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ABSTRACT
In this work we propose a methodology for the reduction
of leakage power dissipation through the use of smart body
contacts in a partially depleted Silicon-on-Insulator (PD-
SOI) technology. Reverse body biasing is used to increase
threshold voltage in standby while in active mode PD-SOI
gates switch with nominal Vth. As opposed to standard
dual-Vth techniques used in CMOS bulk circuits, PD-SOI
enables the application of body-bias to all gates included
those in critical paths without delay penalties. Results are
reported for the ISCAS85 combinational benchmarks.

1. INTRODUCTION
The increase in subthreshold leakage of CMOS IC's is the

consequence of reduced supply voltages for power saving and
of threshold voltage scaling necessary to prevent from exces-
sive delay degradation. The SIA roadmap forecasts for year
2002 a need for more than 50% reduction of static power and
more than 80% for 2005 [1] and points out that this must
be achieved not only through technology improvements but
that circuit and system level solutions must be adopted.

Several recent papers faced the issue of reducing leakage
consumption. The search of the minimum leakage input to
be applied in standby is only e�ective for logic circuits with
few levels while for combinational circuits with a large num-
ber of levels like the ISCAS85 suite there is a little di�erence
between maximum and minimum leakage [2, 3, 4]. The use
of two threshold voltages is one of the most e�ective meth-
ods to reduce subthreshold leakage [5]. A few ways of using
a dual-Vth process have been successfully proven. The �rst
one, Multi-Threshold CMOS (MTCMOS), uses a high-Vth
\sleep" transistor that provides power supply to low-Vth
logic gates in series with the high-Vth sleep MOSFET [6,
7]. The second one uses high-leakage low-Vth gates in criti-
cal paths and low-leakage high-Vth gates in the non-critical
ones [8]. Another one, Mixed-Vth CMOS (MVTCMOS), al-
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lows the use in the same gate of transistors with two di�erent
thresholds [9]. MTCMOS has the problem of delay increase
and area consumption due to the large sleep transistor [10].
In addition, the use of a gating transistor in series with Vdd
creates or increments power supply noise problems and lim-
its the applicability of CAD tools for automated design and
veri�cation. The other two techniques can be applied with
e�ectiveness only to circuits having a small portion of the
overall gates in critical paths. Moreover, MVTCMOS re-
quires an accurate modeling of the delays at the transistor
level to be used in conjunction with algorithms of high/low-
Vth selection.
Two thresholds can be obtained through di�erent levels

of implantation or di�erent body biasing. The �rst tech-
nique requires additional masks while the second one needs a
triple well process in a CMOS bulk technology. In Partially-
Depleted SOI (PD-SOI) it is possible to bias the body of sin-
gle devices because they are isolated by the �eld oxide [11]
such that Vth modi�cation can be obtained without any
additional process costs. Moreover simple biasing circuits
using pass-gates can remove body bias when exiting from
standby to active mode. As a consequence the bias can be
applied to all gates because delays, that are in turns directly
related to the Vth value, are not modi�ed. This property
should be considered together with the fact that SOI cir-
cuits are better in terms of delay and dynamic power [11,
12, 13]. Therefore we propose PD-SOI circuits with smart
body contacts for leakage reduction in standby mode.
In section 2 our methodology for the reduction of leakage

currents through the use of body contacts in a PD-SOI tech-
nology is explained. In section 3 we propose a method to
be applied after the logic synthesis for choosing the correct
instance of gates with optimal body contacts. The results of
the application of the methodology to a suite of benchmarks
are presented in section 4 while the conclusions are carried
out in section 5.

2. LOW LEAKAGE THROUGH BODY
BIASING

PD-SOI MOSFET's are usually designed with 
oating
bodies in high performance designs such as microprocessors
because the body contacts consume area [13]. They can be
instead aggressively used in ultra low power designs where
area and time constraints are often of less concern. In or-
der to reduce leakage while saving area we propose a smart
body contacts approach consisting in placing them when-
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ever necessary, exploiting the fact that the leakage through
a series of MOSFET's can be reduced by modifying Vth of
a single device. Such an approach has a degree of similar-
ity with MTCMOS where a single high-Vth \sleep" MOS-
FET is placed in series with the low-Vth cells that perform
logic operations. Our technique consists instead in assign-
ing a \sleep" function to some normal low-Vth transistors
through a proper body biasing. This solution avoids the
series connection of an ad hoc sleep transistor which a�ects
delay and increases power supply noise [10]. In order to bet-
ter explain our approach let's consider a simple nand-2 gate
like in Fig. 2(a). If the input in standby mode is known it is
possible to place the body contacts that minimize leakage in
that state. For instance, if (A;B) = (0; 1) the leakage cur-
rent is reduced by contacting the body of M1 as indicated
in Fig. 2(b). If (A;B) = (1; 1) both M3 and M4 bodies must
be contacted.

(A,B)=(1,1)(A,B)=(0,1)

M1

M3 M4

(c)(b)

B

M1A

B

A

B

A

(a)

M1

M2

M3M4

M2

M3M4

M2

Figure 1: (a) original nand, (b) minimum leakage
when (A,B)=(0,1), (c) when (A,B)=(1,1).

In a large circuit consisting of several gates the state in
standby can be forced by applying a special \sleep input pat-
tern" multiplexed with the normal inputs or by using special

ip-
ops that can be forced in a \sleep state" without loss
of data, like it was shown in previous works focused on the
minimum leakage state search [2]. If the input in standby
cannot be known a priori, the most probable input for each
gate after the technology mapping can be computed and the
body contacts assignment minimizing the average leakage
current can be chosen. This is possible in PD-SOI because
the MOSFET body biased in standby can be left 
oating
in active mode. This can be achieved through a simple low
area circuit using pass-gates. The delay is not a�ected by
the Vth increase since it is applied only in standby. Hence,
the standard synthesis step in the design 
ow can be done
while the leakage reduction can be obtained through a post-
synthesis optimization process. This is the main di�erence
from other proposed algorithms of dual threshold synthesis
where the use of high-Vth gates for leakage reduction a�ects
the circuit delays such that a simultaneous optimization of
delay and leakage power must be performed [8, 9]. Using
PD-SOI with our method, all the gates, included those in
critical paths, become low leakage gates in standby such that
the leakage saving is improved with respect to previous ap-
proaches. Our approach does not exclude the application of
the already proposed algorithms since at the present stage
only leakage in standby is reduced. It is well known that
a higher Vth reduces also short-circuit power. An improve-
ment could be that of �xing Vth high in non-critical paths

through static body biasing while leaving the gates in crit-
ical paths free from body biasing in active mode. However
we will concentrate the following analysis on the leakage dis-
sipation when the circuit is in standby mode.

3. POST-SYNTHESIS OPTIMIZATION
In order to prove the e�ectiveness of our approach we have

considered a small library consisting of NAND, NOR and
INVERTER. Each gate has functionally equivalent views
with di�erent body contacts such that each one minimizes
leakage for a single input con�guration. An \all body con-
tacts" view is used when input static probabilities are not
given or are near 0:5. In table 1 are reported the leakage val-
ues and the number of body contacts for the 2-inputs nand
with six di�erent views

V = fnd2Orig; nd200; nd201; nd210; nd211; nd2Allg:

The �rst and the last one are respectively the original 0-
body contacts and all-body contacts views while the others
are identi�ed by a 2-bits ending meaning the input state in
which that view minimizes the leakage current. Table 1 has
been obtained through Spice simulations (BSIMSOI model)
at Vdd=1V and applying to body-contacted NMOSFET's
�0.5 V and Vdd+0.5V to PMOSFET's. Similar tables can
be given for all our gates. The leakage saving achievable
depends on the bias applied. As opposed to dual-Vth CMOS
bulk processes, where there is an optimal high threshold at
which leakage is minimum [8], the amount of body biasing
can be chosen in a large range and only technology and/or
design dependent limits do exist.

Table 1: Body contacts (BC) and leakage (L, in pW)
of the six nand-2 views for each input.

view BC L(00) L(01) L(10) L(11)
1 nd2Orig 0 1.2 39 60 141
2 nd200 1 0.9 6.6 66 141
3 nd201 1 0.9 6.6 66 141
4 nd210 1 7.4 21 12 141
5 nd211 2 2.4 42 64 37
6 nd2All 4 0.9 15 9 38

The choice of the optimal view for a gate in the library
requires a former knowledge of the input state. If input
probabilities p(i 2 I) of a gate are known we can choose the
view v 2 V such that the average leakage

Lv =
X

i2I

p(i)Lv(i) (1)

is minimum. When the input state is known, let's say i =
k, only one term in (1) is non-zero since p(i) = Æ(i � k).
Otherwise we use the input distribution, and if that is the
case we assume all inputs i 2 I equally probable. Examples
of application of (1) are given in the following.

3.1 Case of unknown inputs
Let's consider a tree and a chain implementation in our

library of the eight inputs \and" function as shown in Fig. 2.
Assuming equiprobable inputs we obtain the numbers in �g-
ure representing the probability for a given net to be at logic
\1". Application of (1) leads to table 2 indicating the opti-
mal choice for every instance in two cases:
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Figure 2: Tree (a) and chain (b) implementations of
and-8 and net probabilities.

a) no limits on body contacts number, i.e. nd2All, invAll
and nr2All views of the cells in our library can be used;
b) body contacts constraint of at most one per input of each
gate.
In table 3 the leakage of the synthesis results reported

Table 2: Optimal choice of instances for minimum
leakage for circuits in Fig. 2 (a) without and (b) with
body contacts constraints.

Instance tree (a) chain (a) tree (b) chain (b)
N0 nd2All nd2All nd211 nd211
N1�3 nd2All nd2All nd211 nd200
I0�3 invAll invAll inv1 inv1
N4�5 nd2All nd201 nd200 nd200
I4�5 invAll invAll inv1 inv1
N6 nd2All nd201 nd200 nd200
I6 invAll invAll inv1 inv1

in table 2 are compared with the leakage dissipation of the
original solution without any contacts. The number of body
contacts is reported as index of the area overhead.
Without constraints (a), all the gates are of type \All"

in the tree implementation because net probabilities are not
too distant from 0:5. In the chain, probabilities near the
output are such unbalanced that \nd201" is needed. If a
constraint is set (b) the leakage reduction is lower but still
much better than the original case (c). This means that area
and leakage can be well traded-o�.

3.2 Case of a priori known inputs
If standby inputs are �xed, each net logic value is known

such that it is possible to minimize the true leakage and not
its average. Tables 4-5 are like tables 2-3 for �xed standby
input i = f00000000g: In this case constraints are not nec-
essary since we have veri�ed that one or two body contacts
per gate can block leakage.

Table 3: Leakage (L, in pW) of circuits in Fig. 2 and
body contacts (BC): (a) without and (b) with con-
straints, and (c) without body contacts. The power
is also reported as percentage of the original solution
(c).

L(a) L(b) L(c) BC(a) BC(b) BC(c)
tree 100 280 787 42 18 0
chain 88 152 707 42 15 0

tree 13% 36% 100% � � �

chain 12% 21% 100% � � �

Table 4: Optimal instances for circuits in Fig. 2 and
input i = f00000000g.

Instance tree chain
N0�6 nd200 nd200
I0�6 inv1 inv1

It can be remarked that �xing the input can be useful un-
der two aspects:
1) Leakage can be made lower than the average leakage for
equiprobable inputs, both for original and optimized cases.
2) The optimization is much more e�ective since with less
body contacts the same percentage reduction as with inputs
and no-constraints can be achieved, while with not dissim-
ilar number of body contacts a reduction better than the
constrained case can be obtained.
As a consequence, if input �xing in standby is allowed, this
option should be certainly used.

4. RESULTS
We have applied our methodology to the ISCAS85 bench-

marks. A tool that processes a synthesized netlist annotated
with net probabilities or �xed values and applies the leakage
minimization has been developed. In Fig. 3 the average leak-
age values for equiprobable inputs in the optimal solutions
with and without body contacts constraints are reported
and compared to the non-optimized leakage of the circuits
with 
oating bodies. The number of body contacts is also
given. With constraints the leakage saving is on the order of
50% while about 75% can be obtained without constraints.
It could be interesting to quantify the deviation from these

average results. However, this veri�cation requires an ex-
haustive simulation with all possible inputs or additional
methods to evaluate not only the static probability of each
net but also its distribution. We have done a simple veri�ca-
tion with randomly chosen subsets of all possible inputs to
estimate the leakage average and standard deviation. Re-
sults seem acceptable since the discrepancy between esti-
mated and measured average is less than 1% for all the
ISCAS suite while the measured standard deviation is on
the order of 3%. In addition, the deviation is such that the
maximum (minimum) measured leakage is near the average
plus (minus) three times the standard deviation meaning
that true leakage will not be more than 10% larger than the
design value.
In Fig. 4 are reported the leakage values obtained when

the input is �xed in \standby state". For sake of simplicity,
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Table 5: Leakage (L, in pW) of circuits in Fig. 2 and
body contacts (BC) for input i = f00000000g; com-
parison with original case (Lorig, BCorig) is provided.

L Lorig BC BCorig

tree 20 148 14 0
chain 20 148 14 0

tree 13% 100% � �

chain 13% 100% � �
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Figure 3: AVG leakage and body contacts for ISCAS
benchmarks and equiprobable inputs.
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Figure 4: Leakage and number of body contacts for
ISCAS benchmarks in case of �xed inputs.

�rm that leakage reduction achievable with �xed standby
inputs is about 50% better than the case with equiprobable
inputs. It must be said that the obtained values are depen-
dent on the amount of reverse bias applied and a di�erent
choice from �0.5 V and Vdd+0.5V could lead to slight dif-
ferent results.

5. CONCLUSIONS
In this work we have proposed a methodology for leakage

power saving in partially depleted SOI (PD-SOI) circuits.
In PD-SOI it is possible to increase the Vth of single MOS-

FETs through reverse body biasing in standby and remove
the alteration in active mode such that gates can switch at
nominal low Vth. As opposed to previous works on dual-Vth
we propose the application of the standby body bias to all
gates included those belonging to critical paths without af-
fecting active mode timing. A simple library of gates having
di�erent body contacts to minimize leakage in each possible
input con�guration has been used to synthesize the ISCAS85
suite in case of equiprobable or deterministic standby inputs.
In the �rst case up to 75% leakage reduction can be obtained
without any constraint on the number of body contacts and
50% with constraint of at most two per gate. In the second
case the leakage saving can be on the order or more than 75%
with less body contacts. We conclude that area and leakage
can be well traded and it could be possible to synthesize
with power constraint for minimum area or vice-versa.
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