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ABSTRACT

Energy consumption has recently emerged as one of
the most critical design constraints. It directly relates
to the operating time of a portable device. Most re-
searches on pipelined circuits address the optimization
of logic blocks to achieve low power. Among the power
reduction techniques, the bipartition approach is com-
paratively effective as it partitions a given circuit into
two subcircuits such that only a selected subcircuit is
activated at a time, hence reducing unnecessary signal
transitions. However operation time of a system is cor-
related to energy dissipation rather than power dissipa-
tion. In this paper, we propose a bipartition algorithm
which aims to reduce switching probabilities such that
the energy dissipation of combinational block as well as
pipelined registers are reduced. Transistor-level simu-
lation results show that our proposed algorithm reduce
not only the power dissipation but also delay for most
of the benchmark circuits.

1. INTRODUCTION

Pipelined circuits have been widely utilized in de-
signing unpluged digital systems, e.g.cellular phones,
laptops or PDAs. For these devices low energy con-
sumption is crucial to meet the design requirements in
reliability, performance and battery life. As a matter of
course, the lead circuit designers have to cope with ex-
cessive power dissipation, which in no doubt urges for
synthesis tools specifically designed for energy efficient
circuits.

Towards minimizing the power dissipation of pipeli-
ned circuits, a lot of works have been done including the
methods in precomputation [1], gated pipelined regis-
ters {2, 3], guarded evaluation [4, 5] and circuit par-
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tition [6, 7, 8). Precomputation disables the parts of
the pipelined registers which do not affect the output
value [1]. The authors of {2, 3] successfully reduce the
switching activities of the pipelined registers by using
control signals to gate the clock. In [4, 5}, the authors
isolate the operands which result in redundant oper-
ations to save unnecessary power dissipation. Chen
et al. separate the original circuit into two parts: a
small part (with respect to area) that is active most
of the time and a bigger part which is infrequently ac-
tivated. Because of the separation, power is saved as
the switching activity is confined to the smaller part
most of the time. In [7], Choi and Hwang partition
the combinational logic block of a pipelined circuit into
multiple subcircuits through a recursive application of
Shannon expansion with respect to the selected input
variables. Furthermore, Ruan shows that partitioning
circuits into more than two subcircuits often fails in
saving power due to the overhead introduced by the
additional circuitry [8].

In this paper, we propose a bipartition algorithm to
reduce the switching probability of two subcircuits by
using Shannon expansion to select a partition variable
that results in minimal switching probability of the cir-
cuit. In addition, bipartitioning also reduces length of
the critical path. This implies that we can extend the
operation time of an unpluged system due to the re-
duced power-delay product. To validate the results, we
employ an accurate transistor-level power estimator! to
obtain energy dissipation for bipartition algorithm.

Comparison to other partition techniques

As stated in the introduction, there are several other .
partition 1_:echniques designed for lowering power con-
sumption, but not for energy dissipation®. In [6], cir-

LEPIC PowerMill was developed by EPIC Design Technology,
INC.

2Energy dissipation is a measure of power-delay product.



cuits are bipartitioned based upon profile information.
The approach detects the frequent cuiput patiern and
synthesizes them into a small subcirenit. However, for
selecting the active snbcircuit additional control cir-
cuitry is required, which increases time delay. [7] and
18] partition circuits using Shannon expansion. As the
circuit architectures in {7, 8] do not contain the latches
and AND gates shown in Fig. 3 the circuits may suffer
from glitches that can cause incorrect behaviors. This
unfortunately can not be detected while running gate-
level simulation. The authors of [7) and [8] estimated
power/energy dissipation in gate-level is less accurate
than that in transistor-level let alone the power dissi-
pation of each component of the partition architecture
is still unclear.

In contrast to the other approaches, we provide the
following viewpoints:

« we bipartite circuit in terms of reducing switching
probability instead of area;

we adopt accurate transistor-level simulation. This
ensures the correctness of circuit behavior and en-
ergy dissipation; and

the power dissipation of each component in the
bipartition architecture is disclosed and analyzed.

" The paper i3 organized as follows. In Section 2,
we provide some basic concepts and briefly introduce
our bipartition architecture, while Section 3 explains
the bipartition algorithm. Section 4 describes the ex-
perimental resuiis that confirm the effectiveness of the
proposed method. The conclusion of the paper is sum-
marizéd in Section 5.

2. PRELIMINARIES

2.1. Power Distribution

In this paper, we adopt a single-phase edge-triggered
pipelined circuit shown in Fig. 1 that is used in a large
number of ASIC applications. Pipelined circuits have
no state feedback lines because they do not need infor-
mation about the past cycles for running the present
cycle. In order to compare.energy dissipation results
obtained by bipartition method, we begin our the power
analysis with the original benchmark circuits. We im-
plement the circuits presented in Fig. 2 using the prim-
itive standard cells provided by CCL® {0.8um technol-
ogy). Power dissipation were estimated using EPIC
PowerMill. Fig. 2 shows that the pipelined register

3CCL stands for Computer and Communication Research
Labs and is one of the members of Industrial Technology Re-
search Ipstitute in Taiwan.
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Figure 1: A combinational pipelined circuit
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Figure 2: Power dissipation for several MCNC bench-
marks

takes a large fraction of total power dissipation in most
circuits. On average they account for 57.5% of the total
power budget. Obviously, the registers are almost the
largest contributor to the power budget of a pipelined
circuit. We can say that pipelined registers should be
taken into account when optimizing for low power.

2.2. Power Estimation Using Entropy

Consider a combinational logic circuit with m-bit
input X and n-bit output Y. The power consuraption
can be obtained as follow [?]:

2n+1
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The entropy measures H(X) and H(Y) are typically
obtained by monitoring the signals X and Y during
high-level simulation of the circuit. In general, the
outputs of a logic gate make fewer transitions than its

‘inputs. It can be thecretically shown that H ¥) <

H(X). The entropy is defined as follows:
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where z is a discrete variable which can take k different
values, while p; is the probability that = takes the {-th
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Figure 3: Bipartition architecture for low power.

value z;. It should be noted that entropy is intuitively
related to switching activity [9].

2.3. Bipartition Architecture

In this paper, our bipartition architecture is based
on Shannon expansion. In Fig. 3, an input variable
SEL has been selected and the original combinational
block is transformed into two co-factor subcircuits by
applying Shannon expansion. Power reduction is achie-
ved by disabling one of the two subcircuits during op-
eration. Note that the choice of SEL is critical to this
approach.

Example: Considering the three-input, two-output
function f = [t;;], where fi = ab+ab' and fo = ab+

unc

bc + ac. The tion is represented by the following

truth table:
abe | fifs
000 | 00
001 | 10
010 { 00 -
011 | 11
100 | 00
101 01
110 | 11
111 | 11

Let us assume that the inputs cycle thorough 000 —
111 — 000... most of the time. As a result, all input
register bits will flip nearly at each clock cycle.

" If we select a as SEL signal, the table will be par-
titioned as follows: .

a=0 a=1
be | fifa || be | fife
00| 00 ffo0]| 00
01 10 01| 01
10| 00 10 11
11 11 11 11

Where the output function are f; = c and f; = bc when
a=1,and fi =band f; = b+ c when a = 0. Because

register R, is activated for SEL = 0 and R; for SEL =
1, input pattern 000 will be stored in R, while pattern
111 is routed to R;. In case of a input sequence that
alternates between 000 and 111 both register will stop
toggeling.

3. PROPOSED METHOD

3.1. Problem Formulation

As previously discussed in Section 1, we want to
biparition a pipelined circuit such that the switching
probabilities of Ry, R are low and so are the entropies
of Subcircuit; and Subcircuity. In fact, if we reduce
the switching probilities of R; and R,, we also obtain
low entropy of Subcircuit; and Subcircuits. There-
fore, the bipartition problem can be simplified down to
a task of finding an input variable such that the total
input switching probability of both partitions is min-
imal. As the switching probability is data dependent
we need a input pattern sequence which is typically
applied to the circuit. E.g., this test sequence can be
obtained during simulation.

3.2. Energy-Efficient Bipartition Algorithm

Consider a circuit with n input pins. If we want to
bipartition it by using Shannon expansion, there will
be n different combinations. In order to find the best
solution we test each of these combinations. As there
are only n combinations the runtime for this brute force
approach is usually acceptable.

In detail, we perform the following operations for
each input pin:

e Bipartition the original circuit by the input pin.

e Calculate the total switching probabilities of the
two partitions based on the test input sequence.

A solution with minimal switching probability will be
selected as the final result.

4. EXPERIMENTAL RESULTS

The bipartition algorithm has been implemented in
C++ on a Pentium III desktop PC. We used SIS* to .
synthesize our partition results and estimate power dis-
sipation by PowerMill. The benchmark circuits with
input test patterns taken from LGSynth91 were used
to demonstrate our algorithm. In the experiment, 5v
supply voltage and a clock frequency of 20MHz were

48IS is a sequential circuit synthesis systems which was de-
veloped by U.C. Berkeley.



Table 1: Power dissipations of the registers of original
circuit and bipartition architectures

Circuits | Orig-Reg | Bipar Reg | PR%
8a02 376.8 311.4 | 17.4%
5xpl 282.1 202.5 | 28.2%
bw 198.1 133.7 | 32.5%
clip 356.1 268.7 | 24.5%
conl 242.8 | 151.2 | 37.7%
misex1 305.2 179.5 | 41.2%
rd53 181.9 134.6 | 26.0%
rd73 266.0 . 198.2 | 25.5%
xor5 184.8 125.0 | 32.3% |
9sym 355.7 297.0 | 16.5%
Average 28.8%

- assumed. The rugged script of SIS was used to opti-
mize the benchmarks. The registers of the output part
are unchanged in our architectures so that we do not
consider the effect of these registers. The delay, area
and power units are nS, 128um? and uW in our ex-
periments, respectively.

Table 1 shows the average pipelined registers power

reduction is 28.8%. These results are consistent with

earlier discussion which shows the proposed algorithm

reduces switching activity. Table 2 shows the power
and delay for the original circuits as well as the bi-
partitioned circuits. The ER% column represents the
reduction of power-delay product. Asshown in Table 2,
performing bipartition reduces not only power but aslo
delay time of the circuit. On average, energy (power-
delay product) reduction of 25.6% could be obtained.
Note that some circuits are not suitable for bipartition
architecture and have no energy reduction (negative
reduction rate).

In Fig. 4, we demonstrate the average power distri-
bution of bipartition architecture. As-shown in Fig. 4,

the pipelined registers are 'still the largest power con-~

tributors in a pipeline stage even though their contri-
bution decreased from 57.5% to 45%. ”Clock” repre-
sents two latches and AND gates, which also consumes
a large amount of power in a bipartition architecture
due to the frequent switching. As shown in the figure
the subcircuits only consume 22% of the total power,
which proves that our bipartition algorithm can effec-
tively reduce entropy to obtain low power in combina-

tional blocks. . ,

5. CONCLUSION

We have proposed a simple bipartition algorithm
that selects an input variable to bipartite the original

'10:

Table 2: Energy consumption of original circuit and
bipartition architectures

Circuits Original Bipartition
power | delay | power | delay | ER%
sa02 573.4 14.7 | 521.8 123 | 24.2%
5xpl 577.0 16.1 | 562.0 15.1 8.8%
bw 568.7 26.2 546.9 14.8 | 45.9%
clip 647.1 14.3 | 588.5 123 | 21.7%
conl 272.3 2.6 | 2494 3.5 | -24.6%
misex1 387.2 5.7 | 365.3 6.0 0.3%
rd53 259.3 7.9 | 296.9 79 | -14.0%
rd73 444.4 9.7 | 439.3 8.0 [ 18.6%
X0rd 223.8 5.5 | 261.2 56 | -17.6%
9sym 829.3 9.3 | 6104 8.6 31.9%
‘ Average | 454.0 11.2 | 419.7 94| 25.6%
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Figure 4: Average power dissipation of bipartition ar-
chitecture

circuit which results in minimal switching probability
in bipartition architecture in order to reduce power con-
sumption. Further, we reduced not only the power of
pipelined registers but also the delay of the circuit.
This paper also analyzes power distribution, delay
and energy before and after applying our partitioning
approach. :
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