for each circuit is their difference multiplied by 100. Column
“#veri” lists the number of clock schedule verifications the al-

gorithm has carried out for each circuit before TETF is found.
The runtime is reported in column “t(sec)” in seconds.

Table 1: Optimal clock period

Circuit T szt TLOTF impr% | #veri | t(sec)
s386 21.84 24.08 24.08 0.0% 1228 0.31
s838 34.28 35.78 34.28 100.0% 10 0.00
s1196 53.48 55.63 55.39 11.2% 7275 3.87
1488 34.07 35.83 35.54 16.5% 398 0.25
3271 40.31 44.20 43.95 6.4% 3494 8.85
3330 34.78 36.33 34.78 100.0% 9 0.02
s3384 56.62 58.43 56.62 100.0% 16 0.04
54863 61.24 63.00 61.60 79.5% 300 1.54
sH378 57.61 61.97 57.61 100.0% 2 0.00
9234 80.53 84.13 80.53 100.0% 7 0.12
15850 129.64 | 133.71 | 129.64 | 100.0% 5 0.19
835932 77.88 84.36 82.23 32.9% 2178 62.04

The results in Table 1 reveal three things. Firstly, the
values of T} are the minimal periods we can possibly get for
a symmetric two-phase clock schedule. However, crosstalk
effects prevent the circuits from operating at 7;, which is il-
lustrated by the fact that szt > T for all the tested circuits.
The overheads could be significant, for example, 10.3% for
“s386”. It will be severer when more and bigger coupling
capacitors are present in the circuit. Secondly, by replacing
a subset of latches into flops, our algorithm always success-
fully finds a feasible clock period TETF with crosstalk. In
fact, our algorithm is so effective that half of the circuits are
able to run at the indicated period lower bounds after the re-
placement, i.e., Tzﬂ):F = T;. For these circuits, our algorithm
achieves 100% period reduction. Lastly, our algorithm is effi-
cient. Most circuits can be processed within seconds. For the
longest case “s35932” with over 21,000 vertices, the runtime
62.04 seconds are measured for 436 iterations and overall 2178
clock schedule verifications with crosstalk. Given that the ap-
proaches in [10, 23] take over 30 seconds (scaled based on the
difference in CPU frequency between their machines and ours)
to do a single clock schedule verification with crosstalk for cir-
cuits with around 4,000 vertices, the proposed approach under
the circular time representation is much more efficient. The
efficiency is due to the proposed efficient coupling detection.

In Table 2, we list the number of contributing capacitors
that affect switching windows in the circuit before and after
the replacement in column “c.capr,” and column “c.capr4r”,
respectively. The number of latches chosen for replacement
in each circuit under TETF is listed in column “flop”. Note
that “c.capr+r” is not necessarily less than “c.capy”. Even
if they are equal, the constituent contributing capacitors may
be different.

Table 2: Change of contributing capacitors

Circuit | total cap || c.capr, | c.capr4r | flop
$386 19 13 13 0
s838 69 32 3 9
s1196 71 50 48 16
$1488 75 56 33 19
$3271 215 79 72 3
$3330 245 66 59 8
s3384 244 101 27 8
54863 291 111 142 9
sb378 370 65 25 1
s9234 666 212 249 6
515850 1171 478 442 4
$35932 2162 523 360 4

We can see from Table 2 that only a small fraction of

latches needs to be replaced. This implies that if a flop is
implemented as two back-to-back latches, the area overhead
due to the replacement is reasonably small.

8 Conclusion

The trade-off between a latch and a flop in sequential circuit
designs with crosstalk is formulated as seeking a configuration
of mixed latches and flops to minimize the clock period. A
circular time representation is proposed for coupling detection
without additional phase translations, which are otherwise re-
quired in state-of-the-art approaches [10, 23]. We show that
clock schedule verification under the circular time represen-
tation is easier. A heuristic algorithm is presented for finding
the optimal configuration of latches and flops. Experimental
results show that our algorithm is both effective and efficient.

The proposed framework and solution approach can be
easily extended to utilize other discrete coupling models, to in-
clude clock skew uncertainty, and can equally apply to crosstalk
induced by capacitive and inductive couplings.
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