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Abstract

With decreasing feature size on silicon, the coupling ca-
pacitances of buses grow rapidly causing a significant im-
pact on the power consumption of the whole chip. Thus,
buses should be designed and optimized to dissipate less
power without sacrificing performance. In this paper, we
address this problem by simultaneously optimizing wire per-
mutation, inversion and spacing (space between consecu-
tive wires) using a combination of optimal as well as ge-
netic algorithms. Unlike previous studies, our approach is
applicable to not only address buses (behave more regu-
larly), but also instruction buses of microprocessors. For
the spacing problem, an algorithm is presented which de-
termines the optimal solution instead of applying time con-
suming heuristic algorithms as presented in [10].

For our experiments, we used instruction bus traces ob-
tained from 12 SPEC2000 benchmark programs. We sim-
ulate different combinations among permutation, spacing,
and inversion. Integrated all optimization techniques to-
gether, our approach can save energy up to 68% for the
best case and 58% on average while only increasing the to-
tal wire space by about 50% (compared to a bus with min-
imal spacing between adjacent wires for a particular tech-
nology).

1. Introduction

Nowadays, on-chip interconnect (especially in a SoC)
contributes about 15% to 30% total power dissipation in
modern microprocessors [6] (up to 50% [12]). As technol-
ogy scales down to nanometer, coupling power between bus
wires is becoming the dominant power dissipation source

� This work is partially supported by the National Science Council of
Taiwan under Grant NSC92-2218-E011-006.

on buses. For example, in standard 0.13�m technologies
with minimum distance between bus wires, the ratio of cou-
pling and wire capacitances (also known as line- or self-
capacitances) is greater than eight, and will continue to
grow [19]. Therefore, the conventional approaches to op-
timize switching activity on individual wires might be in-
appropriate because switching activity does not necessarily
reflect the power consumed by the bus [13, 20, 2, 16, 4, 1].

Based on this observation, recent researchers have fo-
cused on various encoding schemes that minimize the self,
as well as coupling transitions for power reduction [18, 5].
However, these methods are only applicable to address
buses. In [8], a coupling-driven bus-invert scheme was pro-
posed. If the coupling effect of the inverted signals is less
than that of the original signals, the signals are inverted. [21]
separately handled the odd and even bus wires to reduce
coupling. However, it did not take self transition into ac-
count. In these approaches, the encoder and decoder (codec)
always introduced extra power and delay, hence it often off-
set power savings.

Instead of bus encoding, shuffling bus lines to mini-
mize the number of coupling transition is another choice
[17, 11, 9]. These approaches are based on profiling the bus
wire activity and are especially well suited for embedded
systems, which typically execute a fixed and known set of
programs. The advantage of the shuffling approach is that,
compared to bus encoding, it causes a relatively small de-
lay and area overhead.

It is worth noticing that all the aforementioned ap-
proaches are optimized for equal wire spacing. However, in
practical design the bus channel width is adjustable. I.e., de-
pending on the layout of the chip additional space may
be used for the bus. As a result, we can exploit the ex-
tra width to reduce power consumption.

Some research exploited the extra space for power sav-
ing. In [15, 14] an intelligent spacing approach to minimize
the crosstalk effect has been proposed. The basic idea is
that in dual rail code the duplicate bit definitely runs the

0-7695-2312-9/05/$20.00 (c) 2005 IEEE



same signal as original one. As a result, we can place orig-
inal bit and duplicate one as close as possible, and leave
more space for other signal wires, thus reducing crosstalk
effects. However, the authors did not exploit the statisti-
cal properties of the bus traffic. Further, the space between
the dual rail wire groups has been equally distributed. [10]
added non-uniform spacing between wires to achieve low
power. Unfortunately, the approach is only suitable for ad-
dress buses, and the power saving is limited as the order
of the wires were not modified. In addition, time consum-
ing heuristic approaches were used to determine wire spac-
ing.

In this paper, we propose a bus architecture that uses wire
permutation, inversion, and spacing to improve energy-
efficiency. All architecture options (permutation, inversion
and spacing) are static and determined during chip synthe-
sis. Note that our approach is applicable to both address and
instruction/data buses.

We present the power model considering coupling capac-
itances, and formalize the permutation and spacing prob-
lems. Then we use genetic algorithms to determine the op-
timal bus permutation and introduce optimal algorithms for
the spacing and wire inversion problem. To our knowl-
edge this is the first time that an optimal polynomial algo-
rithm for the spacing problem is presented. Since there is
no encoding-decoding circuitry needed, our proposed ap-
proach can save power at nearly no cost in performance
or design complexity compared to other codec methods. In
contrast to [10], we can significantly improve power saving
by reordering the wires. In addition, we also discuss differ-
ent optimization algorithm options and parameters that may
be used to determine our bus architecture.

The rest of the paper is structured as follows. In Section
2, we illustrate the bus framework and describe the cou-
pling effect model used throughout the paper. In Section 3,
we formulate the problem and illustrate algorithms to find
the optimal solution for wire inversion and spacing. In Sec-
tion 4, a genetic algorithm is described that we use to find
the nearly optimal solution for wire permutation problem as
well as to find a solution for the combined permutation, in-
version and spacing problem. Section 5 shows experimen-
tal results and compare them to an bus architecture that uses
only equal spacing (that is, no permutation and individual
spacing). Finally we draw the conclusions in Section 6.

2. Preliminaries

2.1. Bus Model

For nanometer buses, the capacitive coupling between
nonadjacent wires is very weak compared to that between
adjacent wires [19]. Therefore, we adopt the simplified
model shown in Figure 1, which only takes directly neigh-

Figure 1. Bus model

new values
00 01 10 11

00 0 1 1 0
old 01 1 0 4 1

values 10 1 4 0 1
11 0 1 1 0

Table 1. Normalized coupling effect

boring wires into consideration. In deep sub-micron era, the
coupling capacitances ��� strongly dominate the wire ca-
pacitances ���. For example, in 0.13 �� technologies, ���
can be greater than eight times of ���. As we focus on
coupling effects throughout the paper, �� and ��� are ne-
glected. Finally, we assume that the bus drivers are clocked
and hence switch simultaneously.

For a simple bus layout, the coupling capacitance be-
tween two neighboring wires can be estimated by

� � �
�

�
� (1)

where � depends on the height and length of the wires, � is
the space between the wires, and � is a technology constant.
In the following, we assume � and � to be the same for all
wires. It means that the wire geometry is fixed and only � is
modifiable.

2.2. Bus Energy Characteristic

To rate the coupling effect for CMOS circuits, we use
Table 1 from [21]. The table does not represent the en-
ergy drawn (energy consumption) from the energy source.
Instead, it shows the energy that is dissipated due to the
corresponding transition pattern. Note that all power that
is drawn from the energy source is finally also dissipated.
Hence, using power dissipation is actually equivalent to us-
ing power consumption if an appropriate long sequence of
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Figure 2. Bus configuration

pattern is considered. However, contrary to the power con-
sumption table that is typically used, Table 1 is symmet-
ric. This is especially advantageous when it comes to im-
plementing optimization algorithms.

For our analysis, we assume a bus with � signal wires
and two additional shields at both sides as shown in Fig-
ure 2. The entire bus layout consists of ��� wires, and the
first wire 	� and the last wire 	��� are shields that are tied
to ground.

In order to easily calculate the crosstalk effects caused
by two neighboring wires 
 and �, a crosstalk table
�
����
� 
�� �� ��� is determined, where 
�� �� � ��� �� de-
note the inversion level of wire 
 and �. If the inversion
level of a wire is �, then the values are transferred in neg-
ative (inverted) logic over that wire. Otherwise, positive
logic is used. The crosstalk table is determined accord-
ing to

�
����
� �� �� �� � �������
� �� � �������
� ���
�������
� �� � �������
� ���
�������
� �� � �������
� ���
�������
� �� � �������
� ���
� � �������
� �� � � � �������
� ��

(2)

�
����
� �� �� �� � �������
� �� � �������
� ���
�������
� �� � �������
� ���
�������
� �� � �������
� ���
�������
� �� � �������
� ���
� � �������
� �� � � � �������
� ��

(3)

and
�
����
� �� �� �� � �
����
� �� �� ��
�
����
� �� �� �� � �
����
� �� �� ��

(4)

A term �����	�
� �� denotes the probability value that
wire pair �	�� 	�� is �� before and �� after a clock cy-
cle (��� �� � ���� ��� ��� ���).

Using the crosstalk table, the overall coupling effect of a
bus of �� � wires can be determined as follows:

�
���
�� �

��
���

��� (5)

Figure 3. Bus permutation example

with

�� � �
�

�
��

� �
����	�� 
���� 	���� 
������� (6)

Where 	� and 	��� denote the left and right shield wires,
respectively. The 
��� is 1 if data on wire 	� is transmitted
in inverted logic, 0 otherwise. Note that 
��� � 
����� � �
and we assume minimal spacing between their neighboring
wires. Finally, �
�� is the minimal allowed distance (space)
between two wires.

3. Problem Formulation

In the following three sub-sections, the basic optimiza-
tion problems are defined and optimal solutions are given
for two of them. Thereafter, a combined optimization prob-
lem is described.

3.1. Optimal Permutation Problem

In order to efficiently reduce the coupling power on a
bus, the wires are statically reordered so that bus lines with
a similar behavior are adjacent (see Figure 3 for example).
As a result, the coupling effect �
���
�� will change ac-
cordingly. The optimal permutation problem is to reorder
the wires so that the total coupling effect �
���
�� is mini-
mal.

In detail, a permutation is defined by a mapping � that
associates each wire 
 on the permuted bus with its position
� on the original bus: ��
� � �. Note that the shields are not
permuted. That is ���� � � and ���� �� � �� �.

As shown in [7], the bus ordering problem is NP-hard.
Hence, an appropriate heuristic algorithm is needed to cal-
culate a good solution in reasonable time.

3.2. Optimal Inversion Problem

In contrast to previous studies [16, 21], our optimal in-
version problem is to statically assign each wire a logic
level. That is, the data over a wire are either transmitted us-
ing positive or negative logic. The optimal inversion for a
given bus layout can be determined by the algorithm shown
in Figure 4. In detail, get optimal inversion is called two
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PROCEDURE get optimal inversion (���, 
�

�) IS
Input: inversion value of wire �
Input: bus permutation vector ��� � �	�� 	�� � � �	����
Output: optimal inversion vector 
�� � ���� �� � � � �����

BEGIN
������ � 
�

�;
�� � �� ���� � ��
FOR i IN 1 TO � LOOP
�� � ������;
IF �
����	�� ��� 	���� ������� �
�
����	�� ��� 	���� ������� �� THEN
������ � ������� �;

END IF;
END LOOP;
RETURN ���� �� � � � �����;

END PROCEDURE;

Figure 4. Algorithm to optimize bus wire in-
version for a given wire permutation (� de-
notes the logical exclusive or operator)

times. First, parameter 
�

� is set to 0, then it is set to 1.
The configuration that gives a lower �
���
�� is the opti-
mal solution.

The algorithm exploits the symmetry property of the
crosstalk table:

�
����
� ��� �� ��� � �
����
� �� � �� �� �� � ��

where � denotes the logical exclusive-or operator (see
also Equation 4). As a result, for a given bus permuta-
tion 	 � �	�� 	�� � � �	���� and two inversion vectors
� � ���� ��� � � � ����� and � � ���� ��� � � � �
� �
�� �
�� �
��� �� � � � ����� �� the following equation holds for
all � � � � �� �:

�
����	� ����
����	� �� �
�
����	
� �
� 	
��� �
����
�
����	
� �
� 	
��� �
�� � ���

Accordingly, if for a given inversion vector, the inversion
levels are toggled for all wires with a index 
, 
 � �, then
coupling reduction/increment for the entire bus is deter-
mined by the change of the crosstalk value between (neigh-
boring) wires� and�� �.

Note that the inversion level can be easily incorporated
into the bus architecture, as only the bus driver must be
modified accordingly at the sender. At receiver side, the cor-
responding inverter can be typically merged with the fol-
lowing combinational logic. Hence, wire inversion nearly
comes for free.

3.3. Optimal Spacing Problem

The optimal spacing problem is to adjust the spacing be-
tween wires so that the total coupling factor between adja-
cent wires is minimized. However, the accumulative addi-
tional wire space that can be exploited is equal to a given
value 	.

The coupling factor between two wires 	� and 	��� is

������ � �� � �
����

� (7)

As shown in Figure 2, �� is the additional space between
the wires divided by �
��. I.e., wire spacing is equal to
�
���� � ���, with �� � �. If �� � �, then the wire spacing
is �
��. Hence, the term �� is the coupling value for min-
imal space (see Equation 6). Note that doubling the space
will decrease the coupling value by a factor of 2.

As a result, the optimization goal is to minimize

�
�����
�� �

��
���

������ (8)

with respect to
��

��� �
�� � �� � 	.
The wire spaces �� that give a minimal �
�����
�� can be

calculated as follows:

� First, calculate��

���� for all 
 and sort the results in in-
creasing order. Without loss of generality, we assume
��

���� � ��

���� � � � ���

����. �
�

� denotes the derivate
of �� with respect to ��. Note that ��

���� � � for
� � �.

� For all � � �� �� �� � � � � calculate a constant �� to
�� � ��

���� and determine

	� �

��
���

�
�� � �������

where ����� is defined as follows:

����� �

� �� ��
�
� � 
 � � ���
� 
 � � ��� � (9)

Let �� be the largest � for which 	� � 	.

� Calculate the optimal���� according to

���� � �
� ��

������

	
��

	��
�� � �� ��

��
� (10)

� From���� all �� can be calculated using Equation 9.

Note that the proof of the spacing solution given above
is optimal is out of the scope in this paper.
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Figure 5. Structure of a gene

3.4. Combined Permutation, Inversion and Spac-
ing Problems

Permutation, inversion, and spacing can now be com-
bined to build a bus architecture that produces a minimal
effective coupling value �
���
�� . In detail, a bus configu-
ration consists of

� a wire permutation �,

� an inversion vector 
�� � ���� ��� � � � ����� and

� a wire spacing � ���� ��� � � � ���
so that the effective coupling value

�
������ �
� ��
�
��

��
���

�
����	����� ������ 	������� ��������

� � ��
(11)

is minimal.
As finding the optimal solution for the permutation prob-

lem is already NP-hard, we used a heuristic approach to find
a suitable architecture for this combined problem.

4. Optimization Algorithms

In order to synthesize a bus architecture that is tailored
to a specific bus activity, we developed a combined ap-
proach to simultaneously optimize permutation, inversion,
and spacing as described in Section 3.4.

Similar to our previous work in [11], our optimization
technique adopted here is also based on genetic algorithms
(GA).

During GA optimization, a set of individual genes is cre-
ated where each single individual is a solution to the prob-
lem. The structure of a gene is shown in Figure 5. It consists
of a string of! numbers, where the leftmost number deter-
mines the number of the wire that is routed to the leftmost
position. New genes are generated by merging two exist-
ing (parent) genes from the population. Selection of parent

PROCEDURE simultaneous GA opt IS
BEGIN

WHILE (continue) LOOP
WHILE (
"#����

#�
 � ����$ �
�

) LOOP

�%�
&�$��#
&�$� = random select ("#����

#�);
' = new gene (%�
&�$,�#
&�$);
'�
���$�
#� = calculate best inversion (g);
'�����
�' = calculate best spacing (g);
"#����

#� � "#����

#� � ';

END LOOP;
"#����

#� = select genes ("#����

#�);

END LOOP;
RETURN get best gene ("#����

#�);

END PROCEDURE;

Figure 6. Simplified pseudo-code for simulta-
neous optimization

genes is randomly done. However, genes with a better fit-
ness value are preferred. Each gene is associated with a fit-
ness value that describes the quality of the solution repre-
sented by the gene. We use Equation 11 to rate the genes.

Here, only the permutation is determined by the GA. As
shown in Section 3.2 and 3.3, the inversion vector as well as
wire spacing can be determined optimally for a given per-
mutation without much effort. Hence, for each gene gen-
erated by the GA, an optimal inversion vector and optimal
spacing were calculated (see Figure 6).

Further, we also developed an approach that first opti-
mizes permutation and inversion using a fixed, equal wire
spacing (see Figure 7). After a good solution has been de-
termined, optimal spacing is determined for this configura-
tion using the algorithm described in Section 3.3. I.e., in-
stead of generating an optimal spacing for each gene, per-
mutation and inversion is done by assuming constant spac-
ing (all spaces were set to �
��). This approach is called se-
quential optimization in the following while the previous is
named simultaneous optimization.

5. Experimental Results

In order to analyze the effectiveness of our approach, we
implemented the GA in C++ on a LINUX system. The tran-
sition pattern were obtained from SimpleScalar processor
simulator [3]. We extracted traces for the instruction bus
(bus width ! � ��) between processor core and instruc-
tion cache of the PISA processor architecture, which is de-
rived from the MIPS-IV ISA. In detail, we gathered trace in-
formation from complete runs of 12 SPEC 2000 integer and
floating point benchmark programs. In each case the opti-
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PROCEDURE sequential GA opt IS
BEGIN

WHILE (continue) LOOP
WHILE (
"#����

#�
 � ����$ �
�

) LOOP

�%�
&�$��#
&�$� = random select ("#����

#�);
' = new gene (%�
&�$,�#
&�$);
'�
���$�
#� = calculate best inversion (g);
'�����
�' = equal spacing;
"#����

#� � "#����

#� � ';

END LOOP;
"#����

#� = select genes ("#����

#�);

END LOOP;
	
���$ � get best gene ("#����

#�);
	
���$�����
�' = calculate best spacing (winner);
RETURN 	
���$;

END PROCEDURE;

Figure 7. Simplified pseudo-code for sequen-
tial optimization

Figure 8. Energy reduction for various bus
schemes (	 � ��� �
��)

mization programs were executed for one hour on a Pen-
tium 4 2.4 GHz with 1G Byte of main memory. That is, for
a fair comparison all programs had the same amount of run-
time to perform optimization.

For our experiments, we set the total additional wire
space 	 to �� � �
��, �� � �
��, �� � �
�� and �� � �
��. All
coupling reduction numbers are calculated as follows:

��� � �
�
��� ����
�' �#	�$ � #�

�
(�� �#	�$
�
�
��� ����
�' �#	�$

�

Figure 8 compares seven different bus schemes :

� Sequentially wire permutation, spacing, and inversion
optimization (seq. perm + spacing + inversion).

Figure 9. Energy reduction for various addi-
tional wire space

� Sequentially wire permutation and spacing optimiza-
tion (seq. perm + spacing).

� Simultaneously (parallel) wire permutation, inversion
and spacing optimization (par. perm + spacing + inver-
sion).

� An architecture that uses spacing and inversion only
(spacing + inversion).

� A configuration that amortizes the additional width to
each wire space (equal spacing).

For the previous five schemes a separate architecture has
been generated for each individual benchmark. The follow-
ing two schemes are each based on a single reference archi-
tecture. That is, permutation, inversion and spacing were de-
termined from a “artificial” benchmark that was generated
by merging several of the original benchmarks. We tested
two configurations:

� An artificial benchmark were generated by merging all
12 benchmarks (par. perm + spacing + inversion using
full ref. architecture).

� An artificial benchmark were generated by merging
benchmarks gzip, vpr, gcc, mesa, art and mcf (the first
6 shown in the figure; par. perm + spacing + inversion
using partial ref. architecture).

We used simultaneous wire permutation, inversion and
spacing to do optimization. The power saving number were
then measured by applying the various benchmarks to this
particular architecture.

As shown in Figure 8, sequential and simultaneous per-
mutation, spacing and inversion schemes produce almost
the same energy reduction rate, and each has special skills
on different benchmarks. Besides, the energy reduction of
first three schemes are significantly better than the gain ob-
tained with “spacing + inversion” and “equal spacing”. For
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some cases, using permutation and optimal spacing dou-
bles the power reduction results. On average nearly 60%
power reduction can be achieved (compared to equal spac-
ing). This is a very promising result as our architecture
adds only marginal delay overhead to the bus. The results
also show that the gain achieved by inversion is not signif-
icant. Further, in some cases the architectures with inver-
sion performed even worse than architectures without in-
version. Hence, permutation and spacing are sufficient to
achieve good results. Compared to an approach that uses
only optimal spacing and inversion (see “spacing + inver-
sion”), approximately 15% on average and in some cases
even more than 20% additional power reduction could be
achieved by applying permutation. Hence, permutation and
optimal spacing are key technologies for power reduction.

The results obtained from the artificial benchmarks also
show a good performance. Note that the “partial reference
architecture” were obtained by applying the first 6 bench-
marks. Nevertheless, the power saving numbers for the re-
maining benchmarks that were not used to synthesize the
architecture are significantly better than using only spacing
and inversion in most cases. Hence, we expect that an ar-
chitecture generated from a carefully selected set of bench-
marks can significantly save power for most typical pro-
grams.

Figure 9 shows the sequentially and simultaneously op-
timized result for different additional widths 	. It is rea-
sonable that we can get more reduction rate by providing
more additional space. However, note that the gain is not the
same among the benchmarks. For example, the power re-
duction of benchmark “mesa” increases from approximate
40% to 80% while the gain for “art” only rises from approx-
imate 60% to 85%. As a result, the gain that can be achieved
strongly depends on the additional spaces as well as on the
statistical properties of the transition patter that are travel-
ing over the bus. Note that for high 	 values, the gain be-
comes nearly the same for all benchmarks. For example,
when 	 � �� � �
�� the gain is varying by up to 20%, the
results for 	 � �� � �
�� are nearly the same among all
benchmarks.

Overall, any additional space allocated to the bus channel
on the die can be efficiently used to combat power dissipa-
tion. For example, if area permits increasing the bus width
by a factor of three, 80% power can be saved on average
(compared to a bus with minimal spacing).

6. Conclusion

With decreasing feature size on silicon, the coupling ca-
pacitances of buses grow rapidly causing a significant im-
pact on the power consumption of whole chip. Thus, buses
should be designed and optimized to dissipate less power
without sacrificing performance. In this paper, we devel-

oped a new approach that synthesizes a static bus architec-
ture from a given bus transition profile for embedded sys-
tems. The architecture exploits wire permutation and inver-
sion. Further, it increases the space between adjacent bus
wires so that the total coupling effect is minimized. In con-
trast to other work, we are the first to show an algorithm
that finds the optimal solution for the spacing problem in
polynomial time. Previous techniques used time consuming
heuristics to achieve nearly optimal solutions.

In contrast to other approaches we applied all techniques
(permutation, inversion and spacing) at the same time to
significantly decrease coupling power. As the permutation
problem is NP hard, we used a genetic algorithm (GA) to
determine a bus architecture. However, the GA only de-
termined the wire order (permutation), while inversion and
spacing were calculated using optimal algorithms.

Note that our architecture does not use any encod-
ing/decoding circuitry. Hence, no delay is added (typ-
ically, the wiring delay caused by permutation can be
neglected). As a result, the architecture is especially ad-
vantageous if timing budget is tight. However, the addi-
tional spacing produces some area overhead. Fortunately,
power reduction can be easily balanced with area over-
head.

For our experiments, we used instruction bus traces ob-
tained from 12 SPEC2000 benchmark programs. We simu-
lated different combinations among permutation, spacing,
and inversion. Integrated all optimization techniques to-
gether, our approach can save energy up to 68% for the best
case and 58% on average while increasing the total wire
space by approx. 50% (compared to a bus with minimal
wire space; 	 � ���
��). Even if using only 25% addi-
tional space is used, still about 50% power could be saved
on average. Our experiments also show that a common sin-
gle instruction bus architecture can be synthesized that sig-
nificantly saves power for typical programs.
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