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We present a framework for combining Voltage Scaling (VS) and Gate Sizing (GS)
techniques for power optimizations. We introduce a fast heuristic for choosing gates for
sizing and voltage scaling such that the total power is minimized under delay con-
straints. We also use a more accurate estimate for determining the power dissipation of
the circuit by taking into account the short circuit power along with the dynamic power.
A better model of the short circuit power is used which takes into account the load
capacitance of the gates. Our results show that the combination of VS and GS perform
better than the techniques applied in isolation. An average power reduction of 73% is
obtained when decisions are taken assuming dynamic power only. In contrast, average
power reduction is 77% when decisons include the short circuit power dissipation.
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1. INTRODUCTION

Advances in semiconductor technologies have led
to chips with millions of transistors. As circuit
density and speed increases, power dissipation has
become one of the critical parameters in circuit
design. The expanding and converging fields of
computing and digital comunications are creating
new demands for high performance and program-
mable signal processing engines. To enhance the

performance capabilities of today’s DSP systems
would imply a higher power consumption. Since,
the fastest growing area in the computing industry
is the provision of high throughput DSP systems in
a portable form, the operating time ofthese systems
provided by the battery becomes a major design
issue. Hence, a lot of research has been done for
power reduction at various design levels of abstrac-
tion (such as system, architectural, logic and layout
levels) [1], especially for portable DSP applications.
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The average dynamic power consumed by a
CMOS circuit is given by [1]

Pavg 0.5VclfEC(v)E(v) (1)

where f is the clock frequency, Vd, the supply
voltage, C(v) the load capacitance of gate v, and
E(v) is the switching activity at the output of gate
v. Due to the fact that the charging/discharging of
capacitance is the most significant source of power
dissipation in CMOS circuits, previous work
optimizes the power by considering three factors
in a circuit: supply voltage, load capacitance and
switching activity. However, most of them deal
with one factor at a time. In this work, we are

interested in power optimization by reducing both
the supply voltage and the load capacitance.

Since the dynamic power consumption is quad-
ratically related to supply voltage, reducing supply
voltage (or voltage-scaling) promises to be an
effective technique for power saving. The basic
problem with Voltage Scaling (VS) is the increased
circuit delay, since the relation between delay (t,)
and supply voltage (Va,) is given by [1]

C x V
td (2)

K x (Wdd- VT)2

where C is the load capacitance, Vv the threshold
voltage, and K a constant. If V,, is much greater
than VT-, then the delay is almost inversely
proportional to supply voltage. For supply voltage
near the threshold voltage, however, the Vv term
causes the delay to increase rapidly. Another
major overhead in using different supply voltages
in a circuit is the additional level converters

required at the interface and layout design. For
this reason, it is advisable to restrict oneself to
dual-voltage approach where two supply voltages
are available for power optimization. Another
technique for reducing power at the logic or

transistor level is the technique of Gate Sizing
(GS) which targets power optimization by reduc-
ing the load capacitance. Since the intrinsic
resistance of the gate is inversely proportional to

the size of the gate, GS results in an increase in
delay of the gate. Gate sizing is well known to be a

useful tool for reducing circuit delays in CMOS
integrated circuits. Several methods have been
proposed as solutions when the problem is posed
as an area-delay tradeoff, such as in the work in

[9-11].
From a general point of view, reducing either

supply voltage or physical size of a gate, at logic
level, leads to a gate delay increase which implies
decreased slack time. In this sense, VS and GS can
be effective for delay-constrained optimization
only if the given circuit has significant timing
slack available in some or all of its constituent
gates. Because of the discrete nature of supply
voltages or gate sizes, VS or GS alone tends to
leave more slacks unutilized, [20] preventing
effective power reduction. Further, slacks used
up by one technique could have been used by the
other technique to give higher power reduction.
This fact motivates us to opt for a combined VS
and GS algorithm. We propose a fast heuristic for
GS and VS which would identify the maximum
number of gates for gate sizing or voltage scaling
under the delay constraints so that the total power
dissipation of the circuit is minimized.

Previous approaches have also attempted to
minimize the total power using simultaneous
voltage scaling and gate sizing [12]. But these
approaches consider the dynamic power dissipa-
tion only, and neglected the role of the short-
circuit power. However, this is not a valid
assumption as short-circuit power accounts for
under 20% of the total power. Minimizing a power
function that considers only the dynamic power,
without any constraints on delay, would imply
that all transistors must necessarily be minimum
sized. However, a minimum-sized circuit does not

necessarily correspond to a minimum power
circuit, the effect being more pronounced when
large loads are driven. Further, down sizing a gate
might increase the short-circuit power of the
fanout gates which could be high enough to offset
the decrease in the dynamic power. Most of the
traditional models for short-circuit power neglect
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the effect of the load capacitance and are incorrect.
In this work, we use a more accurate estimate for
short-circuit power and minimize the total dy-
namic and short circuit power using a combined
VS and GS technique. We also propose a fast
algorithm which would identify more nodes for
sizing or for voltage scaling.
Our optimization problem may be described as:

minimize Power(W, V) (3)

subject to Delay(W, V) < Tspec (4)

Vi Vhigh or Vtow, Vgate

Maxsize(i) >_ Wi

_
Minsize(i) (6)

where both Power and Delay are functions of gate
sizes (W) and supply voltages (V), Tspec is the
timing constraints, Vhigh and Vlow are two supply
voltages, Vi and wi are the supply voltage and size
of gate i, respectively, and Minsize(i) and Max-
size(i) are given by the gate library. This is a delay-
constrained power-minimizing problem. In [16], a
method which makes use of transistor reordering
was described to address a similar problem. Since
transistor reordering is simply intended for reduc-
ing the average number of transitions at internal
nodes of gates for low power, the resulting power
reduction is very limited. In this work, we provide
new cost models for delay and power with voltage
scaling and gate sizing. Algorithms for single VS,
single GS and combined VS and GS are proposed
to optimize power. Experiments show that the
combined VS and GS obtain maximum power
improvement.
For our work, we assume that switching activity

is a constant for each node and is independent of
gate delays. Switching activity is the measure of
signal transitions per clock cycle. Switching activ-
ity at all nodes inside a circuit not only depends
strongly on the topologic structure and input
patterns of the circuit, but may also vary with gate
delay which introduces glitching transitions. There-
fore, the zero-delay model provides a lower bound

on the activity. Under a general delay model,
updating activities iteratively, is computationally
prohibitive. Fortunately, VS and GS do not
change the circuit topology, and both tend to
reach path-balancing by reducing the slacks. This

helps eliminate glitching to some extent. Intui-

tively, for the purpose of power reduction, the
nodes with high switching activity are good
candidates to work at low supply voltage by VS
(or work with the small load capacitance by GS).
The remainder of the paper is organizes as fol-

lows. Section 2 discusses delay and power model-
ing with both VS and GS. Section 3 discusses the
VS and GS problem in detail. In Section 4, we
discuss an algorithm for combined VS and GS for
power optimization. Finally, experimental results
are described in Section 5.

2. TIMING AND POWER MODELS

Because of the nature of the problem shown in
Eqs. (3-6), the general idea behind GS (or VS) is
to iteratively select a set of gates to down-size (or
reduce their supply voltages), so that the total
power reduction is maximized and the timing
constraints are met. Thus, a reasonably accurate
timing/power model is required to estimate the
delay and power consumption of a gate under
specific supply voltage and physical size. In this
section we discuss the timing model followed by
the dynamic and the short-circuit power model
used by us.

2.1. Timing Model

In most standard-cell libraries, the gate delay is
defined as

d 7- + c Cad (7)
Wi

where 7" is the intrinsic delay, W and Coa are size
and load capacitance of gate respectively, and ci
is a constant. The load drive capability of gate
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increases with Wi. The internal capacitance of gate
i, however, varies almost linearly with wi. These
together keep 7" almost independent of wi. Coad is
determined by the size of the fanout gates and
wiring capacitances, i.e.,

j E FO(i)

where FO(i) is the set of fanouts of gate i, and c is
a constant. When ignoring the wiring capacitance,
(5) can be written as

capacitance Coaa, and internal capacitance

Ciint-c. Wi, operating under a clock frequency f
and having a probability pr of switching is given
by

5(Cload + Cint)Ptynamic O. 2VafPr (12)

where Vdd is the supply voltage. It can be seen that
reducing the size of gate leads to the saved power
consumption of both gate itself and its fanin
gates.

di 7-i + ki E wjlwi (9)
j FO(i)

where ki c. ci. Basically, (7) indicates that a larger
gate is required for the delay reduction if it drives
more fanouts. Furthermore, it has been shown in
[13] that the gate delay at supply voltage Vdd is
approximately proportional to kVad/(Vdd--Vt)2,
where Vt is the threshold voltage, and k is a
constant. Assuming dg in (7) is the delay at Vhigh,
the gate delay with size wi and supply voltage Vi is
given by

di(wi, Vi) ("ri + ki E Wj/Wi) Oi (10)
j FO(i)

v vg v,
where ai (11)

(v- v)2 Vh,h

For the purpose of VS, Vi can be either Vhigh or

Vlow. From (8), reducing supply voltage results in
increased delay of the gate, while reducing gate
size does not always degrade the delay. The reason
is that the loading and, hence, the delay of its
fanins decreases with the reduced size of this gate.

2.3. Short Circuit Power Dissipation

Most transistor sizing methods have considered
only the dynamic power dissipation. Recently, a
few methods have also considered short circuit
power using the formula

Psc - (Vdd 2Vr)3" 7- f PT (13)

where/3 is the MOS transistor gain factor, and 7- is
the transition time of the input transition, and f
and pr are as defined earlier.

Equation (13) is inaccurate since it does not
model the effect of the load capacitance on the
short circuit power. The short circuit power
dissipated by an inverter depends on the following
parameters:

the size of the n-transistor, Wn
the size of the p-transistor, Wp
the input rise time, 7-

the output load capacitance, CL.

A more appropriate model for short-circuit
power dissipation has been proposed [14] to be:

2.2. Dynamic Power Dissipation

The dynamic power dissipated in a circuit corre-
sponds to the power dissipated in charging and
discharging capacitances in the circuit. The mag-
nitude of this power for a gate driving a load

0.75 0.82---0.085 1.49Psc e( wn w I.,load 7" (14)

Assuming that wp 2.wn, a modified model would
be:

Psc e( w1.57,-,-o.085t,,load 7"1.49 (15)
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where w is the width of gate i. The input transition
time is modeled as:

7-i O( Ri Ci (16)

Ri K" 1/wi (17)

Ci gl wi -+- K2 (18)

where Ri and C are the drain resistance and
capacitances of gate respectively and K, K and

K2 are the constants of proportionality. The con-
stants were evaluated assuming a 0.18 micron
technology and a unit-sized gate’s input capaci-
tance equal to 0.097 fF and output resistance equal
to 23.8 kFt [15].

3. VOLTAGE SCALING

Reducing the supply voltage, or voltage scaling
(VS), promises to be an effective low-power
technique since the dynamic power consump-
tion is quadratically related to the supply voltage
[2-8,17]. While reducing the supply voltage
of a whole circuit suffers from circuit speed loss,
a low voltage applied only to non-critical paths
of the circuit does not necessarily lead to perfor-
mance degradation. The major overhead in using
different supply voltages at different parts of a
circuit is that level converters are required to elimi-
nate the static current at their interface [4, 18].
However, the level converters introduce addition-
al power penalty. To avoid too many level con-
verters, it is reasonable to use a dual-voltage
approach in which only two supply voltages are
available for the optimized circuits.
The typical dual-voltage approach is the Cluster

Voltage Scaling (CVS) scheme [4]. Its basic idea is
to use the depth-first search from the primary
outputs to find gates which may operate at a low
supply voltage without violating the timing con-
straints of the circuit. A gate is not allowed to
operate at a low voltage until all its transitive
fanouts have been selected to do so. This, to a

large extent, limits the effectiveness of the

algorithm, since a gate with small slack does not
imply that the slacks of all its transitive fanins are
also small. A linear programming approach was
also proposed [18] to address the dual-voltage
problem. However, it is based on the delay
balanced configurations whose generation requires
very expensive computation cost. In [6, 19], a Two-
Voltage Power-Optimization (TVPO) algorithm is
proposed to reduce power by translating the power
optimization problem into the Maximal-Weighted-
Independent-Set (MWIS) problem and allowing as
many gates as possible working at Vtow. The
number of level converters at the boundary of
high-voltage and low-voltage gates is reduced
using the "constrained" Fiduccia-Mattheyses (F-
M) algorithm [21]. Section 5 talks about the
-limitations of the MWIS approach which has a

high execution time due to slow convergence of the
algorithm. We propose a path based heuristic
which is faster than the MWIS approach. The
number of nodes operating at a lower voltage is
limited by the slack of the circuit.

4. GATE SIZING

Gate sizing consists of choosing for each node of a
technology mapped network, a gate implementa-
tion in the library so that the total power of the
circuit is minimized without affecting the overall
delay of the network, i.e., under some delay
constraints. This is possible as gates in the non-
critical path of the network have a lot of slack so
that they can be down sized to save on power
without violating timing criticality. Figure shows
the effect of down sizing gate G on the total power
of the circuit. On down sizing gate G, the input
capacitance of Gate G decreases. Hence, the load
capacitances of the gates which are the fanins of
this gate G, i.e., gate G1 decreases. According to
Eq. (9), this results in a decrease in the dynamic
power of gate G1. As a consequence of down
sizing gate G, the transition time of the signal at
the output of gate G increases. This effects the
gates which are the fanouts ofgate G as the time for
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Power Decreases Downsized J

43 Short_circuit 1

FIGURE Effect of gate sizing on dynamic power and short
circuit power.

gates which could have been down sized. On the
contrary, if both the fanout gates G1 and G2 were
down sized, then we would have got a greater
reduction in power. Hence, gates which are part of
less paths are better candidates for down sizing
before gates which are a part of a large number of
paths. Again, since both dynamic and short-circuit
power is directly proportional to switching activ-
ity, gates with a high switching activity should
be down sized earlier. Section 5 describes an
algorithm for combined voltage scaling and gate
sizing.

which both the n and the p gates are ON is
increased. This results in an increase in the short-
circuit power dissipated by the fanout nodes.
Hence, if the number of fanouts are very high, then
the total increase in short-circuit power dissipation
may offset the decrease in dynamic power dis-
sipation resulting in an increase in the total power,
even though we have down sized gate G.

Figure 2 shows the need for optimally choosing
the gates for down sizing. If gate G is chosen for
down sizing, then the corresponding decrease in
slack of this gate, will reduce the slack of its fanout

Slack 5

Slack 5

Slack 5

FIGURE 2 Gates which are part of less paths should be down
sized.

5. COMBINATION OF VOLTAGE
SCALING AND GATE SIZING

Since both VS and GS decrease the available slack
in the circuit, it would be better to apply the two
techniques in a simultaneous fashion rather than
one after the other. In [12], a technique for power
reduction by simultaneous VS and GS using
a maximum weighted independent set (MWIS)
approach has been proposed. Formulating the
power optimization problem as a maximum
weighted independent set of the sensitive transitive
closure of the graph exposes several opportunities
to reduce power. However, the time complexity
of the algorithm is quite high. The algorithm
attempts to reduce power dissipation by finding a
set of nodes for which delay can be traded for
power. The selected nodes are usually sized down
or operated at a lower V,a. This results in a lower
power dissipation and increased delay for the
node. To ensure that the increase in the delay of
the nodes does not violate any critical path timing
constraints, the delay at any step is increased by at
most min{minvQm(Ad(v)),Smax-Smax-1}. Smax is
the maximum slack available for any node in the
graph and Smax-1 is the second largest slack
available, minv am (Ad(v)) is the minimum change
in delay feasible among all the nodes of the graph.
Only the nodes with the maximum slacks are
considered to increase their delays in each itera-
tion. In a graph G(V, E) where each node has a
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different slack, the number of iterations may be
O(V), as in each iteration the maximum slack is
reduced to the next highest value. As each iteration
does a transitive closure computation, the total
time complexity may run upto O(V4). Further-
more, due to the discrete nature of the voltage
scaling and gate sizing techniques, the possible
delay increase may not equal e exactly, where
e min{minv Qm (Ad(v)),Smax Smax_ }. This push-
es the number of iteration higher, increasing the
complexity even beyond O(V4).

5.1. A Fast Heuristic

The principal reason behind the success of the
MWIS based approach is that the algorithm is able
to choose the maximum number of nodes to trade
delay for power given the slacks along the paths.
For example, consider Figure 3. The MWIS
algorithm obtains the optimal solution because it
selects the nodes V1, V2, V3, V4 over the nodes Vs, V6
or V7 to introduce delay. Our heuristic is guided by
the same principle. The heuristic is based on the
number of paths that pass through a node from
any primary input to any primary output. The

V1

0/3/3 V5
V2

(2)

1/3/4
V7

0/3/3 l
V3 ,/ 2/3/5

0/3/3 -"(1 /

0/3/3

FIGURE 3 An example showing that our path based heuristic
gives the optimum result.

intuition is that if the number of paths that pass
through a node are large, then introducing a delay
at that node uses up the slack of a large number of
nodes that lie on the paths that pass through that
node. On the other hand introducing delay to a
node which has small number of paths passing
through it will affect the slacks of a small number
of other nodes. Returning to the example of
Figure 3, the number of paths that pass through
each node are shown in parenthesis. For simplic-
ity, the delay of each node is assumed to be 1. If we
take into account the number of paths that pass
through each node in selecting which nodes to
introduce delays, giving more priority to nodes
that have less paths passing through them, then we
arrive at the same solution given by the MWIS
algorithms. Thus we use the number of paths that
pass through each node in deciding which nodes to
introduce delays. Further, since power dissipated
at a node is directly proportional to the switching
activity at the node, nodes with a high switching
activity should be gate sized or voltage scaled first.
This guides us to the following weight function for
each node.

Weight(i)
(No. of Paths) (19)

where Pr is the switching probability and c,/3, /
were assumed to be 1. The weight function assigns
a larger weight to gates which have larger slack as
these gates can be sized or voltage scaled by a large
factor giving us more reduction in power. Also,
gates with high switching activity are given a larger
weight as power reduction is directly proportional
to the switching activity of the gates. Our path
based heuristic assigns a lower weight to gates
having large number of paths passing through
them so that changing slack of an individual gate
does not reduce slack of a large number of gates.
The parameters c,/3, /were chosen to be so that
the effect of slack, switching activity and number
of paths on the total power reduction could be
studied. These parameters could be changed to
obtain better solutions.
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The heuristic is described next. Afterwards we
describe the algorithm to calculate the number of
paths that go through a node. Note that comput-
ing the number of paths going through a node is
efficient. Moreover, as it is a property of the graph
that does not change with the delays of the nodes,
we need to calculate it only once as opposed to the
MWIS approach where the MWIS had to be
calculated after each iteration.
Algorithm proposes our combined VS and GS

algorithm. This has the advantage that any slack
leftover by one of the techniques will be used over

by the other technique. Further, the technique
which would bring the maximum power reduction
would be used for the particular node. The
algorithm finds out the number of paths through
each gate and uses this to assign a weight to each
node based on the available slack in the node using
Eq. (19). Gates which have a larger slack and have
less paths passing through them are initially
chosen for VS or GS. The change in the total
power per unit delay is calculated for these chosen
gates. Since the main objective is to achieve a
maximum power reduction, gates are chosen for
VS or GS depending on which operation decreases
the total available slack in the circuit by the least
amount. This algorithm terminates when the
available slack in the circuit is reduced so that
anymore VS or GS operation would violate the
timing constraints of the circuit.

ALGORITHM Voltage Scaling/gate Sizing

do
compute Weight for each node
for nodes with the maximum Weight

if rtodei can operate at Vtow so that
delay <_ Tpee

(APVS/Adelay) change in total
power per unit delay by VS

where APVS is the reduction in power
consumption due to voltage scaling technique
and Adelay is

the decrease in the available slack
if nodei can be resized so that delay _< Twee

if total power reduction >_ 0
(APGS/Adelay) change in total

power per unit delay by GS
where APGS is the reduction in

power consumption due to gate sizing techni-
que and Adelay

is the decrease in the available slack
if (APVS/Adelay) _> (APGS/Adelay)

apply VS on nodei
update slacks on affected paths

else
apply GS on nodei
update slacks on affected paths

endfor
while (at least one node is changed)

Algorithm 2 proposes a linear time algorithm to
calculate the number of paths which is used to
calculate the Weight function to choose the
candidate nodes for VS or GS.
Now we prove that the above algorithm indeed

gives the number of paths passing through a node.
Consider the number of paths entering a particular
node. Each of these paths must either pass through
one of its predecessor or originate at one of its
predecessors. Moreover, a path passing through a

node has a unique predecessor along the path as
the graph is acyclic. Hence the number of paths
entering a node is the sum of all paths going
through or originating at its predecessors. A
similar argument applies for paths leaving a node.
Each path leaving a node must pass through or

terminate at a successor. The number of entering
paths for each node is computed by visiting the
nodes in a topologically sorted order and assigning
the number of paths as the summation of the
number of paths through the predecessor nodes or
originating at a predecessor node in case they are
primary inputs. The same algorithm can be
applied to calculate the number of paths leaving
a node by reversing the edges and applying a

topological sort starting from the primary outputs.
Now the total number of paths going through a
node is the number of ways to enter the node times
the number of ways to leave the node, i.e., product
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of the number of entering paths and paths leaving
the node.

ALGORITHM 2
through a node

Calculation of number of paths

Input Directed Acyclic Graph G(V, E)
Output Number of paths passing through each
node v E V
for all v E V

if (v is primary input)
incoming_paths[v] 1;

if (v is primary output)
outgoing_paths[v] 1;

Topologically sort vertices of G(V, E).
for each v V other than primary i/o in topological
sorted order
incoming_ paths[v] Eu pred(v) incoming_paths

[u];
Reverse edges and topologically sort vertices of
G(V, )
for each v V other than primary i/o in topological
sorted order

outgoing_paths[v] 2u epred(v) outgoing_paths
[u];
for each v V other than primary i/o

paths_ going_through[v] incoming_ paths[v] x
outgoing_ paths[v];

Since the calculation of the number of paths that
pass through each node requires a traversal of the
graph in topological sorted order, the time
complexity for number of paths calculation is
O(E), where E is the number of edges. This
computation is required only once in the beginning
of the algorithm as the number of paths passing
through a node does not change. The time
complexity for slack calculation for affected paths
in each iteration of the for loop in Algorithm is
O(V), assuming the nodes are already in topolo-
gical sorted order. The body of the for loop in
Algorithm is executed whenever a node is sized
or scaled. Hence the maximum number of time
the for loop body is executed is O(V) as each
node is scaled or sized only once. Therefore
the time complexity of the algorithm is

O(E+ V. V)- O( V2). Note that the time complex-
ity of the combined VS and GS sizing algorithm
using the MWIS approach is O(r V3), where r is the
number of iterations executed by the algorithm.
Hence, the proposed heuristic is orders of magni-
tude faster than the MWIS approach.

6. EXPERIMENTAL RESULTS

The experimental setup consists of the combined
voltage scaling and gate sizing algorithm imple-
mented in the environment of SIS. Experiments
were carried out on a set of MCNC benchmark
circuits. Before running our Algorithm for
voltage scaling and gate sizing, we performed
technology mapping on the given circuit for the
mosisO8.genlib library under minimum delay mode
with SIS and used this delay as the timing
constraint, both for voltage scaling and gate sizing.
The algorithm is implemented on nodes with a
higher weight function as defined by Eq. (19). This
ensures that maximum number of nodes are
chosen for gate sizing. According to Algorithm 1,
since only gates that do not violate the timing
constraints on any path after down sizing or

voltage scaling are accepted, there is no need for a

post-processing step to resolve nodes with negative
slacks. The power consumption was estimated
based on the clock frequency of 100 MHz, thresh-
old voltage of V and supply voltage of Vhigh
5.0 V and Vtow-3.5 V. Exact values of change in
transition times was calculated using Eq. (16)
through Eq. (18). The constants were evaluated
assuming a 0.18 micron technology and a unit-
sized gate’s input capacitance equal to 0.097 fF
and output resistance equal to 23.8 kf [15].

Table I shows the percentage reduction in total
power using only voltage scaling technique. We see
a power reduction of about 50% for circuit
9symml when the total power is equal to the
dynamic power and about 58% when short-circuit
power is also considered during the decision.
Table II shows the percentage reduction in total
power using only gate sizing technique when all
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TABLE Power reduction using VS technique only

Circuit

% Reduction
#Total #of Vtow in power
gates gates (dynamic power)

%Reduction
in power

(dynamic+ short-
(circuit power)

9symml
C1908
C880
apex7
b9
frgl
frg2
il
i3
i5
i6
i7
rot
term

157 147 51.00
540 481 50.99
384 297 50.73
307 156 50.93
166 103 50.86
124 92 50.78

1438 1152 50.56
89 48 51.00

252 114 51.00
505 306 51.00
701 496 51.00
828 558 41.12
777 535 51.00
364 320 51.00

58.48
58.19
58.00
58.30
57.54
57.45
58.32
58.75
58.23
58.49
59.03
58.63
58.07
58.21

TABLE II Power reduction using GS technique only

Circuit

% Reduction
% Reduction in power

#of in power (dynamic+ short-
gates (dynamic power) (circuit power)

9symml
C1908
C880
apex7
b9
frg2
il
i3
i6
i7
rot
term

157 47.78 54.58
540 52.44 55.55
384 57.61 60.18
242 56.98 60.06
166 41.57 45.98

1438 54.20 48.89
89 62.47 63.68

252 59.99 60.19
701 56.99 61.12
828 51.30 57.10
777 48.95 49.23
364 46.52 51.99

gates operate on a single supply voltage. Figure 4
shows the percentage reduction in power using
gate sizing graphically. We see a power reduction
of about 47% for circuit 9symml when the total
power is equal to the dynamic power and about
54% when short-circuit power is also consider-
ed during the decision. Figure 5 shows that a
combined VS and GS approach gives more power
reduction than only VS. Table III gives the
percentage power reduction using our combined
VS and GS technique. A power reduction of as
high as 80% is obtained for circuits like il. The

percentage power reduction is very high as the
algorithm finds out the maximum number of
nodes that are candidates for either VS or GS
and do not violate the timing constraints. We can
conclude that though VS and GS individually give
us high power reduction, we can get much higher
reduction by using a combined approach as the
slacks which are unutilized by one technique can
be used by the other technique. We have not
considered the effect on power of the additional
level converters that would be introduced due to
the dual voltages in the circuit. Figure shows that
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FIGURE 4 Percentage power reduction with gate sizing
technique.

down sizing a gate might not always result in total
power reduction. Hence, a decision taken with
only the dynamic power into consideration would
be less accurate. We can see from Figure 6 that an
additional power reduction of as high as 6% can
be got by taking the short-circuit power in the
decision process. The improvement in power
reduction depends on the number of implementa-
tions of the gates in the library. [12] defines
completeness of a gate library for gate sizing. A
more complete library would definitely improve
the flexibility of the algorithm. The execution time
of our algorithm using our fast heuristic for circuit
C1908 is 85.87 seconds. The execution time using

IVS VS+GS[

40

30

9i 1908 ap7 2 alu2 alu4

FIGURE 5 Percentage power reduction with VS and with our
combined VS and GS algorithm.

Dynamic PowerI Dynamic + Short Circuit Power]
7O
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FIGURE 6 Power reduction for combined VS and GS with
and without short-circuit power.

TABLE III Power reduction using VS and GS

Circuit
#Total
gates

#of Vtow
gates

% Reduction
in dynamic
power

% Reduction
in dynamic+ short-

circuit power

9symml
C1908
C880
apex7
b9
frgl
frg2
il
i3
i5
i6
i7
rot
term

average

157
540
384
3O7
166
124

1438
89

252
5O5
701
828
777
364

136
410
264
205
93
87

1152
42
82

303
495
560
520
288

70.27
74.85
77.46
76.98
69.63
68.04
77.45
81.3
70.69
78.54
75.2
68.33
73.23
69.36

73.66

73.6
77.08
80.46
80.95
74.06
69.94
8O.67
84.13
74.69
81.62
77.57
74.05
75.50
70.93

76.80
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the MWIS approach [6] is reported as 117.7
seconds for Library A, 136.6 seconds using Library
B, 256.6 seconds using Library C and 1485.7
seconds using Library D. We are not reporting a
complete comparison with the combined VS and
GS technique using a MWIS approach as the gate
libraries used by them was different than what was
available to us. But, from the execution times and
the complexity analysis presented in Section 5, it
can be concluded that out algorithm is much faster
than the MWIS algorithm.

7. CONCLUSION

We have presented an effective framework for
integrating voltage scaling and gate sizing techni-
ques for getting maximum power reduction. We
have proposed a fast algorithm for choosing the
maximum number of gates for voltage scaling and
gate sizing. We have used a better model for short-
circuit power dissipation and shown that the
combined voltage scaling and gate sizing generates
an average power saving of 77%, which is greater
than the power reduction achieved when the
decisions are taken with only dynamic power.
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