
Power Analysis of Bipartition and Dual-Encoding Architecture for Pipelined
Circuits �

Shanq-Jang Ruan
Dept. of EE

National Taiwan University, Taiwan
stj@orchid.ee.ntu.edu.tw

Edwin Naroska
Computer Engineering Institute

University of Dortmund, Germany
edwin@ds.e-technik.uni-dortmund.de

Chia-Lin Ho
Dept. of CSIE

National Taiwan University, Taiwan
hcl@orchid.ee.ntu.edu.tw

Feipei Lai
Dept. of CSIE & Dept. of EE

National Taiwan University, Taiwan
flai@cc.ee.ntu.edu.tw

Abstract

In this paper, we propose a bipartition dual-encoding ar-
chitecture for low power pipelined circuit. Pipelined cir-
cuits consist of combinational logic blocks separated by
registers which usually consume a large amount of power.
Although the clock gated technique is a promising approach
to reduce switching activities of the pipelined registers, this
approach is restricted by the placement of the registers and
the additional control signals that must be generated. Thus,
we propose a technique for optimizing power dissipation of
a pipelined circuit addressing registers and combinational
logic blocks at the same time. Our approach modifies the
registers using bipartition and encoding techniques. In our
experiments power consumption were reduced by 72.9% for
pipelined registers and 30.4% for the total pipelined stage
on average.

1 Introduction

In modern processor designs, pipelining is the most pop-
ular fashion to increase overall performance. Since [1] first
applied pipelined circuits for lowering power, a number of
work have been done and published on synthesis of low
power pipelined circuits. We can categorize these previous
work as follows:

� The first category covers approaches where pipelined
registers are immovable. Techniques like precomputa-
tion (e.g.,[1]), gated pipelined registers (e.g.,[13, 5])

�This work was sponsored in part by Synopsys, Inc. and the National
Science Council of Taiwan under Grant NSC 90-2213-E002-108

and guarded evaluation (e.g.,[12, 7]) belong to this
type of approaches. Precomputation disables the parts
of the pipelined registers which do not affect the out-
put value [1]. The authors of [13, 5] reduce switch-
ing activities of pipeline registers by using control sig-
nals to gate the clock. In [12, 7], the authors isolate
those operands that result in redundant operations to
save unnecessary power dissipation. Unfortunately, as
registers are immovable further improvements to these
approaches is limited. Another limitation is that they
require additional control logic.

� In the second category pipelined registers are movable.
Approaches like retiming (e.g., [6]) and repositioning
of registers in datapaths (e.g., [11]) belong to this cat-
egory. Monteiro et al. selects a set of nodes, which,
by having a flip-flop placed at their output, leads to
the minimization of switching activities in the network
[6]. Schimpfle et al. computes ”switchweight”for
each node so that each circuit can be retimed by us-
ing switching activity instead of delays [11]. However,
no effort is made to modify the combinational logic
blocks.

� Approaches belonging to the third category partition
circuits to reduce the size of active registers and logic
blocks in order to decrease power consumption [4]. In
[4], Choi and Hwang partition the combinational logic
block of a pipelined circuit into multiple sub-circuits
using the recursive application of Shannon expansion
with respect to the selected input variables [4]. Fur-
thermore, Ruan et al. showed that partitioning cir-
cuits into more than two sections does not always save
power consumption due to the overhead of duplicated
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Figure 1. A combinational pipelined circuit

input latches and output multiplexers [9].

Some preliminary work in combining techniques of par-
titioning and retiming have been done in [10, 3], but the
inability to extract the most active portion may make this
approach inapplicable in the real world. In this paper we
take advantage of partitioning and encoding techniques to-
wards optimizing power in pipelined circuits. As in [10, 3],
we consider a single-phase, edge-triggered design method
(see Fig. 1) that is used in a large number of ASIC applica-
tions.

In this paper, we propose a bipartition dual-encoding ar-
chitecture to achieve the goal of lowering power consump-
tion in a design. We first bipartition a given circuit by us-
ing Shannon expansion in terms of minimizing the number
of different outputs of two sub-circuits. Secondly, we en-
code both partitions to reduce the switching activities of the
pipelined registers and logic block. To validate the results,
we employ an accurate transistor-level power estimator1 to
estimate power dissipation.

The paper is organized as follows. In Section 2, we
describe the power distribution of pipelined circuits and
how we encode them for minimal Hamming distance. In
Section 3 we present bipartition single-encoding and dual-
encoding architectures and discuss their characteristics.
Section 4 proposes a synthesis algorithm for bipartition
dual-encoding architecture and Section 5 shows the exper-
imental results to verify and prove the feasibility of our al-
gorithm. Finally, we conclude with a summary in section
6.

2 Preliminaries

2.1 Power Distribution

In this paper, we adopt a single-phase edge-triggered
pipelined circuit (see Fig. 1) that is used in a large number
of ASIC applications. As shown in Fig. 1, pipelined circuits
have no state feedback lines because they do not need infor-
mation of the previous cycles for running the present cycle.

1EPIC PowerMill was developed by EPIC Design Technology, INC.
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Figure 2. Power dissipation for several MCNC
benchmarks

In order to compare power dissipation results obtained by
the bipartition method, we began our power analysis with
the original benchmark circuits. We then implemented the
circuits presented in Fig. 1 using the primitive standard cell
technology provided by CCL2 (0.8�m technology). Power
dissipation were estimated using EPIC PowerMill. Fig. 2
shows that the pipelined registers take a large fraction of to-
tal power dissipation for most of the circuits. On average
they account for 64.6% of the total power budget. Note that
even when the input data presented to a flipflop does not
change, it consumes power during a clock cycle. This ob-
viously indicates the registers are the largest contributor to
the power budget of a pipelined circuit. Hence, we can say
that pipelined registers should be taken into account when
optimizing a circuit design for low power. The interested
reader may refer to [13] for more detailed treatment.

2.2 Encoding for Low Power

As in a pipelined circuit the total power dissipation
mainly depends on the switching activity of the pipelined
registers we use the following cost function [8]:

X

Si;Sj2S

tPijH(Si; Sj); (1)

where tPij is the global state transition probability from
Si to state Sj , and H(Si; Sj) is the Hamming distance be-
tween the encoding of the two states. Further, reducing
switching activity usually decreases the complexity/area of
a logic block, which in turn has positive effects on the power
consumed by the logic portion of the circuit.

2CCL stands for Computer and Communication Research Labs and is
one of the members of Industrial Technology Research Institute in Taiwan.
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3 Architectures

In this section, we describe two different architectures
and discuss their characteristics in terms of their impacts on
power dissipation.

3.1 Bipartition Single-Encoding Architecture

Fig. 3 is a bipartition single-encoding architecture based
on extracting the most frequent outputs and its correspond-
ing inputs to form a small sub-circuit. Then, the out-
put is encoded in order to reduce the switching activity of
pipelined registers and the combinational portion. Note that
k is the number of different outputs of the extracted sub-
circuit.

The architecture works as follows: the input data are pro-
cessed by the Encoder which produces an encoded output
as well as a single bit signal SEL. SEL is used to activate
either the upper part (Encoder/Decoder) or the lower part
(Subcircuit2) of the architecture. The upper part will take
over the most frequent output pattern while the lower part
is responsible for the less frequent output pattern. The first
(left) latch shown in Fig. 3 is required to prevent glitches
from accidently activationR1 orR2 while the second (right)
is needed to select the appropriate output of the pipeline
stage.

Example 1: Taking the benchmark sao2 in MCNC as an
example, the number of inputs is 10 and the number of out-
puts is 4. If each possible input pattern (210) is assigned ex-
actly once to the circuit the output pattern frequency count
of sao2 will be:

output pattern count
0000 513
0010 257
0011 219
0100 8
1000 7
1100 6
0001 5
0101 4
1001 3
1101 2

In this example, if we cluster pattern f0000g and f0010g,
and encode them as f0g and f1g, the number of output pins
of the encoder is 2 (including signal SEL).

Power reduction is obtained during operation as the part
that corresponds to to SEL = 1 is active most of the time.
Hence, register R1 will also be active most of the time. As
the size of R1 is usually less than the size of the register
in the original circuit the registers in the bipartition single-
encoding architecture will consume less power.
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Figure 3. A bipartition single-encoding archi-
tecture.
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Figure 4. A bipartition dual-encoding archi-
tecture.

However, this approach only works if the distribution of
the output pattern probability is not uniform. Otherwise, the
circuits will not benefit from the architecture. The interested
reader may refer to [10] for a further analysis on the topic.

3.2 Bipartition Dual-Encoding Architecture

In the architecture of Fig. 4, we partition the circuit based
on the Shannon expansion. The criterion of selecting a par-
tition variable is to minimize the pipelined registers. Then
we encode both partitions with minimal Hamming distance
for reducing the switching activity. m is the maximal num-
ber of different outputs of the encoder.

The architecture works similar to the single-encoding ap-
proach. However, here the data that is stored either in R1

or R2 are both produced by the Encoder. Further, signal
SEL is directly taken from the input vector without any
pre-processing. The latches shown in the dual-encoding ar-
chitecture are introduced due to the same reasons as in the
single-encoding architecture.

Example 2: In Fig. 5, we select three different input vari-
ables to partition the truth table based on the Shannon ex-
pansion. If we select x2 as the partition variable, the output
vector set will be f00, 10g when x2 = 0, and it will be
f11, 10g when x2 = 1. Hence the number of different out-
put vectors in both partitions is 2. However, if we select x1

3
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x1 x2 x3 f1 f2 
0 0 0 0 0 
0 0 1 1 0 
0 1 0 1 1 
0 1 1 1 1 
1 0 0 0 0 
1 0 1 1 0 
1 1 0 1 0 
1 1 1 1 0 
 

x1 x2 x3 f1 f2 
0 0 0 0 0 
0 0 1 1 0 
1 0 0 0 0 
1 0 1 1 0 
0 1 0 1 1 
0 1 1 1 1 
1 1 0 1 0 
1 1 1 1 0 
 

x1 x2 x3 f1 f2 
0 0 0 0 0 
0 1 0 1 1 
1 0 0 0 0 
1 1 0 1 0 
0 0 1 1 0 
0 1 1 1 1 
1 0 1 1 0 
1 1 1 1 0 
 x

2
x

3
x

1

Figure 5. Partition Example.

(x3) to partition the same table, the number of different out-
put vectors for both partitions are 3 and 2 corresponding to
x1 = 0 and x1 = 1 (x3 = 1 and x3 = 0), respectively.

Power reduction in Fig. 4 is obtained because of the
reduced switching activity of registers and both decoders
compared to the register of the original circuits and its com-
binational block. In this architecture, the partition variable
is chosen first, and then encoding for minimal Hamming
distance of the inputs to R1/Decoder1 and R2/Decoder2 is
performed. The algorithm to perform these operations are
described in the next section.

4 Synthesis of the bipartition dual-encoding
architecture

The synthesis for the bipartition dual-encoding architec-
ture contains two phases: given a circuit described in PLA
format, we first bipartition the PLA into two sub-PLAs in
terms of minimizing the number of different outputs. In
the second phase, encoding is applied on both sub-PLAs in
terms of minimizing Hamming distance.

4.1 Bipartition Algorithm

As bipartition algorithm we use a brute force approach
by trying out each possible partition variable. This approach
is acceptable as only n configurations must be analyzed.

In order to find the best suitable configuration each vari-
able is selected as partition variable and the PLA is parti-
tioned accordingly. Based on the partitioned PLA table the
numbers of different output pattern are determined for par-
tition 1 and partition 2. The pattern number are denoted as
OP1 and OP2 in the following. Based onOP1 andOP2 the
configuration is rated according to

W = dlog
2
(OP1)e+ dlog

2
(OP2)e:

The configuration which gives a minimal rating W is se-
lected as the final bipartitioning result.

4.2 Encoding Algorithm

From the original PLA table, two sub-PLAs PLA1 and
PLA2 are built after bipartitioning: all lines in the original
PLA that are associated with an input pattern having the
partition variable set to 0 are moved to PLA1 while the
remaining lines form PLA2.

Next, the number of different output patterns of both sub-
PLAs are determined. The output pattern number of PLA 1

and PLA2 are denoted as OPN1 and OPN2 in the follow-
ing. Then, the output bit width of the encoder is set to

max(dlog
2
OPN1e; dlog2OPN2e)

as at least dlog
2
OPN1e (dlog

2
OPN2e) bits are required

to encode the output pattern of PLA1 (PLA2).
The PLA with maximum number of different outputs

(OPN ) is denoted as PLAx in the following. Finally,
we adopt the heuristic algorithm introduced in [2] to en-
code PLAx. The algorithm minimizes the Hamming dis-
tance of the output (encoded) pattern. The other PLA
(denoted as PLAy) is encoded using the output pattern
of PLAx as follows: the (not encoded) output pattern of
both PLAs are sorted in increasing order of their occur-
rences. The sorted pattern are denoted as sort(PLAx)
and sort(PLAy). Further, the encoded values are also
sorted according to sort(PLAx). Finally, encoding of
PLAy is determined by assigning the leftmost pattern of
sort(PLAy) to the leftmost pattern from the sorted encod-
ing list, and so on. Assignment continues until all pattern
from sort(PLAy) are processed.

Example 3: Assume the following truth table for the
original combinational block:

input output
x0x1x2 y0y1y2

000 000
001 000
010 001
011 001
100 111
101 111
110 111
111 010

If we choose x0 as partition variable SEL then we get the
following truth tables for PLA1 and PLA2:

PLA1 PLA2

SEL x1x2 y0y1y2 SEL x1x2 y0y1y2
0 00 000 1 00 111
0 01 000 1 01 111
0 10 001 1 10 111
0 11 001 1 11 010
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Note that the partition variable is shown in a separate col-
umn. From the truth tables we determine the encoder out-
put width to be 1 bit (each sub-PLAs use only two different
output patterns). From PLA1 and PLA2 we determine the
output frequency of each pattern:

PLA1 PLA2

y0y1y2 frequency y0y1y2 frequency
000 2 111 3
001 2 010 1

As both PLAs are having the same number of different
outputs (2) we randomly choose PLA1 to be encoded first.
Assume that pattern output 000 is encoded as 0 and 001 is
encoded as 1. As a result, we get the following assignments:

PLA1

y0y1y2 frequency encoding
000 2 0
001 2 1

PLA2

y0y1y2 frequency encoding
111 3 0
010 1 1

Note that the encoding for PLA2 is obtained by simply
copying the encoding column of PLA1.

Hence, the truth table for the encoder is

SEL x1x2 encoded
output

0 00 0
0 01 0
0 10 1
0 11 1
1 00 0
1 01 0
1 10 0
1 11 1

As a result, the truth tables forDecoder1 andDecoder2 are

Decoder1 Decoder2
encoded y0y1y2 encoded y0y1y2

input input
0 000 0 111
1 001 1 010

5 Experimental Results

The bipartition algorithm has been implemented in C++
on a Pentium III desktop PC. We used SIS3 to synthesize

3SIS is a sequential circuit synthesis systems developed by U.C. Berke-
ley.

Table 1. Register power dissipations of the
original circuit and the bipartition dual-
encoding architecture

Circuits Orig Reg Bi dual PF%
sao2 2133.3 269.1 87.4%
9sym 1905.0 166.5 91.3%
con1 1387.1 388.6 72.0%
misex1 1611.8 529.4 67.2%
rd53 1034.8 479.4 53.7%
rd73 1441.3 534.8 62.9%
rd84 1615.2 596.6 63.1%
sqrt8 1608.7 655.5 59.3%
xor5 992.2 211.6 78.7%
t481 3082.3 182.9 94.1%

Average 72.9%

our partition results and estimated power dissipation by
PowerMill. For our experiments, we assumed 5V supply
voltage and a clock frequency of 20MHz. The benchmark
circuits taken from LGSynth91 were used to demonstrate
our algorithm. The rugged script of SIS was used to opti-
mize the benchmarks. As the registers of the output part are
unchanged in our architectures we did not take the effect of
these registers into account. The area and power units are
128�m2 and �W in our experiments, respectively.

Table 1 shows that the average pipelined registers power
reduction is 72.9% (see the PF% column). The results are
consistent with earlier discussion that claims the proposed
method reduces register switching activities. Table 2 shows
power and area numbers for the original circuits as well as
for the bipartition dual-encoding architecture. The columns
labeled with PR% and AI% represent the percentage of
power reduction and area increment, respectively.

Table 3 compares the average area and power reduc-
tion of bipartition single-encoding to the bipartition dual-
encoding architecture. The data of the single-encoding ar-
chitecture is cited from [4]. The columns in this table
have the same meaning as in Table 1 and Table 2. As
shown in the table, bipartition dual-encoding architecture
obtains the significant power saving in pipelined registers
(PF%), however, the overall power saving is a little less
than single-encoding architecture. This is due to the fact
that the Encoder of dual-encoding architecture consumed
more power than that of single-encoding. Nevertheless, the
dual-encoding architecture obtains almost the same power
saving as the single-encoding architecture while introduc-
ing significant less area overhead.
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Table 2. Simulation result of original circuit
and bipartition dual-encoding architectures

Circuits Original Bi dual
Power Area Power Area PR% AI%

sao2 3606.2 637 2284.2 647 36.7% 1.6%
9sym 4513.8 820 2294.9 531 49.2% -35.2%
con1 1587.4 104 1336.5 251 15.8% 141.3%
mixex1 2157.6 340 1878.3 457 12.9% 34.4%
rd53 1511.4 215 1370.0 352 9.4% 63.7%
rd73 2319.8 370 2040.6 505 12.0% 36.5%
rd84 3235.5 577 2699.1 604 16.6% 4.7%
sqrt8 2490.0 393 2337.9 581 6.1% 47.8%
xor5 1218.8 149 851.3 139 30.2% -6.7%
t481 3388.4 450 1016.5 225 70.0% -50.0%

Average 2602.9 405.5 1810.9 429.5 30.4% 5.8%

Table 3. Average area and power comparison
between single and dual encoding.

bi single bi dual
AI% 29.6% 5.8%
PF% 63.0% 72.9%
PR% 31.6% 30.4%

6 Conclusion

We have proposed a low power bipartition dual-encoding
architecture in this paper. We bipartition a given circuit in
terms of minimal different outputs and then encode both
partitions with minimal Hamming distance. The results
show that power dissipation of pipelined registers can be re-
duced by up to 94.1% and the overall power dissipation can
be reduced by up to 70.0%. Compared to bipartition-single
encoding architecture, the dual-encoding provides almost
the same power saving while the area overhead is signifi-
cantly reduced.
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