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An interconnecting bus power optimization method
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On-chip interconnect buses consume tens of percents of dynamic power in a nanometer scale integrated circuit and
they will consume more power with the rapid scaling down of technology size and continuously rising clock frequency,
therefore it is meaningful to lower the interconnecting bus power in design. In this paper, a simple yet accurate
interconnect parasitic capacitance model is presented first and then, based on this model, a novel interconnecting bus
optimization method is proposed. Wire spacing is a process for spacing wires for minimum dynamic power, while wire
ordering is a process that searches for wire orders that maximally enhance it. The method, i.e., combining wire spacing
with wire ordering, focuses on bus dynamic power optimization with a consideration of bus performance requirements.
The optimization method is verified based on various nanometer technology parameters, showing that with 50% slack of
routing space, 25.71% and 32.65% of power can be saved on average by the proposed optimization method for a global
bus and an intermediate bus, respectively, under a 65-nm technology node, compared with 21.78% and 27.68% of power
saved on average by uniform spacing technology. The proposed method is especially suitable for computer-aided design
of nanometer scale on-chip buses.
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1. Introduction

With the rapid scaling down of complementary
metal-oxide semiconductor (CMOS) devices and the
continuous rise in very large scale integrated (VLSI)
circuit working frequencies, more and more functional-
ity modules are integrated on a chip. This leads to the
requirement for better communication between sub-
systems and implies an increase in the use of intercon-
nect buses. Therefore, the on-chip interconnect bus
is becoming a bottleneck in the sense of chip perfor-
mance and power consumption. It has been reported
that up to 50% of overall dynamic power consump-
tion can be consumed by interconnects.[!] The reason
for this phenomenon is that the total capacitance C
in the switching energy of a net F = aCV3p, is dom-
inated by interconnect capacitance.?l What is more,
with devices scaling down in size, the interconnects be-

come closer and crosstalk capacitance becomes larger,
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thereby causing this situation to be increasingly seri-
ous. Thus the development of nanometer scale inte-
grated circuits will be seriously restricted unless inter-
connect power can be lowered effectively.

In order to meet the requirements for performance
and power caused by rising clock frequency and in-
creasing complexity, many methods, such as optimal
repeater insertion (ORI),[3] wire spacing and sizing,

[5,6] [7.8] have been

low-swing circuit, and bus encoding,
proposed. A small delay penalty will save a consider-
able amount of power. Based on the distributed RLC
interconnect model, Zhu et al.l¥ proposed a method
to calculate the repeater size and the interconnect
length by which the sum of the power dissipation and
the repeater area can be saved while the target de-
lay constraint is satisfied. Using a specified figure of
merit (FOM) function, a new method was proposed
by Tang and Maol for determining the optimal wire

sizing of buffered global interconnects. They also in-
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vestigated the influence of wire width and space on
performance. Considering Vdd and Vth in optimiza-
tion, Chang et al.l’ presented an analytical repeater
insertion method to optimize the power consumption
under the delay constraint for a single net. Being
different from the method of repeater insertion, an
irredundant bus encoding scheme for on-chip buses
was proposed by Wang Feng et al.”l to tackle the
thermal issue arising from on-chip interconnects. Us-
ing the characteristic of values transmitted over the
data bus, an encoding scheme called the FV encod-
ing scheme was developed.[8! Zuber et al.%! developed
a new quasilinear algorithm for solving the coupling
power optimal wire spacing problem and, later, ac-

cording to non-uniform wire spacing, they!?

proposed
a routing optimization method for low interconnect
dynamic power. In addition, optimal ordering was
proposed by Zuber et al.'% to enhance the effect of
power optimal wire spacing. Recently a method of de-
signing quasi-resonant interconnect networks was de-
scribed by Rosenfeld and Friedman™!! for low power
on-chip interconnects.

Combining wire spacing with wire ordering, in
this paper we present an optimization method for
low power on-chip interconnect buses. A simple yet
accurate interconnect parasitic capacitance model is
presented first and then according to this model we
propose an interconnect bus dynamic power model.
Later, the statistical characteristic of data transmit-
ted on interconnect buses is presented and the optimal
wire ordering is verified using this statistical charac-
teristic. Finally, a novel interconnect bus power opti-
mization method is developed and verified.

2. Interconnect bus capacitance

model and power model

Consider an interconnect bus consisting of n par-
allel interconnects buffered by repeaters, as shown in
Fig. 1.

requirements such as time delay, signal slew rate, etc.

Inverters are used to maintain performance

At the same time, ground lines are used to weaken
the effect of crosstalk between adjacent wires. Wire
i denotes the i-th wire in the layout and wire 0 and
wire (n + 1) denote two shielding lines, e.g., ground
lines. Bits can be transmitted through any wire and
different transmission orders will lead to different bus

powers. The process to find the optimal order is called

wire ordering and the process to find the optimal space
is called wire spacing.
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Fig. 1. Buffered interconnect bus structure.

2.1. Interconnect bus capacitance model

Dynamic power is induced by charging and dis-
charging the capacitor and dominates the total chip
power. A simple yet accurate capacitance model is
needed in order to build an accurate dynamic power
model of an acceptable computational complexity.
Taking the BPTM (Berkeley Predictive Technology
Model)”Q] parasitic capacitance model as reference,
an interconnect bus capacitance model satisfying these
requirements is presented in this section.

In a nanometer scale integrated circuit (IC), the
typical wire width and wire space both are on the or-
der of 0.1 um and the ratio of wire height to wire
width is about 2 ~ 3. Fringing capacitance is becom-
ing more and more significant in nanometer CMOS
process technology. Referring to the metrics of the
CMOS parasitic capacitance in the BPTM!? and con-
sidering fringing capacitance, the capacitance can be

expressed as

w s 3.19
— | 2.22(7)
e = ¢ [tim + s+ 0.70tme

L7 s 0.76 t 0.12
L (s + 1.51tins) (tm + 4.53tms) }’

(1)
where ¢, is the self-capacitance per unit length, s de-
notes the space between adjacent wires, t,, is the in-
terconnect thickness, t;,s and e are the thickness and
the dielectric constant of the dielectric material. The
first part in the bracket denotes the parallel plate ca-
pacitance to the metal layer and the last two parts
refer to the fringing capacitance of the interconnect.

The coupling capacitance is also significant and it can

068401-2



Chin. Phys. B

Vol. 20, No. 6 (2011) 068401

be written as(t?!

tm tins 0.09
ome [Laaln (e
S \tins + 2.06s

w 1.14
w + 1.595)

w 0.16 tins 1.18
+1.16( ) ( )
w+ 1.87s tins + 0.98s @)

where c. denotes the coupling capacitance per unit

+ 0.74(

length. Due to the existence of coupling capacitance,
the conditions of timing and signal integrality are
greatly worsened in nanometer scale integrated cir-
cuits.

The capacitance model represented by analytical
expressions (1) and (2) holds in high accuracy, how-
ever its computation is time consuming due to its com-
plex form, therefore it is not suitable for our optimiza-
tion model. Taking the capacitance model represented
by analytical expressions (1) and (2) as a standard,
combining the data fitting technique, in this section

we present a simplified model expressed as follows:

Cg:€(p0'w+p1'53+P2'52+P3'8+P4)7 (3)
ce=¢(qo+q - -w+q/s), (4)

where pg = 1/tins, and coefficients py1, pa, ps, pa, qo,
q1, and g9 are all constants for a specified technol-
ogy and can be easily obtained using the data fitting
technique.

Adopting the capacitance models provided by
BPTM and provided by this paper, the values of ca-
pacitances of global interconnect and intermediate in-
terconnect versus normalized wire space under 90-nm
CMOS technology are shown respectively in Fig. 2
and Fig. 3, where wire space has been normalized to
typical wire space and wire capacitance has been nor-
malized to the self-capacitance of an interconnect of
typical width and space. One can see that cgmodel
and ¢¢model (represent model expressed as Egs. (3)
and (4)) fit cg and cc (represent model expressed as
Egs. (1) and (2)) well, which indicates a high accuracy
of Egs. (3) and (4). Obviously self-capacitance is ap-
proximately proportional to wire width, and coupling
capacitance varies weakly as the wire width increases.
One should notice that as wire space increases, the
coupling capacitance decreases inversely whereas self-
capacitance increases dramatically. A reasonable ex-

planation for this is that as wires turn sparser they

become closer to ground than to adjacent wires and
thus self-capacitance increases.

Figures 2 and 3 also show that for the adopted
typical wire width and wire space, the coupling ca-
pacitance of a global interconnect is comparable to its
self-capacitance and coupling capacitance of an inter-
mediate interconnect, but much larger than its self-
capacitance. Coupling capacitance plays a key role in
the total dynamic power, and the dynamic power can
be dramatically lowered if the coupling capacitance

can be effectively reduced.
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Fig. 2.
malized coupling capacitance of global interconnect versus

Sums of normalized self-capacitance and nor-

normalized wire space under a 90-nm technology node.
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Fig. 3. Sums of normalized self-capacitance and normal-
ized coupling capacitance of intermediate interconnect ver-
sus normalized wire space under a 90-nm technology node.

If non-uniform spacing technology is adopted in
the routing of an interconnect bus consisting of n par-
allel interconnects, the self-capacitance for a given
wire should be calculated by averaging the contri-
butions from the left and the right wires.'% Conse-
quently, matrices of self-capacitance and coupling ca-

pacitance can be expressed as follows:
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Cgl 1 110---00 53 83 s0 1 1
Cg2 1 1 |011.---00 53 8% 5 1 D
Ca = =c-|po-w +5- - e ; (5)
b3
Can 1 000---11 s3 82 s, 1 P4
Cc0 1 1/80
Cel 1 1/81
Ce = =e-[(o+q-w-| |+a | . 7 (6)
Cen 1 1/sn

where cg; denotes the self-capacitance of wire 7 in
Fig. 1, ¢ = 1,2,...,n, and c.; and s; denote the
coupling capacitance and the distance between wire
(7 —1) and wire j respectively, j =0,1,...,n.

2.2. Interconnect bus power model

The power dissipation of a buffered bus consists
of switching power, leakage power and short-circuits
power. Compared with the other two parts, short-
circuit power is so small that it can be neglected in the
power model. Switching power still plays a key role
in total power dissipation and dominates total power
dissipation, though leakage power increases with tech-
nology scaling down. Dynamic power is related not
only to capacitance, but also by a bus switching fac-
tor. Therefore a switching factor is needed before pre-
senting an analytical dynamic power model.

Table 1. Energy consumed by interconnects in different
transmission cases.

ce (wit1, wi)
0 X ccv? - 11, 1L case 1
1 X ccv? N I A A case 2
4 X ccv? T, 17 case 3

For a specified application, the switching factor
can be predicted or obtained statistically by running
a typical application. The statistical result can truly
reflect the switching factor if the sample is abundant
enough. Here, we express bus switching factor matrix
as a = [ajae...q,], where «; denotes the switch-
ing probability of data transmitted on wire ¢, i.e. the
switching factor. As shown in Table 1, the energy
consumed by the interconnects implies discrete values
varying from 0 x c.v? to 4 X c.v?, where v is the volt-
age swing of the interconnect bus, for different trans-
mission cases. This fact will lead to the correlation
between the power model and concrete data transmit-

ted on the interconnect bus. In order to overcome this

problem, a relative switching factor 3 is proposed in
this paper and it is defined as the ratio of expectation
of energy consumed by coupling capacitance between

2 in a single data transmis-

two adjacent wires to c.v
sion, that is to say, 3 = pexp/ccv?. Assuming that the
data transmitted on wire i and wire (i + 1) are inde-
pendent of each other, according to Table 1 peyp,; can

be expressed as follows:
Pexpyi = Cei + (g1 + i) - 02 (7)
Then we can obtain the following relationship ac-
cording to the definition of the relative switching fac-
tor:

Bi = ait1 + i, (8)
where (; denotes the relative switching factor between
wire i and wire (i + 1). Specially there is By = «; as
wire 0 (ground line) is not used to transmit any data
and wire 0 has a switching factor of 0. This condition
corresponds to case 2 in Table 1. For an n-bit inter-
connect bus, as shown in Fig. 1, its relative switching
factor matrix can be expressed as 8 = [Bpf1 - - On)-
As part of the experimental results, the validity of
Eq. (8) will be verified in Section 4.

Taking the self-capacitance and the coupling ca-
pacitance into account, the dynamic power of an n-bit
interconnect bus can be expressed as follows:

P=(a-Cq+pB-Cc)v’f, (9)

where P, v, and f denote the dynamic power, voltage
swing and working frequency of the interconnect bus,
respectively. The two parts in the brackets denote
contributions of self-capacitance and coupling capaci-
tance, respectively.

3. Interconnect bus power opti-

mization method

The interconnect bus power model represented by
Eq. (9) indicates that several parameters, such as volt-
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age swing, working frequency, switching factor, self-
capacitance or coupling capacitance, can be chosen
and optimized to reduce the bus power. In this pa-
per, we focus on optimizing the switching factor, self-
capacitance and coupling capacitance only, instead of
taking all parameters into account. The optimization
method presented here consists of two parts: optimal
wire ordering and optimal wire spacing.

3.1. Optimal wire ordering

Optimizing wire ordering is regarded as the pro-
cess for finding a specified wire order that can maxi-
mally enhance the effect of optimal wire spacing. All
the possible wire orders for an n-bit interconnect bus
can be up to 0.5 x n!. Taking an 8-bit bus and a 16-
bit bus for example, they have possible wire orders of
about 2 x 10* and 1 x 103, respectively. Searching
in such a large solution space is time consuming and
nearly impossible.

Fortunately, the existence of a unique power-
optimal wire order has been proven in Refs. [10], [13]-
[15]. Assuming that the coupling capacitance is in-
versely proportional to wire space and ignoring the
self-capacitance, Zuber et all'9 and Gritzmann et
al.3] presented and proved this specific wire order
separately. Taking the same assumption and ignoring
the relation between self-capacitance and wire space,
Moiseev et al.1415 also constructed and proved this
optimal wire order.

However, one can see clearly from Figs. 2 and 3
that self-capacitance is comparable to coupling capac-
itance and strongly dependent on wire space. Conse-
quently, self-capacitance and its effect on wire space
should not be ignored in optimization. As these two
factors were not considered in Refs. [10], [13]-[15],
whether their conclusions still hold in this condition
should be verified first. For the 8-bit interconnect bus
with several distinct switching factor matrices in this
paper, we search for the optimal wire order (including
all possible wire orders) using different searching al-
gorithms. Abundant experimental data show that the
conclusions in Refs. [10], [13]-[15] still hold in this pa-
per on condition that the coupling capacitance is com-
parable to the self-capacitance while this requirement
can be easily satisfied in nanometer scale integrated
circuits.

Generally, the switching factor rises from 0 to 0.5
gradually from most significant bit (MSB) to least sig-

nificant bit (LSB). We define bit 1, bit 2 ... bit (n)
according to the switching factor order from the small-
est to the largest. That is to say, bit 1 is regarded as
the wire with the smallest switching factor and bitn
is considered as the wire with the largest switching
factor. Then the optimal wire order will be {GND,
bit 1, bit 3, bit 5 ... bit (n — 1), bit (n), ..., bit 6,
bit 4, bit 2, GND}0:13=15] a5 shown in Fig. 4, and the
switching factor rises gradually from two sides to the
middle. Relative switching factor is depicted in Fig. 5,
where a rising trend of 8 from two sides to the middle
is shown. An intuitive explanation for Figs. 4 and 5 is
that such a wire order can minimize ) 3 as much as
possible and help reduce the distance shared by “weak
coupling wires” and increase the distance shared by
“strong coupling wires” so as to reduce > C¢ and fi-
nally leads to a minimum value of 3 - Cc.

0.50

0.40

0.30

Switching factor
o
o
S

o
—_
[=]

0

S

Wire position
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Fig. 4. Optimal wire order and switching factor.
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o
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Coupling wires

Fig. 5. Optimal wire order and relative switching factor.

3.2. Optimal wire spacing

As the communication mechanism between sub-
systems is usually realized using a high-speed inter-
connect bus, the on-chip bus has been a performance
and power bottleneck in nanometer scale integrated
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circuits. In order to satisfy the performance require-
ments, such as, for time delay, signal slew rate and
crosstalk, some constraints should be introduced in
the process of optimization. Assuming that the wire
width is constant, the wire space is chosen to be used
as the constraint and no wire space is allowed to be
smaller than the constraint.

Based on the above analyses, in this section
we present an interconnect bus power optimization
method with combining wire spacing with wire order-
ing. Adopting the wire order presented in the last
section, the optimization model can be written as the
following expression:

min . P
t Ccoef'S:(1+5)'3mina
S.
S Z Sc - C(;I(;efv (10)

Ccoef: [1 1--- 1];

S=1[s0 81 50

where C.oor is the coefficient matrix with a size of
1 x (n+ 1), and its elements are all 1 in value; CT .
denotes the transpose of Ceoer; S represents the ma-
trix of distances between two adjacent wires and it has
a size of 1 x (n+1) t00; $pmin means the minimum space
needed to layout an n-bit bus adopting minimum wire
width and minimum wire space; d refers to the slack
of routing space (the extra space available can be used
for placing wires) and s. is the constraint of wire space.
The remaining parameters have the same meanings as
those mentioned above. The first equality constraint
shows that the routing space can be used and the sec-
ond inequality indicates the constraint condition that
should be satisfied during the optimization. It is a
minimum problem of a constrained nonlinear multi-
variable function and there are many special numeri-
cal methods that can be used to handle this problem.

4. Model verification and discus-
sion

Buses can be divided into address buses and
data buses according to the type of data transmitted
on them. Most of the data transmitted on address
buses vary gradually and all show a smaller value of
(a- Cg + B - Cc) compared with the data transmitted
on data buses. As will be illustrated at the end of this
section, the optimization method should be more ef-
fective on an address bus if it is effective on a data
bus. Therefore, a data bus is chosen as an optimiza-
tion object.

The verification is performed on the assumption
that only audio and video data are transmitted on in-
terconnect buses, and we refer to the bus only trans-
mitting audio data as an audio bus and the other one
as a video bus. In fact, the data transmitted on a bus
is a mixture of data of all these types and other types.
However, at that time, the weighted average value of
the switching factor can be obtained and then this
method can be used.

0.6
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Fig. 6. Statistical results of switching factors for an audio
bus (a) and a video bus (b).
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Fig. 7. Layout of an optimal interconnect bus.

Switching factor matrices of an audio bus and a
video bus are obtained in this paper by taking statis-
tics over several samples containing abundant data.
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As shown in Figs. 6(a) and 6(b), every statistic
contains 5 samples and their average value, and all the
samples show similar properties. Clearly MSB has a
switching factor of about 0 and LSB has a switching
factor of nearly 0.5, which indicates the predictability
of MSB and the randomicity of LSB.

Under 65-nm, 90-nm and 130-nm technology
nodes, intermediate buses and global buses are op-
timized in this section. All interconnect parameters
are provided by the BPTM.[12:16:17 The optimal in-
terconnect bus layout is depicted in Fig. 7 where high
bits are distributed on both sides and low bits are
distributed in the middle so as to increase the space
shared by low bits and consequently reduce the cou-
pling capacitance between low bits. Now the relative
switching factors of the audio bus and the video bus
are depicted in Figs. 8(a) and 8(b), respectively, where
the statistical value and calculated value from Eq. (8)
are presented simultaneously. One can observe that
the statistical results fit to Eq. (8) nicely, except for
two points on both sides. This observation indicates
that ignoring the relativity of signals is acceptable.

To compare the dynamic powers of interconnect
buses adopting a minimum wire space, Table 2 and Ta-
ble 3 show the power savings that can be provided by
this optimization method and uniform spacing tech-
nology for different routing space slacks. For a value of
slack of 50% under a 65-nm technology node, 27.68%
power of an intermediate audio interconnect bus and
21.78% of power of a global audio interconnect bus
can be saved by uniform spacing technology, whereas
32.26% of power of an intermediate audio intercon-
nect bus and 25.39% of power of a global audio inter-
connect bus can be saved by the proposed optimiza-
tion methodology, with an average power saving of
4.09%. In addition, under the same conditions 27.68%

of power of an intermediate video interconnect bus and
21.78% of power of a global video interconnect bus
can be saved by uniform spacing technology, whereas
33.03% of power of an intermediate video interconnect
bus and 26.03% of power of a global video intercon-
nect bus can be saved by the proposed optimization
methodology, with an average power saving of 4.80%.
Considerable results can be obtained by the optimiza-
tion methodology. It is easy to conclude from Tables
2 and 3 that better results can be obtained for a rel-

atively big value of slack.
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Fig. 8. Relative switching factors of the audio bus (a)
and the video bus (b).

Table 2. Power savings provided by the two routing methods, with the audio bus acting as an optimization object.

5 Wire type Global Intermediate
Tech. node 65 nm 90 nm 130 nm 65 nm 90 nm 130 nm
Uniform spacing 6.15% 6.15% 5.87% 7.73% 7.48% 6.87%
10% Optimization method 8.24% 8.23% 7.84% 10.38% 10.04% 9.19%
Extra power saving 2.08% 2.08% 1.97% 2.65% 2.55% 2.32%
Uniform spacing 15.32% 15.30% 14.53% 19.38% 18.70% 17.06%
30% Optimization method 18.73% 18.68% 17.67% 23.79% 22.89% 20.77%
Extra power saving 3.41% 3.18% 3.14% 4.40% 4.18% 3.71%
Uniform spacing 21.78% 21.71% 20.52% 27.68% 26.62% 24.13%
50% Optimization method 25.39% 25.24% 23.70% 32.26% 30.91% 27.84%
Extra power saving 3.60% 3.53% 3.18% 4.58% 4.30% 3.71%
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A comparison of Table 2 and Table 3 indicates that with switching factor becoming smaller, the uniform
spacing provides a constant power saving while the proposed optimization method provides a rising power
saving. Consequently better results can be achieved when this optimization method is applied to an address
bus due to its smaller switching factor. Additionally, as reported in Ref. [9], that 95% of signals in a high-
end microprocessor have switching factors less than 0.2 guarantees the application scope of this optimization
method.

Table 3. Power savings provided by the two routing methods, with the video bus acting as an optimization object.

5 Wire type Global Intermediate
Tech. node 65 nm 90 nm 130 nm 65 nm 90 nm 130 nm
Uniform spacing 6.15% 6.15% 5.87% 7.73% 7.48% 6.87%
10% Optimization method 8.90% 8.90% 8.46% 11.24% 10.86% 9.92%
Extra power saving 2.75% 2.75% 2.59% 3.51% 3.38% 3.06%
Uniform spacing 15.32% 15.30% 14.53% 19.40% 18.70% 17.06%
30% Optimization method 19.46% 19.39% 18.31% 24.72% 23.76% 21.53%
Extra power saving 4.14% 4.10% 3.78% 5.34% 5.06% 4.47%
Uniform spacing 21.78% 21.71% 20.52% 27.68% 26.62% 24.13%
50% Optimization method 26.03% 25.86% 24.22% 33.03% 31.62% 28.42%
Extra power saving 4.25% 4.15% 3.70% 5.35% 5.00% 4.29%

5. Conclusion

An optimal wire order is verified in this paper
and it helps us to avoid searching solution space for
the optimal order. Based on this verification, com-
bined with the analytical capacitance model proposed
in this paper, a novel interconnect bus power optimiza-
tion method adopting a no-uniform spacing technol-

ogy is presented. Being a different form of bus coding,

this optimization method does not need an overhead
circuit. Optimizations of interconnect buses of differ-
ent application types, at different interconnect layers,
are performed under different technology nodes. The
proposed optimization method provides considerable
power savings and plays an important guiding role in
the design and the optimization of interconnect buses

in nanometer scale CMOS integrated circuits.

References

[1] Magen N, Kolodny A, Weiser U and Shamir N 2004
Proceedings of the International Workshop on System
Level Interconnect Prediction February 14-15, 2004 Paris,
France, p. 7

[2] Zuber P, Bahlous O, Ilnseher T, Ritter M and Stechele W
2008 IEEE Trans. on Very Large Scale Integration System

[8] Yang J, Gupta R and Zhang C 2004 ACM Trans. on De-

sign Automation of Electronic Systems 9 354

Zuber P, Ilnseher T and Stechele W 2007 SPIE Int. Symp.

Microtechnology New Millennium May 9-11, 2007 Porto

Alegre, Brazil p. 41

[10] Zuber P, Gritzmann P, Ritter M and Stechele W 2005
The Optimal Wire Order for Low Power CMOS: Inte-
grated Circuit and System Design (Heidelberg: Springer)

[9

171 p. 664
[3] Zhu Z M, Qian L B and Yang Y T 2009 Chin. Phys. B 18 [11] Rosenfeld J and Friedman E G 2009 IEEE Trans. on Very
1188 Large Scale Integration Systems 17 181

[4] Tang M and Mao J F 2008 Int. Conf. on Microwave and
Millimeter Wave Technology, April 21-24, 2008 Nanjing,
China, p. 479

[5] Chang Y C, Tam K H and He L 2005 Int. Sym. on Low
Power Electronics and Design, August 8-10, 2005 San
Diego, California, USA p. 137

[6] Zhang H and Rabaey J 1998 Int. Sym. on Low Power

[12] http://www.eas.asu.edu/~ptm/

[13] Gritzmann P, Ritter M and Zuber P 2010 Journal Math-
matical Programming 121 201

[14] Moiseev K, Wimer S and Kologny A 2008 Integration—
the VLSI Journal 41 253

[15] Moiseev K, Kolodny A and Wimer S 2008 ACM Trans-
actions on Design Automation of Electronic Systems 13

Electronics and Design August 10-12, 1998 Monterey, 65 )
California, USA p. 161 [16] En Y F, Zhu Z M and Hao Y 2010 Chin. Phys. Lett. 27
078401

[7] Wang F, Xie Y, Vijaykrishnan N and Irwin M J 2006
IEEE Design Automation and Test, March 10-12, 2006
Munich, Germany p. 850

[17] Dong G, Yang Y, Chai C C and Yang Y T 2010 Chin.
Phys. B 19 110202

068401-8



