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Abstract

Simultaneous switching events in the clock lines and the signals
passing through sequential and combinational logic elements cause
large L-di/dt and I R voltage variations in the power and ground
network. This is known as power supply noise and it affects the
performance and reliability of the entire circuit. In this paper,
we propose an algorithm that performs clock skew scheduling to
minimize the number of simultaneous switching events such that
the power supply noise is suppressed. Our approach establishes
a direct relationship between current (drawn by a circuit element,
sequential or combinational) and skew by the concept of envelope
waveforms, using a graphical representation. We provide a graph-
based scheduling approach to reduce the peak current and to min-
imize the difference between the current peaks and valleys such
that the current profile of the entire circuit is smoothened. Our
approach also guarantees that the resulting clock schedule does
not violate setup and hold time constraints. Experimental results
on benchmark circuits show an average reduction of 19.6% in the
peak current, an average reduction of 38.7% in the current swing,
and an average reduction of 47.4% in voltage variations in the
power lines.

1. Introduction

As circuits become more complex, the load on the clock and
power lines increases. The situation is worse in synchronous sys-
tems with zero clock skew, as all sequential elements and their
ensuing combinational logic are triggered almost simultaneously,
each element drawing current from the power lines or sinking cur-
rent to the ground lines, when the clock switches. The presence of
resistive (R) and inductive (L) parasitics in power/ground (P/G)
pins and lines leads to IR and L - di/dt voltage variations, respec-
tively, in the P/G lines. This is commonly known as power supply
noise and may cause logic failure or erratic behavior of the circuit.

To counter these problems in high speed designs, several physi-
cal design techniques have been proposed: Sizing up the P/G lines
to accommodate the large current peaks and to minimize the TR
and L - di/dt voltage variations in these lines [10]; increasing the
number of P/G pins [4]; and deploying decoupling capacitors in
the P/G lines [1; 16]. In this paper, we strike at the root of the
problem: simultaneous or nearly simultaneous switching of cir-
cuit elements due to zero clock skew. We propose an algorithm
that performs clock skew scheduling to minimize the number of
simultaneous switching such that the power supply noise is sup-
pressed. By reducing the current peak, it directly translates to
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reduced IR voltage drops. Also, by reducing the difference be-
tween current peak and valleys, we smoothen the current-versus-
time profile, and that indirectly leads to a reduction in L - di/d¢
voltage variations.

Clock skew scheduling is an area of active research [5; 8; 11;
9; 3; 14; 13; 7; 15; 12]. It is worthy of note that [13; 14] specif-
ically targeted at reducing peak currents caused by switching ac-
tivity. In [13; 14], flip-flops are clustered into bins that are skewed
to switch at different times. However, such an approach suffers
from the limitation that flip-flops within the same bin still switch
simultaneously. The decision that led to the clustering of flip-
flops stemmed from the assumption that fine-grained control of
clock skew through routing was difficult [13; 14]. However, re-
cent advances in clock routing [15; 12] indicated otherwise. To
be fair, Ref. [14] also performed fine-grained clock scheduling us-
ing genetic algorithm. In an effort to reduce the run-time com-
plexity of the genetic algorithm, however, Ref. [14] made an over-
simplified assumption that clock scheduling would not affect the
current waveform of the combinational logic gates.

In this work, besides performing fine-grain clock scheduling,
i.e., assigning clock signal arrival time to individual flip-flops, we
also consider the effect of clock scheduling on the current wave-
forms of the combinational logic gates. As in [3; 12], we use a
graph-based approach to capture the skew constraints among the
flip-flops. We also establish a direct relationship between cur-
rent (drawn by a circuit element, sequential or combinational) and
skew using a graphical representation, called envelope waveform.
We reduce the peak and the difference between the peaks and val-
leys of the current waveform, such that the current profile of the
entire circuit is smoothened.

2. Preliminaries

In this paper, edge triggered flip-flops are used, as in [13; 14]
because it represents the worst case scenario for current peaks as
all switchings are synchronized at the clock edges. Consider a
simple synchronous circuit using positive edge-triggered flip-flops
as sequential circuits under a single-phase clocking scheme. Sup-
pose ff; and ff; are two sequentially adjacent flip-flops, with
f fi feeding into a purely combinational logic block, which in turn
feeds ff;. Let the clock arrival times to ff; and ff; be ¢; and
t; respectively. In order to prevent hold time violation, we must
have:

ti - tj 2 thold,max - thF,min - tlogic,min- (1)

Similarly, to prevent setup time violation:

DAC scholarship ti—t; < T —tpFrFmax — tiogic,max — tsetup,max- 2
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Figure 1: An example showing the approximation of the
actual current profile.

In the two preceding inequalities, tiogic,max aNd tiogic,min are
the maximum and minimum delays through the combinational logic
block; tprr max and tprrF min are the maximum and minimum
propagation delays through the flip-flop; and T is the clock pe-
riod. To correctly latch in data, the amount of time that the data
has to remain stable before and after the clock triggers the flip-flop
are tsetup and trorq, respectively.

For simplicity, we use ; ; < skew;,; = t; —t; < u; tO
represent lower- and upper-bound skew constraints between F'F;
and F'F . We also denote an inequality a < &  asz € [a,b].
C ={t; —t; €[l;;,us,;]} denotes the set of skew constraints for
all sequentially adjacent flip-flops f f; and f£;.

2.1 Current waveforms

When a flip-flop is triggered, we can observe the current wave-
form that displays the actual current drawn in a current-versus-
time graph (Figure 1). From numerous HSPICE simulations of
various flip-flop implementations, we observe that the current drawn
by a flip-flop or a combinational logic gate can be represented by
a triangular waveform [14]. The triangular waveform can be char-
acterized by four parameters shown in Figure 1. They essentially
define the turning points of the approximated waveform and are
obtained from HSPICE simulations of various flip-flops and logic
gates. If the need arises, piece-wise linear waveforms can be used
to achieve better approximation by simply increasing the number
of turning points. In this paper we use triangular waveforms to
approximate current profiles.

Consider a simple circuit that contains a single flip-flop (f f;)
that feeds into a combinational logic gate and the output of the gate
feeds into a flip-flop (ff;). Figure 2 shows the flip-flop current
waveforms (f f; and f f;) with the combinational logic waveform.
Here we focus on the flip-flop current waveforms for this section
and assume that the combinational logic waveform starts closely
after f f; triggers (details about the combinational logic waveform
is presented in Section 2.2). Each flip-flop produces two wave-
forms, separated by 7'/2. One waveform represents the current
drawn by the flip-flops on the rising edge of the clock while the
other represents the current drawn on the falling edge. The total
current waveform is obtained by summing up all the individual
waveforms.

With a zero clock skew schedule, we see that the peaks of the
two flip-flop current waveforms overlap each other. As a result,
two high current peaks near the rising and falling clock edges are
observed from the total current waveform. Using the same circuit

example, now assume that we have a non-zero clock skew such
that the clock arrival time of flip-flop f f; is later than that of f f;
and it does not violate the skew constraint between f f; and f f;.
Assuming that f f; is the reference flip-flop (as for the rest of the
paper), this translates to a right shift of the current waveform of
f f; by the skew amount (Figure 3). Since f f; is the reference flip-
flop, the waveform of ff; and the corresponding combinational
logic gate are not shifted. We see that the flip-flop current wave-
forms do not overlap as much when compared to the zero skew
case. From these two examples, we demonstrate the relationship
between skew and current by using a graphical representation and
show how skew can be intentionally introduced such that the peak
current can be minimized.

Current h

i ff;
! | — Combinational logic
I —--= Total current

Time

Figure 2: An example showing the waveforms in one
clock cycle with zero skew to the flip-flops.

Current

N —— Combinational logic
i —--- Total current

Time

Figure 3: An example showing the waveforms in one
clock cycle with a non-zero skew to the flip-flops.

2.2 Dealing with combinational logic

To capture the currents due to combinational logic gates, we
assume that the sequential circuit follows a staged structure, i.e., a
set of flip-flops feeds into a network of combinational logic gates
and the outputs are clocked in by another set of flip-flops. Consider
a combinational logic gate k£ whose fan-in cone includes two input
flip-flops, ff; and ff;. Let the shortest path delay from f f; and
logic gate k be ¢;, and that from f f; and logic gate k be ¢;,. By
using the shortest path delay, we capture all switching activities,
including glitches. To construct the current waveform, we first
create two flip-flop waveforms like in the previous section, then
create two identical combinational logic waveforms, each delayed
by t; + tix and t; +t;,. We then take the waveform that envelops
the two individual combinational logic waveforms (Figure 4).

From the example, we see that both the flip-flop current wave-
form and the combinational logic waveform would be skewed by
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Figure 4: Current waveform of a combinational logic
gate with two input flip-flops ff; and ff;.

the delayed clock arrival time. We can extend this method of wave-
form construction to any combinational logic gate accordingly.

By forming the waveform in such a manner, we can capture
all possible cases of switching events along the path of a stage,
including current glitches that occur in many combinational logic
gates.

2.3 Problem formulation

The total current waveform due to the flip-flops and combina-
tional logic gates is formed by summing up all the individual en-
velope waveforms:

K N N
Itotal(t) = Z Icombi(t) + Z Iffi,rise (t) + Z Iffi,fall(t)
i=1

i=1 i=1

where Icomb, If f; rise, If fi,faur denote the current contributed
by the combinational logic gate, the rising edge of flip-flops and
the falling edge of flip-flops, respectively. N is the number of
flip-flops and K is the number of combinational logic gates. A
piece-wise linear approach is used to compute the total current by
summing up all turning points, which can be done in linear time.

The current causes P/G noise due to resistive and inductive par-
asitics in P/G pins and lines. In this work, the problem that we
address can be stated as follows: Given the skew constraints of a
system, determine the clock schedule such that the power supply
noise is minimized without violating any skew constraints.

We minimize the power supply noise by targeting the two dif-
ferent component of noise, namely I R and L-di/ds voltage drops.
Reduction of IR voltage drops is done by reducing the peak cur-
rent. By reducing the difference between the current peaks and
valleys, we smoothen the current profile and this would indirectly
translate to a reduction in L - di/dt voltage drops.

3. Feasible skew range

It may seem that once all skew constraints (Eqns. (1) and (2)),
for all flip-flops have been setup, we are allowed to select any skew
values within those ranges. To counter this point, consider the
example with the following local skew constraints between three
adjacent flip-flops (f f1 feeds into f £ while f£ feedsinto f£):

1. t1—to € [—10,4] = Ry 2,
2. t1 —t3 € [-6,—2] = R1,3,and

3. ta —t3 €[2,3] = Ra,3.

Clearly, we see that zero skew is within these three local skew
constraints. However, if we select skew » = 0 € Ry,2, the other
two skew constraints, t1 — t3 € Ri,3 and to — t3 € Ry 3, cannot
be satisfied simultaneously, and thus no feasible skew schedule
can be found. Therefore, to obtain a valid skew schedule, we need
to present the idea of feasible skew range (F'SR), so that we can
schedule the flip-flop to be triggered at a specific time within the
FR . This has been explored in detail in [12]. It is summarized
here to show how it can be applied to this context.

The feasible skew range between a pair of flip-flops defines the
maximal skew values that can be assigned to the pair and still allow
a feasible schedule for the entire circuit. To capture all the skew
constraints for all pairs of flip-flops in a system, it is best to use
a constraint graph G¢ = (V, E) as in [12; 2; 3]. The flip-flop
corresponds to a vertex in the constraint graph; the lower and upper
bound constraint correspond to two directed edges e;,; and e;,;,
respectively. The weight of e; ; is —I;,;, and the weight of e;,;
is u;,;. The upper bound of the implied skew constraint between
ffiand f f; is equivalent to the shortest distance from f f; to f f;.
Likewise, the lower bound of the transitively induced constraints
between ff; and f f; is the negative of the shortest distance from
ffi to ff;. When G¢ contains no negative cycles, the shortest
distance from ff; to ff;, denoted by d; ;, is well-defined. It is
proved in [2] that feasible skew schedules exist if and only if G¢
contains no negative cycles.

Therefore, with the constraint graph G ¢ formed, we can com-
pute a all-pairs-shortest-distance matrix D = {d;; ffi ,ff;i €
FF} from G using the Floyd-Warshall algorithm to represent all
feasible skew ranges. The maximum feasible skew range between
ffiand f f;, under all the implicit and explicit constraints, can be
simply expressed as F. R ;,; = [—d;,;,d; ,;]. Hence, we also refer
to D as the F'S R matrix.

3.1 Worst case current waveform

In this section, we show how F'® s are represented in current
waveforms. Since skew is a relative measure between flip-flops,
one flip-flop (f f;) will be treated as a reference and have F'® ; ;
= [0,0]. All the other FSRs will be treated with respect to the
reference flip-flop. This means that when we create the current
waveforms, we only use the F'SRs that are related to the refer-
ence flip-flop. In the F. R matrix, we will only be interested in
all FR ;; = [—d;,;,d;,:], where j # i and f f; can be any other
flip-flop. These F R s will be in the row and column that corre-
spond to the reference flip-flop in the FF & matrix.

To incorporate the FF & of a flip-flop in a waveform, we take
the envelope waveform that bounds all the possible time locations
where the individual waveforms are allowed to lie (Figure 5). The
new envelope waveform can be represented by five parameters
shown in the figure. By capturing the envelope waveform as a
piecewise linear function, it facilitates the minimization process
performed on the waveform (Section 4).

The envelope waveform for the combinational logic gate can be
constructed in the same fashion since we assumed that the combi-
national logic waveform closely follows the triggering of the flip-
flops. With F'SR; ;, we would construct the waveform as shown
in Figure 6. We can see that the combinational logic waveform has
"FR s” corresponding to the F.R s of its fan-in flip-flops and it
is also stored as a piecewise linear function.

The total worst case current waveform is obtained by repre-
senting all the F R s by envelope current waveforms and sum-
ming them together. We then perform our optimization procedure
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to minimize power supply noise and to generate a feasible clock
skew schedule. When the final clock schedule is obtained, all the
FR s would be reduced to specific values, and all the final indi-
vidual envelope waveforms would transform back to waveforms
similar to the ones we saw in Figure 4.

Current
\  Waveform Envelope

hY Individual Waveform located
\ atvarious skew values
FSR
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Figure 5: An example of an envelope waveform bound-
ing all possible locations of individual waveforms.

Current

— —— Combinational logic
—--— Worst case envelope waveform

...........

Time

The combinational logic gate can begin its computation
at anytime within this range due to ffj. It has the same
magnitude as FSR,

Figure 6: The same example as Figure 4, but now with
the presence of a FSR. ff; is the reference flip-flop.

4. Power supply noise suppression

In this section, we present the power supply noise suppression
algorithm. Here, we assume a feasible clock schedule exists, i.e.,
no negative cycles exists in the constraint graph G¢. The summary
of our approach is shown in Figure 4.3.

4.1 Peak current minimization

After obtaining the total worst case current waveform and the
peak current, we perform a vertical slice at the peak time location.
We then examine each individual envelope waveform (flip-flops
and combinational logics) that intersects with the slice.

Suppose that the slice cuts through the envelope waveform of
ffi. This means that ff; contributes to the peak current. Since
the waveform is well defined by the turning points, we can eas-
ily obtain the gradient, current value and skew information of the
contributing flip-flop at the point where the slice intersects.

Since I,eqk Of f f; cannot be varied (value obtained by HSPICE
simulations), the only way to reduce the contribution to the peak
current is to shift the slopes of the waveforms left or right by re-
ducing or tightening F® ; ;. If the slice happens to cut through
the right slope (positive gradient), we shift that slope left to reduce

its contribution to the total peak current (Figure 7). Shifting the
slope left translates to a reduction in d; ;, where ff; is the ref-
erence flip-flop. Similarly, we shift the slope right to reduce the
contribution if the slice cuts through the left slope (negative gra-
dient), which leads to an increase in —d; ;. If the cut intersects
a flat portion of the waveform, the slope should be shifted in the
direction that provides the most reduction using the least amount
of skew change, and —d; ; or d; ; is changed accordingly.

For all cases, the greatest amount of shift allowed is the entire
FR of ff;,ie. (di; +dj,:). Inother words, if the cut intersects
an envelope waveform that has previously shifted the entire F & ,
ie., FR ;; = [z, ], no shift can be made for that waveform,

Since the “F R s” of the envelope waveform of a combina-
tional logic gate is related to the F'SRs of the corresponding in-
put flip-flops, whenever we tighten the F & of a flip-flop, the
corresponding ”F'SR” of the combinational logic waveform must
be tightened by the same amount as well. Similarly, if the slice
happens to cut through an envelope waveform of a combinational
logic gate, we perform the same procedure to shift the slopes and
tighten the "F' R " and the F. 2 of the corresponding flip-flop.

Of all envelope waveforms contributing to the current peak, the
one that requires the least shift and produces the most current re-
duction is selected for F' & tightening. The motivation behind
shifting a small amount each time is to prevent the F & of any
pair of flip-flops from being over-tightened that may, in turn, cause
significant reductions of F'SRs of other flip-flops. This will pro-
vide more flexibility when performing clock scheduling in subse-
quent iterations.

In Section 3, we have shown how the F & of two flip-flops
is defined by skew constraints between all flip-flops. Therefore, if
any F.R is changed, we perform a quick update to the constraint
graph G¢. The update is done by the use of Incremental Skew
Scheduling technique in [12] and it is reviewed in Section 4.3.

4.2 Reduction of peak-and-valley difference

This optimization procedure is similar to the peak current min-
imization technique used in the previous section. It is used to
prevent the lowering of the lowest valley of the total worst case
waveform and is used when we have lowered the peak current to a
minimum but not every F'® is tightened to a single value. With
the total worst case waveform, we locate the lowest valley and
perform a vertical slice. The envelope waveforms that intersect
with the slice contribute current to the lowest valley. Now instead
of shifting the slopes that the slice intersects, we shift the oppo-
site slopes and tighten the corresponding F.® s accordingly. And
among all opposite slopes that we can shift, we select and shift the
one that produces the least current reduction per unit shift. This
will prevent the lowest valley from getting lower while continuing
to tighten the remaining F. R s. The F R s are updated using the
incremental skew scheduling technique.

4.3 Incremental skew scheduling

It is shown in [12] that if F.R ;; = [—d;,;,d; 5] is changed
to a subrange [z, y] such that —d; ; < = < y < dj;;, then the
FR matrix D can be updated (with no negative cycles created)
as follows:

dg, = min{dy i, dg; — T+ djndp; ty+dih,V1<k#1<n

The use of incremental update of F'® s in this context is well
suited because our approach begins with F'SRs that allow a fea-
sible skew schedule to be obtained, i.e., no negative cycles exists
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in G¢. Also, whenever slopes are shifted in every iteration, we
always tighten the corresponding F' & s to a subrange.

After updating G¢, the individual envelope waveforms for the
flip-flops and combinational logics are then regenerated with the
updated F' & s and a new current peak or valley can be found.

This process of determining the peak or valley, performing a
slice, tightening the FF. & , updating the skew and regenerating the
waveforms is repeated until the new slice does not cut through any
waveform that can be shifted, i.e., a waveform that has F. R ; ; =
[z,y], where z < y.

The remaining envelope waveforms that has F'& s that are not
tightened to single values are those of flip-flops or combinational
logic gates that do not contribute to the peak current nor the val-
leys. This means we are unable to alter the peaks or valleys further
no matter how we change the remaining F'SRs. Therefore, we
make use of the remaining F'S Rs to distribute the skew evenly so
that overlapping triggering events are further avoided.

Current <<— Direction of shift

N — — Total worst case current
--— Combinational Logic
------ Reference flip-flop
— FF;

Peak current time

Figure 7: An example showing the case where the slice
cuts through the right slope of ff;. The slope of ff;
and the corresponding combinational logic waveform is
shifted left by AF R .

5. Complexity analyses

Let V and K denote the number of flip-flops and combinational
logic gates respectively. For one iteration, the most expensive op-
eration in our algorithm is the update of the F &2 matrix D after
we tighten the F. &R between flip-flops and it requires O(IV?).
From our experience, the algorithm will take about O(NV) iter-
ations to tighten every F R to a single value. Therefore, the
overall complexity is O(N?). However, if the constraint graph
G is sparse such that the number of edges, m = |E]| are pro-
portional to the number of flip-flops N, i.e., m = O(N), we can
reduce the complexity of the incremental scheduler as follows. Let
P={F®R ;; |k=1,2,---}denotethe F. R targeted for tight-
ening in the k" iteration. We can use a shortest path algorithm
such as the Bellman-Ford algorithm [2] to obtain the new F & s.
When G is sparse, the complexity of Bellman-Ford is in practice
O(c - m) = O(N), where c is a small constant [11; 6]. After
making a change in the F & , we update G¢ with new edges or
new edge weights between nodes f f; and f f;, to reflectthe F. R
change. Hence, the number of edges will either increase by 2 or
remain unchanged, depending on whether there are existing edges
between ff; and ff;,. Therefore, the number of edges is still
O(N) after each F R change.

Construct constraint graph G¢ = (V, E') from skew constraints.

if G has negative cycles, return no solution and exit.

Build single source pairs-shortest distance matrix from G ¢,
using one flip-flop as reference.

Build the worst case current waveforms according to the F'S Rs.

Perform Peak Current Minimization:

a) Sum up the total worst case waveforms.

b) Determine magnitude and time location of the peak current.

¢) ldentify the waveforms that contribute to that peak.

d) Among all the waveforms that contribute to that peak, select
one that provides a reduction with the least amount of skew
changes and tighten the £'S R accordingly such that the
contribution is reduced or removed.

e) Perform incremental update for changes made in the F'SR.

f) Rebuild total worst case waveform with updated F'S Rs.

g) Repeat steps 5(a) through 5(f) until,

F'S Rs of flip-flops or combinational logic gates that
contribute to the peak current are reduced to a single value.

6. Perform Peak and Valley Difference Reduction:

a) Determine magnitude and time location of the lowest valley.

b) Identify the waveforms that contribute to that valley.

¢) Among all the waveforms that contribute to that valley, select
one that provides a small reduction with the least amount of
skew changes and tighten the F'S R accordingly.

d) Perform incremental update for changes made in the F'S R.

e) Rebuild total worst case waveform with updated F'S Rs.

f) Sum up the total worst case waveforms.

g) Repeat steps 6(a) through 6(f) until,
All valleys have been targeted.

7. Make use of the remaining non-single value F'S Rs of

flip-flops or combinational logic gates to distribute the

skew evenly.

gk W

Figure 8: Summary of our approach.

Assume that there are at most p turning points used to store the
worst case current waveform for a flip-flop or combinational logic
gate. Reconstructing the total worst case current waveform, after
updating G¢, requires O((INV + K)p) per iteration. Therefore, the
overall complexity required to perform the incremental update due
to O(IN) FR changes and to reconstruct the worst case wave-
formsis O(N) - O(N + (N + K)p) = O(N? + N(N + K)p).

6. Experimentsand summary

The proposed power supply noise reduction algorithm have been
implemented in C++ and tested on six ISCAS89 benchmark cir-
cuits on a Sun UltraSparc-Il. Given a circuit in Berkeley Logic
Interchange Format, we first map the circuit to a TSMC 0.25um
cell library to obtain a HSPICE netlist. PathMill is then used to ob-
tain the longest and shortest path delays for formulating the skew
constraints (Eqns. (1) and (2)). The parameters used to approxi-
mate the waveform for the algorithm are extracted from HSPICE
simulations of the cell library used (Table 1). Then we apply the
proposed algorithm to generate a clock skew assignment. With the
optimized clock schedule, we perform PowerMill simulations on
the benchmark circuits using the same 1000 randomly generated
input vectors to determine the peak current, current and voltage
swing reduction (Tables 2-4). The P/G package is assumed to
have R and L parasitic values of 10Q and 10nH, respectively,
which are typical for the TSMC 0.25pm technology used.

From the results, we see that there is a 5-36% reduction in the
peak current, a 1-73% reduction in the current swing and a 5-89%
reduction in voltage variations in power lines, using our approach.

The first optimization method of repeatedly targeting the peak
allows the maximum reduction of the peak while the other areas
are slightly reduced. This would lead to a reduction in IR voltage
drops. Moreover, since the worst case waveform captures any pos-
sible glitches that my occur, our optimization method would also
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Table 1: Parameters used for waveform approximation.

Type of tiri tpeak tend Tpeak
element (nsﬁ’ fns) (ns) (ZA)
Flip-flop | 0.0 05 15 300
NAND?2 0.0 0.4 0.9 52
NAND3 | 0.0 0.4 0.8 65
NAND4 | 0.0 0.4 0.7 87
NOR2 0.0 0.5 1.2 89
NOR3 0.0 0.6 1.6 123
NOR4 0.0 0.5 1.7 180
Inverter 0.0 0.4 0.8 39

reduce those peaks that are caused by glitches (an unintended ben-
efit of our optimization method). The second optimization method
of performing clock scheduling to avoid the reduction of the val-
leys prevents the difference between the peaks and the valleys from
increasing. This smoothens out the current profile and indirectly
translates to a reduction in L - di/dt voltage drops. Using these
two optimization methods together, the power supply noise can be
suppressed significantly as shown in the PowerMill simulation re-
sults in Figure 9. In the figure, the first and the second waveforms
are the current plots for the power lines before (zero skew) and af-
ter optimization, respectively. The third and fourth waveforms are
the voltage plots for the power lines before (zero skew) and after
optimization, respectively.

Table 2: Peak current reduction.

Peak Current (mA)
Number
of clock Before After %
Circuit pins optimization | optimization | reduction
s208 8 16T 152 5.6
s420 16 3.50 2.88 17.7
s1423 74 14.2 9.13 35.7
s5378 163 29.1 243 16.5
s9234 135 151.84 132.23 12.9
s15850 597 759.44 537.11 29.3
Average 19.6
Table 3: Current swing reduction.
Current Swing (mA)
Before After %
Circuit | optimization | optimization | reduction
s208 155 154 0.6
s420 3.00 2.68 11.9
s1423 15.69 4.2 73.2
s5378 30.69 15.37 49.9
s9234 17.88 10.1 435
s15850 14 6.54 53.3
Average 38.7
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