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Abstract—Partially depleted silicon-on-insulator (PD-SOI)
has emerged as a technology of choice for high-performance
low-power deep-submicrometer digital integrated circuits. An im-
portant challenge to the successful use of this technology involves
successfully managing and predicting the large “uncertainties” in
the body potential and consequently the threshold voltages that
can result from unknown past switching activity. In this paper, we
present a unique state-diagram abstraction of the PD-SOI field-ef-
fect transistor that can capture all of the past switching activity
determining the body voltage. Based on this picture, four different
estimation schemes are discussed that increasingly bound floating
body uncertainty based on more detailed knowledge of switching
activity. Using these estimation techniques within a prototype
transistor-level static timing analysis engine, we demonstrate
both the accuracy of the estimation and the reduction in delay
uncertainty possible with these techniques.

Index Terms—Silicon-on-insulator, static timing analysis.

I. INTRODUCTION

SILICON-ON-INSULATOR (SOI) technology has long
found niche applications for radiation-hardened or

high-voltage integrated circuits. Recently, however, SOI has
emerged as a technology for high-performance low-power
deep-submicrometer digital integrated circuits [1]–[4]. For
digital applications, fully depleted devices have been largely
abandoned in favor of partially depleted technology because
of the difficulty in controlling the threshold voltage of fully
depleted thin-film transistors. Partially depleted SOI (PD-SOI)
has two main advantages for digital applications: the reduction
of parasitic source-drain depletion capacitances and the reduc-
tion of the body effect in stack structures and pass-transistor
logic.

At the device and circuit level, however, the floating body
effect in PD-SOI poses major challenges in the successful use
of this technology. There is a parasitic bipolar effect that can
result in noise failures if not correctly considered [5]. In addi-
tion, there can be large “uncertainties” in the body potential and,
consequently, the threshold voltage of devices due to unknown
past switching activity. For many circuits, the design margining
required to protect against this uncertainty erodes all of the po-
tential performance advantage under nominal operation. In ad-
dition, for many circuit styles in which noise margin is strongly
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determined by threshold voltage (e.g., dynamic circuits), con-
siderable overdesign for noise can also result from conservative
body–voltage margining. An array of circuit design techniques
already exist to attempt to contain the noise impact of the par-
asitic bipolar current and the delay and noise-margin variation
due to the floating body [3], [4]. Some of these are quite counter
to design practice in bulk; for example, predischarging internal
nodes of the nFET pulldown stack in domino logic to avoid par-
asitic bipolar currents. Previous circuit-level modeling work on
PD-SOI has focused on device issues [6]–[10] or delay and noise
effects due to the floating-body effect evident for particular cir-
cuits under periodic stimulus [11]–[13] (pulse stretching, fre-
quency-dependent delay time).

In this paper, we present the first techniques to quantify
floating-body effects over tens of millions of transistors through
static analysis [14]. In our approach, we analyze each field-ef-
fect transistor (FET) of each circuit, determining the minimum
and maximum possible body voltage (the body–voltage un-
certainty) that could be achieved based on different “static”
characterizations of past switching activity. These values are
then used as “initial conditions” for the constituent simulations
of channel-connected components (CCC) that are used in
transistor-level static timing analysis [15]–[17]. The same
techniques can be applied to static noise analysis [18], but this
will not be considered in this paper.

We work with BSIM3SOI [19] models for an IBM PD-SOI
technology described elsewhere [20]. Devices have a 0.25-m
effective channel length, 5-nm gate oxide, 350-nm back oxide,
and 140-nm thin silicon film. Two supply voltage are consid-
ered—1.0 V and 2.5 V. The former might be used in low-power
applications. While the detailed results we present here apply to
this technology, the techniques are generally applicable to any
PD-SOI technology.

In Section II, we describe a state-diagram model that can be
used to abstract all of the past switching history of a PD-SOI
FET. We then describe a simplified device physics that can be
used to accurately predict the body voltages in PD-SOI circuits
under various switching histories as abstracted in the state-dia-
gram model. Section III describes a prototype transistor-level
static timing analysis engine that incorporates these body
voltage characterizations. Some results with example circuits
are presented in Section IV. Section V concludes and offers
direction for future work.

II. PD-SOI DEVICE PHYSICS

A. State Diagram and Concept of Reference State

The body potential of a PD-SOI FET is determined by ca-
pacitive coupling of the body to the gate, source, and drain by

0278–0070/01$10.00 © 2001 IEEE



SHEPARD AND KIM: BODY–VOLTAGE ESTIMATION IN DIGITAL PD-SOI CIRCUITS AND ITS APPLICATION TO STATIC TIMING ANALYSIS 889

Fig. 1. State diagram for a PD-SOI nFET.

diode currents at the source–body and drain–body junctions [in-
cluding gate-induced drain leakage (GIDL) [21]] and by im-
pact ionization currents produced by current flow through the
device (sometimes referred to as the on-state impact ionization
current).1 The impact ionization currents have a strong supply-
voltage dependence, decreasing with decreasing supply volt-
ages and becoming quite negligible for voltages below the sil-
icon bandgap (1.1 V). Moreover, it is convenient to distinguish
“fast” and “slow” processes. Fast processes can change the body
potential on time scales on the order of or less than the cycle
time, while slow processes require time scales much longer than
the cycle time (up to milliseconds) to affect the body voltage.
There are two fast mechanisms at work: switching transitions
on the gate, source, or drain that are capacitively coupled to the
body (which we callcoupling displacements) and forward-bias
diode currents across source–body and drain–body junctions
with voltages exceeding the diode turn-on voltage (which we
call body discharge). The slow processes involve charging or
discharging the body through reverse-biased or very weakly for-
ward-biased diode junctions and through impact ionization.

As a (usually) dynamic circuit node, the floating body has
“memory.” To model the switching history determining the
body voltage of a particular device, we use the state diagram
abstraction shown in Fig. 1. (This diagram applies to the nFET.
The state diagram of the pFET is the “dual” of this in which the
gate is high rather than low in states 3–5 and low rather than
high in states 1, 2, and 6.) The states denoted with solid circles
represent “static” states, states in which the FET can be stable,
in contrast with the “dynamic” states 6a and 6b, which are
only present transiently during switching events. For example,
state 1 corresponds to the case in which the gate is high and
both the source and drain are low. Arrows indicate possible
state transitions produced by switching events in the circuits

1Gate leakage is also an emerging factor in determining the body voltage that
we do not consider in this paper.

containing these FETs. These switching events can represent
transitions from the logic state at the end of the previous cycle
to the logic state at the end of the current cycle or can represent
hazards that occur transiently within a cycle. States 5a and 5b
can usually be treated equivalently as state 5; similarly, states
6a and 6b can usually be treated equivalently as state 6.

If the device is allowed to remain in one state for a very long
time, the body voltage in each state will achieve a direct cur-
rent (dc) value, denoted as. The dc voltages in states 1 and 3
( and ) are zero, while the dc voltages in stages 2 and 4 (
and ) are given by the supply voltage. is determined by the
steady-state balance between a weakly forward-biased junction
drawing current from the body and a reverse-biased junction,
leaking current to the body, enhanced by GIDL currents. Sim-
ilarly, is determined by the steady-state balance between a
weakly forward-biased junction drawing current from the body
and charging current due to reverse leakage of the other diode
junction and on-state impact ionization. These values ofare
shown for our example technology in Table I at both character-
ized supply voltages.

In the absence of body discharge, the coupling displace-
ments that occur with each transition in Fig. 1 are completely
reversible on “fast” time scales; that is, if one begins in state 1
and traverses the state diagram, returning to state 1 on a time
scale much faster than any of the “slow” leakage mechanisms,
the body voltage on return will be the same as the initial body
voltage, a simple result of charge conservation. Because of this,
we can represent the charge stored on the body as the value of
the body voltage in one particular state of Fig. 1, thereference
state, which we choose to be state 2 for the nFET and state 1
for the pFET. From this reference body voltage , we can
then determine the corresponding body voltage in each state

according to
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TABLE I
VALUES OFs , V , AND V FOR THEnFETAND pFETOF OUREXAMPLE TECHNOLOGY

Fig. 2. Displacements as a function of reference state body voltage at a 2.5-V
supply for both the (a) nFET for which the reference state is state 2 and (b) the
pFET for which the reference state is state 1.

The displacements are explicitly shown to be de-
pendent on the reference body voltage because of the strong
voltage-dependence of the capacitances of the source–body,
drain–body, and gate–body. is independent of device width

because the dominant components of capacitance scale
proportionately with . Fig. 2 shows these displacements as
a function of for our example technology at the 2.5-V
supply. In many cases, these values are not easily determined
with direct simulation of a transition from the reference state.
For example, reference body voltages for the nFET greater than
about 3.1 V would result in strongly forward-biased body–drain
and body–source junctions making it difficult to distinguish the
displacement due to the transition from state 2 from the body
discharge. As a result, these curves are instead determined by

isolated evaluation of the metal–oxide–semiconductor (MOS)
capacitance–voltage (C–V) model.

B. and for Each State

With the reference body voltage as a “state-independent” way
of representing the charge trapped on the body, we proceed to
characterize each statein Fig. 1 by two values of this reference
voltage and , shown in Table I for our example
technology. represents the steady-state value of the refer-
ence body voltage achieved by remaining in statefor a long
time. This follows immediately from the in each state

(1)

represents the value of the reference body voltage for
the nFET (pFET) to which the body would be very quickly
pulled down (up) as a result of body discharge (charge) if state

were accessed with a higher (lower) reference body voltage
than . The values shown in Table I for our example
technology presume that the fast body discharge will bring the
forward-biased-junction bias down to a turn-on voltage of 0.6
V. (It is important to note that fast body discharge can trigger
parasitic bipolar leakage between source and drain for FETs in
state 5.) This means, for example, that if a FET that reached a
dc steady-state in state 4 (with a of 3.3 V) switches into
state 2, the reference body voltage will quickly discharge to

V. If the FET subsequently remains in state 2
for a long time, will eventually decrease to 2.5 V.

The most important qualitative difference in the and
values between the 2.5 V and 1.0 V cases is the 6 state.

At a supply voltage of 2.5 V, (which is not
the case at the 1.0-V supply) because of the dominant effect of
the on-state impact ionization current. This current is so large
that a strongly forward-biased junction is required to balance it
in steady-state.

C. “Simple” Uncertainty Modes—Full-Uncertainty,
Initial-Condition, and Accessibility

Armed only with the curves and the and
values for each state, we can already offer three possible static
estimation modes.

1) Full-Uncertainty Estimation: In this case, we assume
that we have no knowledge of the switching activity of the cir-
cuit. We must choose maximum and minimum possible values
of the body voltage that cover all possible stimulus and history.
We say that a state isaccessibleif the circuit topology allows the
state to be visited. (For example, for the nFET of an inverter,
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those states with the source high would not be accessible be-
cause the source of the nFET is tied to ground.) We letrepre-
sent the set of all such accessible states, including possibly the
dynamic state 6. In this case, the minimum and maximum body
voltages are given by

(2)

(3)

2) Initial-Condition Body–Voltage Estimation:In this case,
we assume that the circuit has been “quiet” for a long period
of time but we do not know the specific quiescent state of the
circuit. In this case, the minimum and maximum body voltage
are given by

(4)

(5)

where is the set of all accessiblestaticstates (i.e., states 1
through 5). Note that for the technology of Table I, for example,
the minimum nFET full-uncertainty body–voltage value is less
than initial-condition value. This means that is it possible for a
switching nFET to have a lower body voltage that a quiescent
FET because of the effect of state 6.

3) Accessibility Analysis:If one is assured that the circuit is
under steady switching activity such that every accessible state
is visited with reasonable frequency (i.e., on a time scale that
is faster than the “slow” body–voltage mechanisms), then the

values for the nFET (pFET) will cap the maximum
(minimum) possible value of the body voltage. For the nFET

(6)

(7)

while for the pFET

(8)

(9)

The assumption here is that it does not matter how long an acces-
sible state is visited; it will be long enough to discharge the body
down to the forward-bias turn-on voltage of the source–body
or drain–body diodes. In general, we do not include state 6 in
this “accessibility” analysis (we use in the above equa-
tions) because state 6 is a switching state and, therefore, cannot
be assured to meet this criterion. In those cases in which the
relaxation in state 6 is extraordinarily “fast” because of a large
on-state impact ionization current, state 6 can be safely included
in the accessibility analysis.

Fig. 3. Average cycle for an nFET, which, when repeated over and over,
models the behavior of the body over a long period of time. Body voltage in
state 2 determines the reference body voltageV . Each state has a target
reference voltageV to which the body voltage is relaxing.

References [22] and [12] report on minimizing floating body
effects in the complementary MOS (CMOS) inverter through
the use of “charge-balanced” devices. Within the context of the
formalism developed in this section, the charge-balanced nFET
simply satisfies the condition . If only states 1 and
5 were accessible, then the dc and steady-state voltages would
be equal. Similarly, the charge balanced pFET satisfies

. However, the additional accessibility of 6 can upset this
balance, dependent to a large extent on the magnitude of the
on-state impact ionization current.

D. Detailed Body–Voltage Model

It is possible to tighten the estimates provided by the simple
“uncertainty” modes with stochastic techniques (combined with
timing information from static timing analysis) in which we
consider the behavior of the body over a long period of time
to be determined by an “average” cycle repeated over and over;
in fact, we will characterize two average cycles: one to mini-
mize and one to maximize the body voltage. Such an average
cycle is shown in Fig. 3 divided into a series of time slices,
which characterize the amount of time per cycle on the average
that the FET spends in state. Of course, the time slices sum to
the cycle time

(10)

In each time slice, the reference body voltage is relaxing to the
target value with a characteristic relaxation time denoted
by . The body–voltage-dependent time constants for this re-
laxation are denoted by the and can be captured from the de-
vice models as part of a technology precharacterization (usually
with a piecewise-linear (PWL) representation of the logarithm
of as a function of , since varies over several orders of
magnitude). Moreover, is independent of device width be-
cause both the body currents and body capacitance scale propor-
tionately with . Except for the fast discharge associated with a
source–body or drain–body junction that becomes strongly for-
ward biased, these time constants are much larger thanand
any voltage change during a single time slice would be imper-
ceptible in Fig. 3. From this simple picture, one can relate the
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Fig. 4. nFET relaxation times� as a function of “local” body voltage for a
supply voltage of 2.5 V. (a)� and� . (b) � and� . (c) � and� .

reference body voltage at the end of the cycle to the ref-
erence body voltage at the beginning of the cycleby

(11)

The steady-state solution of this difference equation (in the ap-
proximation that the are much greater than ) is given by

(12)

Because of the -dependence of the , this equations must
be solved self-consistently.

Fig. 4 plots the relaxation times for the nFET at the 2.5-V
supply as a function of the “local” body voltage (that is, the body
voltage in state rather than the reference body voltage). The re-
laxation times and peak around a zero body voltage and
then decrease for negative body voltage as the source–body and
drain–body leakage currents increase. The decrease for positive
body voltage is even more substantial as the junctions become

forward biased and draw significant current. The same trends
are observed for the relaxation timesand . In this case, the
relaxation times peak around the supply voltage (the source and
drain are both at the supply voltage for states 2 and 4).peaks
around zero. For voltages above the peak,decreases strongly
as the body–source junction becomes forward biased. For volt-
ages below the peak, also decreases as both the body–source
and body–drain junctions become more reverse-biased.peaks
at a much smaller time-constant value thanthrough be-
cause even at a body voltage near the peak, one of the junctions
(the drain–body junction) is strongly reversed biased and, there-
fore, leaking considerable current. For state 6, the time constants
are considerably smaller (factor of 1000) than they are in state 5.
This is due to the contribution of the on-state impact ionization
current to the leakage currents from the floating body. (This very
low relaxation time will mean that devices that have any time in
state 6 in their switching transients will have their body voltages
effectively “pinned” at .) At 1.0 V, by contrast, and are
comparable in magnitude.

In detailed steady-state analysis, we seek to determine the
maximum and minimum possible values from (12) with
consideration ofall of the allowable . If the in (12) were
constant and equal, then to maximize , one would simply
maximize the time in those states with higher (subject to
constraints on the maximum and minimum possible values of
the imposed by the stochastic analysis); similarly, to min-
imize , one must maximize the time in those states with
lower . The valves, however, are not constant, but be-
cause they have the property that they decrease rapidly for
different from , states with the largest con-
tinue to have the biggest “pull” and the “ordering rule”
continues to hold. To formalize this, we define the rank of the
state as an integer indicating the priority of states tomaxi-
mizethe body voltage. Higher means higher priority. For ex-
ample, from Table I, for the nFET at 2.5 V, , ,

, , , and . We can also define a
complementary rank for minimizing ; these priorities are
simply the reverse of the maximum case. This ordering [which,
quite expectedly, favors states with high (low) source or drain
voltages to maximize (minimize) the body voltages] is tech-
nology-independent except for the relative positions of state 5
and 6, which depend on both technology and supply voltage.

As a specific example of how the steady-state body voltage
depends on the , we consider in Fig. 5 an nFET at the 1.0-V
supply. The cycle time is 10 ns. In Fig. 5(a), we assume a
hypothetical case in which only states 1 and 4 are accessible and
plot the reference body voltage as a function of given that

. The values of , , and
are also noted. Given the accessibility of states 1 and 4, the
range from to (denoted with the arrow) would
be given by accessibility body–voltage estimation. The detailed
body voltage estimate becomes as and monoton-
ically increases with increasing . As
(and ), rapidly increases to . can only
increase above with on the scale of the “fast”
forward-biased discharge of the body. In Fig. 5(b), we show
the case in which only states 1 and 2 are accessible. in-
creases monotonically as increases . In this case,
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Fig. 5. Two examples for an nFET at 1.0-V supply to demonstrate how the
steady-state reference body voltage depends on thet . (a) Only states 1 and 4
are accessible. (b) Only states 1 and 2 are accessible.

so that as does not actually
reach the upper bound of accessibility analysis.

To determine allowable values of for detailed steady-state
analysis, we need information about the circuit environment of
each transistor, both logical and temporal. We characterize the
logical environment of each FET by a set of signal probabilities
that determine the possible states of the source, gate, and drain
of the transistor at the end of a cycle. For the nFET, these are:

Probability that at the end of a cycle the
gate is driven high.
Probability that at the end of a cycle the
drain is driven high given that the gate is
low.
Probability that at the end of a cycle the
drain is driven low given that the gate is
low.
Probability that at the end of a cycle the
source is driven high given that the gate
is low.
Probability that at the end of a cycle the
source is driven low given that the gate
is low.
Probability that at the end of a cycle the
drain (and source) are driven high given
that the gate is high.

Probability that at the end of a cycle that
the drain (and source) are driven low
given that the gate is high.

The corresponding probabilities for the pFET are ,
, , , , ,

. By driven low (high), we mean that
there is a path to ground (supply). We note that the following
conditions on the conditional signal probabilities must hold:

None of these have to sum to precisely one because of the pos-
sibility of floating nodes.

With these signal probabilities, one can view the state dia-
gram in Fig. 1 as representing a Markov process with six-by-six
transition matrix . Assigning different transition matrices to
the minimum and maximum cases yields the difference equa-
tions

where the six-by-six matrices and are given by

is the probability of being in stateat the end of cycle.
is the probability of making a transition to stateand follows di-
rectly from the source, gate, and drain signal probabilities. For
example, for the nFET,
while . The
maximum (minimum) case assumes that the floating node con-
dition on the source or drain takes a high (low) voltage value. Di-
agonalizing (trivially) and finding the eigenvector associated
with eigenvalue one (normalized so that the sum of the elements
of the vector is one) gives the steady-state values of the. From
these probabilities, one can calculate a set of 36 transition proba-
bilities (that is, the probability that at given FET in a given cycle
is transitioning from stateto state ) for both the minimum or
maximum cases: and .

We must next determine the fraction of the cycle time
that can be spent in each stateas part of the transition

to maximize (or minimize) the body voltage among the set
of possible waveforms. To do this, we require early and late
arrival times (rising and falling) for the source, gate, and drain of
the FET under consideration (the target FET). We denote these
arrival times for the early case as the following.

Earliest time the source of the FET can be driven high.
Earliest time the source of the FET can be driven low.
Earliest time the drain of the FET can be driven high.
Earliest time the drain of the FET can be driven low.
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Earliest time the gate of the FET can be driven low.
Earliest time the gate of the FET can be driven high.

There are comparable arrival times associated with the late state:
, , , , , and . For the source and

drain arrival time, we are assuming that the target FET is off.
The details of how these are obtained in the context of static
timing analysis is described in Appendix II. Each transition has
associated with it a set of arrival times necessary to make that
transition, atransition set, denoted as . For example, for
the transition for the nFET, the associated arrival time
set is . For for the nFET, the
associated arrival time set is . We
can define and operators that act on the transition sets.

returns the largest of the early arrival times in the
transition set, while returns the smallest of the late
arrival times in the transition set.

To indicate the states of Fig. 1 involved in a cycle and to
handle the possibility of hazards, we can denote the waveform
in a cycle (in this case involving a transition fromto ) using
a transition notationas follows:

In this cycle, a hazard to state occurs as part of the tran-
sition. The transition notation must involve only static states
and indicates the amount of time spent in each of these static
states as part of the transition. Specifically for this example,

, , and
. Hazards are introduced when

they act to increase (in the case that we are seeking the max-
imum body voltage) or decrease (in the case that we are seeking
the minimum body voltage) the steady-state body voltage that
would result from the particular waveform being repeated in-
definitely. Appendix I discusses an algorithm for determining
which hazards to include in a given transition.

This transition analysis determines the for the static
states . depends, in principle, on the number of switching
events in a cycle that occur as a result of current flow through
the target device. Each such switching event contributes an
amount to , where is the approximate
switching time of the FET. For the purposes of our detailed
steady-state body–voltage estimation, we assume that if state
6 is accessible, exactly one switching event occurs per cycle.
We find that, in practice, the detailed results are not very
sensitive to the number of assumed switching events or the
exact value of . For cases in which the on-state impact
ionization current is large, any produces pinning
at . For cases in which the on-state
impact ionization does not dominate the current to the body in
state 6, is usually much smaller than the associated with
the static states. As a result, the detailed body voltage has very
little sensitivity to the exact value of .

From the determined above, we can calculate an effec-
tive amount of time ( ) on the average per cycle that the FET
is in the state

Obviously, there are two sets of values, one to maximize and
one to minimize the body voltage.

III. STATIC TIMING ANALYSIS

Now consider the application of these body–voltage estimates
[both the “simple” uncertainty modes and the more complex de-
tailed analysis] to a static transistor-level timing analysis engine:
SOI static timing analyzer (SOI-STA). The design is partitioned
into CCCs for analysis, as is traditionally done in static tran-
sistor-level tools [16]. SOI-STA utilizes a breadth-first search
(BFS) of the resulting timing graph, which ensures that the ar-
rival times on all of the inputs are known when the delay through
the CCC must be calculated. This enables detailed body–voltage
estimates on all of the FETs of the CCC to be used in delay
simulation. Delay propagation through a CCC occurs as a re-
sult of a single switching event on an input (i.e., simultaneously
switching inputs are not considered).

Depending on the degree of knowledge we have of past
switching activity (no knowledge, quiescent, steady switching,
steady switching with known signal probabilities and arrival
times), we can use one of the techniques discussed in Section II
(full-uncertainty, initial-condition, accessibility, detailed) to
determine the minimum and maximum possible value the
reference body voltage can have for each FET of the CCC
under analysis. For the given sensitization of the CCC for
delay calculation, each FET is in a known state, the minimum
or maximum body voltage of which can be determined by a
displacement from the reference voltage. The body voltage
values are then used as the “initial conditions” for the required
delay simulation. Early-mode calculation for rising transitions
sensitizes the nFETs (pFETs) of the pull-up path to be max-
imum (minimum) and (to reduce the “fight” during switching)
the nFETs (pFETs) of the pull-down path to be minimum
(maximum). This same sensitization applies to late-mode fall
transitions. Early-mode calculation for falling transitions sensi-
tizes the nFETs (pFETs) of the pull-down path to be maximum
(minimum) and the nFETs (pFETs) of the pull-dup path to
be minimum (maximum). The same sensitization applies to
late-mode rising transitions. The fan-out CCCs are included
in the delay calculation to improve the delay accuracy, an im-
provement over the grounded-cap-load approach first reported
in [14]. (This, along with some bug fixes, accounts for some of
the differences between the detailed results presented here and
those in [14].) To maximize (minimize) device capacitance for
late-mode (early-mode), the maximum (minimum) nFET and
minimum (maximum) pFET body voltages are used.

SOI-STA propagates full PWL waveforms. One of the
complexities of BFS timing analysis is determining the late-
and early-mode waveforms at the output of each CCC. It can
sometimes be the case that the waveform with the maximum
(minimum) delay (as measured by the 50% point) is not the
waveform with the slowest (fastest) slew (as measured by
the 20%–80% rise–fall time). In these cases, we propagate a
“hybrid” waveform. We choose the waveform with the largest
(smallest) slew as the late-mode (early-mode) waveform
and translate it in time so that is has the largest (smallest)
delay. SOI-STA also propagates signal probabilities using
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Fig. 6. Chain of identical inverters stimulated with the waveform shown in the inset. Slew times on the input waveforms are 100 ps.

assumptions of spatial and temporal independence, borrowing
from similar techniques in static power analysis. If detailed
body–voltage estimation is used, once the signal probabilities
and arrival times are known at the inputs of a CCC, these
probabilities are translated into FET signal probabilities and
arrival time values as discussed in Appendix II.

IV. RESULTS AND DISCUSSION

We present static timing results from SOI-STA for three ex-
amples (of increasing complexity) and compare these with the
results of circuit simulations in which vectors are chosen both
to correctly sensitize the delay path in question and to match the
assumed switching behavior.

A. Inverter Chain

The first circuit is a chain of identical inverters as shown
in Fig. 6 stimulated with the periodic waveform shown in the
inset. This is the simplest possible circuit example and has been
well-studied from a dynamic point-of-view in previous work
[12], [13]. The input waveform repeats every 10 ns and is equiv-
alent to a signal probability of 0.1 on the input of even-stage in-
verters and 0.9 on the input of odd-stage inverters. Before ,
even (odd) stages have a zero (one) on their input. We consider
results at two supplies, 2.5 V in Fig. 7 and 1.0 V in Fig. 8. In
Fig. 7(a), we present the body voltages for the FETs as deter-
mined by circuit simulation for both even (in solid lines) and
odd (in dashed lines) inverter stages. For both the even and odd
cases, there are four curves: two curves for the pFET and two
curves for the nFET. The pFET curves labeled 5 and the nFET
curves labeled 1 correspond to the case in which the inverter
input is high, so that the body voltage is measured with the pFET
in state 5 and the nFET in state 1. The pFET curves labeled 2
and the nFET curves labeled 5 correspond to the case in which
the inverter input is low so that the body voltage is measured
with the pFET in state 2 and the nFET in state 5. We notice that
initially the even-stage FETs have higher body voltages than the
odd-stage FETs. This is because the even-stage FETs have their
gates held low before with the pFET (nFET) in state 2
(5), while the odd-stage FETs have their gates held high be-
fore with the pFET (nFET) in state 5 (1). for
the nFET and for the pFET. As shown in the stage
delay results in Fig. 7(b) (even stage delay in solid, odd-stage
delay in dashed), this gives the even stages initially a longer rise

Fig. 7. Inverter chain results for a supply voltage of 2.5 V. (a) Body voltage.
(b) Inverter delay.

time, but smaller fall time than the odd stages. Initially, then the
input pulses are stretched [12] as they move down the inverter
chain. As switching begins, state 6 becomes accessible and the
body voltages become pinned in about a microsecond (the time
scale of ) to their steady-state values. We also note that in this
case,the steady-state nFET (pFET) body voltage is slightly less
(more) than the initial-condition minimum (maximum) value.
Six-state pinning means that there is no difference between the
steady-state body voltages of the FETs in even and odd stages.
In steady-state, then, the rise and fall delays become the same
in the even and odd stages and there is no pulse stretching.

We now consider how these results compare with SOI-STA.
Early and late arrival times at the input of the chain, both rise
and fall, are set to 100 ps. The rise and fall times at the input
of the chain are also set to 100 ps. The diamonds on the right
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Fig. 8. Inverter chain results for a supply voltage of 1.0 V. (a) Body voltage.
(b) Inverter delay.

vertical axis in Fig. 7(a) correspond to thedetailedsteady-state
body voltages estimated by SOI-STA for an input signal prob-
ability of 0.1, propagated as 0.9 to the inputs of the odd stages.
State 1 and state 2 for the pFET and nFET, respectively, are
shown as solid diamonds. State 5 for the pFET and nFET are
shown as hollow diamonds. Because of the six-state pinning in
the steady state, the detailed body voltages are the same for
both the even and odd stages with minimum and maximum
values indistinguishably close. Including state 6, theaccessi-
bility analysis produces the same body–voltage estimates as the
steady-state results. On the left vertical axis, we show the min-
imum and maximuminitial-condition body voltage values es-
timated by SOI-STA. These bound very closely the initial con-
dition body voltages observed in the dynamic simulation, since
in this case, the dynamic simulation covers all the accessible
states. In Fig. 7(b), we show the rising (solid diamond) and
falling (hollow diamond) delays predicted by SOI-STA for the
initial-condition (left axis) and steady-state (right axis) cases.2

The SOI-STA steady-state delays slightly overestimate those
determined by dynamic simulation because of the slight overes-
timation (underestimation) of pFET (nFET) body voltages.

We can contrast these results with Fig. 8 in which the same
simulation and analysis is done on the inverter chain at a supply
voltage of 1.0 V. Here, we do not have six-state pinning be-
cause of the considerably reduced on-state impact ionization
current at the lower supply. Dashed lines once again correspond
to odd inverter stages and solid lines to even inverter stages.

2The “wiggles” in the delay curve beyond1 �s are rounding-error artifacts
of the circuit simulation.

Disparate steady-state body voltages occur for inverters in the
even and odd stages of the chain as shown in Fig. 8(a). The
diamonds on the right vertical axis denote the SOI-STA-deter-
mined detailed steady-state body voltages, which agree with
the circuit simulation results within a few percent. Minimum
and maximum values are indistinguishably close3, as they were
in the 2.5-V case, but in this case, there are different steady-
state body voltage values for the even and odd stages of the
chain. The diamonds slightly to the left of the right vertical axis
are the minimum and maximum body voltages determined by
SOI-STA from the simple accessibility analysis. These numbers
bound the full body voltage variation of both odd and even in-
verter stages. The diamonds on the left vertical axis give the
initial condition values that bound nearly precisely the varia-
tion observed in circuit simulation across even and odd stages.
Fig. 8(b) shows the inverter delay as a function of time for
both even (solid) and odd (dashed) stages. (The “noise” in these
curves is due to numerical round-off error as increasingly large
numbers are subtracted to give the stage delay.) Because of the
steady-state body–voltage differences between even and odd
stages at this supply, the steady-state delays for falling (rising)
outputs is slower (faster) for even stages than for odd stages.
Pulse-stretching occurs in this case in the steady state. The dia-
monds on the right vertical axis are the SOI-STA-determined de-
tailed steady-state delays. Solid diamonds correspond to rising
outputs, while hollow diamonds correspond to falling outputs.
The delays determined by SOI-STA using the accessibility anal-
ysis, which bound the delay variation for both even and odd
stages, are also noted. The solid diamonds on the left vertical
axis give the initial condition delay variation for rising outputs,
while the hollow diamonds correspond to falling outputs. With
known switching activity, one could significantly reduce the
delay uncertainty with which one would have to ensure func-
tionality of the design. Comparing Figs. 7 and 8, the impact of
the hysteric variation is far greater at the reduced supply be-
cause is a larger portion of the supply voltage. Also, com-
paring the time scales of the 2.5- and 1.0-V cases, we find that
the time scale for reaching steady-state is far longer for the 1.0-V
case than the 2.5-V case because of the reduced on-state impact
ionization current.

B. Ripple-Carry Adder

The next example we consider is a static ripple-carry adder
as shown in Fig. 9(b). Fig. 9(a) shows the component full-adder
circuit. In the circuit simulation, we use the input waveforms
shown in the inset of Fig. 9(a), which sensitizes the critical path
of this circuit, the carry chain. The “” waveform is applied to
each input and the “ ” waveform is applied to each input.
The “ ” waveform is applied to the input of the ripple-carry
[see Fig. 9(b)]. These waveforms correspond to signal probabil-
ities of 0.5 on the and inputs of each full-adder cell and
0.5 on the input of each full-adder cell. For these input signal
probabilities, the signal probability of is 0.5, so that each
cell sees identical switching activity. Before , is high and

is low for each cell. For even stages,is high, while for odd

3There is no path delay variation to produce any significant differences be-
tween the early and late arrival times.
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Fig. 9. Ripple-carry adder circuit. (a) Associated full-adder circuit. (b) connection of the full-adder cells. Inset of (a) gives the waveform applied for dynamic
simulation.

stages is low. Fig. 10 shows the results for a supply voltage of
1.0 V. In Fig. 10(a), we compare the body voltages of transistors

and of Fig. 9(a) with the SOI-STA initial-condition,
accessibility, and detailed steady-state results. Thecurves
labeled 5 (2) and curve labeled 1 (5) correspond to the case
in which is high (low) for a given cell. The solid lines cor-
respond to even stages and the dashed lines to odd stages. The
steady-state values match almost exactly the values determined
from circuit simulation, a circuit simulation run that can takes
daysto complete. The initial-condition body–voltage values al-
most precisely bound the circuit simulation results. Fig. 10(b)
shows the complete stage delay of the full-adder cell from
to for both rising and falling for both even (solid
lines) and odd (dashed lines) stages. The detailed, accessibility,
and initial-condition delays from SOI-STA bound the simula-
tion values. The uncertainty of the detailed steady-state values
derives entirely from the difference in the delay depending on
whether is zero and is one or is one and is zero.
These cases present different loads on (the “sidebranch”
loading).

C. 4-2 Compressor

The last and most complex example presented is a 4-2 com-
pressor circuit from a tree multiplier design [24] (see Fig. 11).
We specifically consider the long delay path I4-Ap-C-D-E-F-S

and the short delay path I2-C-E-S. In the dynamic analysis, we
use input waveforms of “50% duty cycle” to sensitize these
paths, corresponding to signal probabilities of 0.5 on all of the
inputs in SOI-STA detailed steady-state analysis. In Table II, we
compare the initial-condition delays determined by circuit sim-
ulation with the SOI-STA-determined full-uncertainty delays.
(Here, we do full-uncertainty analysis, as opposed to initial-con-
dition analysis as done previously. The only difference is that
stage 6 can be included in the set of accessible states.) Table III
does a similar comparison between the steady-state delays de-
termined by circuit simulation (after more than 50 000 cycles of
simulation) and the SOI-STA-determined detailed and accessi-
bility steady-state delays. In all cases, the SOI-STA-determined
delays bound the SPICE delays. One should also notice the con-
siderable reduction in uncertainty between the full-uncertainty
and detailed steady-state delays as the component of this uncer-
tainty due to body voltage variation is noticeably reduced.

V. CONCLUSION AND FUTURE WORK

In this paper, we have presented a circuit-focused model
of the floating-body potential of PD-SOI FETs. This model
allows one to determine the body voltage and its associated
uncertainty, depending on knowledge of the switching activity
of the FETs in question. Four types of estimation are possible
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Fig. 10. Carry chain results for a supply voltage of 1.0 V. (a) Body voltage.
(b) Stage delay.

depending on switching assumptions and the amount of infor-
mation known about the logical and temporal environment of
the circuit under analysis. We have incorporated this model
into a prototype transistor-level static timing analysis engine to
demonstrate the impact reduced body–voltage uncertainty can
have on performance evaluation. We find that the body–voltage
uncertainty can be significantly reduced with fairly conserva-
tive assumptions about switching behavior.

PD-SOI technology delivers the most potential performance
benefit for circuits with high stack structures and pass-transistor
logic. It is precisely the FETs of these circuit structures that show
the greatest potential body–voltage uncertainty because of the
large number of accessible states. It is also these FETs that show
the most dramatic reduction in uncertainty with the knowledge
that theyareunderrelativelyconsistentswitchingactivity.

Future work will include incorporating these body voltage
estimates into transistor-level static noise analysis. In addition,
we intend to consider design techniques whereby a normally
inactive block could be periodically stimulated to keep it
“primed” so that when it is eventually exercised, it has more
tightly predictable body voltage variation. This is similar to
some of the circuit techniques that attempt to force discharge
of the body during “noncritical” periods of circuit operation
(e.g., precharge in dynamic logic) to reduce parasitic bipolar
leakage. In many ways, this could also be viewed as analogous
to dynamic random access memory (DRAM) refresh. More
work would be required to determine the necessary frequency
and nature of this pattern.

APPENDIX I
ADDING HAZARDS TO A GIVEN TRANSITION IN DETAILED

ANALYSIS

Specifically, a state can be inserted between statesand
according to one of the following cases.

Case 1) If
, the state can be inserted between

and as a hazard to increase the steady-state body
voltage. The cycle after this insertion is

In this case, increasing the amount of time in state
at the expense of statesand increases the body

voltage. If
, the state can be inserted between

and as a hazard to decrease the body voltage.
The cycle after this insertion is the same as in the
maximum case. However, in this case, increasing the
amount of time in state at the expense of states
and decreases the body voltage.

Case 2) If
, the

state can be inserted betweenand as a hazard
to increase the body voltage. In this case, the initial
cycle is

After insertion, it is

State is inserted only if adding it does not de-
crease the time in state. If

, the state can be inserted between
and as a hazard to decrease the body voltage. The
cycle before and after insertion is the same as in the
maximum case.

Case 3) If
, the

state can be inserted betweenand as a hazard
to increase the body voltage. In this case, the initial
cycle is

After insertion, it is

State is inserted only if adding it
does not decrease the time in state. If

, the
state can be inserted betweenand as a hazard
to decrease the body voltage. The cycle before and
after insertion is the same as in the maximum case.
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Fig. 11. 4-2 compressor circuit.

TABLE II
INITIAL -CONDITION DELAYS FOR THE COMPRESSORFROM CIRCUIT

SIMULATION ARE COMPARED WITH THE SOI-STA-DETERMINED

FULL-UNCERTAINTY AND INITIAL -CONDITION DELAYS

These preliminaries lead to a straightforward algorithm for
determining the to maximize or minimize the body voltage
for a given transition. For the maximum case (the minimum case
is the same except the complementary ranksare used), the
following applies.

1) If , then the starting cycle is

else the starting cycle is

2) Find the accessible statewith the largest rank (different
from and and not previously inserted or attempted)
that can be inserted between statesand . If no such state
exists, then exit with the current cycle. However, if such
a state exists then the new cycle is either ,

or , depending on which case
led to the insertion.

3) Repeat step 2 for each transition in the current average
cycle. Repeat this until no further refinement is possible.

Example: We calculate for an nFET at the
2.5-V supply, assuming that all states are accessible; that
is, . Let us further assume that ns,
the arrival times in this specific example are as shown in
Table IV, and the are those derived from our example
technology. In this case, we begin with the transition
since . We next try to insert the accessible state with
the largest rank (4) between 1 and. This insertion corre-
sponds to Case 1, since and is possible since

is less than
. At this point, the current cycle is

We next attempt to insert state 2 betweenand (Case
3, ). This is not possible since al-
though equals

, is less than
. Similarly, state 2 cannot be inserted

between and (Case 2, because al-
though equals ,

is not greater than
. We next try to insert between and and

between and in the same way and find that only the former
is possible, yielding the cycle

Last, we attempt to insert between and and find that this
is not possible; therefore, the final cycle is

From this, we find ,

,
,

, and .
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TABLE III
STEADY–STATE DELAYS FOR THECOMPRESSOR FROMCIRCUIT SIMULATION ARE COMPARED WITH THE SOI-STA-DETERMINED DETAILED AND

ACCESSIBLILTY STEADY–STATE DELAYS

TABLE IV
ARRIVAL TIMES FOR THEnFET IN THE EXAMPLE CALCULATION OF

(t )

APPENDIX II
DETERMINING FET SIGNAL PROBABILITIES AND ARRIVAL

TIME VALUES

We first consider the calculation of the signal probabilities. If
we let and denote two channel nodes of the CCC, then sim-
ilar to [25], we can define theth path as one connection
of FETs between and . We can also define apath function

as a Boolean function indicating whether theth path is
conducting. Let denote a controlling nFET gate input func-
tion in the path and let denote a controlling pFET gate input
function in the path. Then, the path function is given by

If there are paths betweenand , then the total path function
is given by

The path probability , the probability that at the end of
the cycle, the path fromto is conducting, follows from ele-
mentary probability theory or binary decision diagram analysis
[23]. The source and drain conditional probabilities required for
the detailed body voltage estimation are given by specific path
probabilities. For example, is the path probability be-
tween the drain node and with the gate of the target tran-
sistor low.

We next consider calculating the FET arrival times which de-
termine the temporal circuit environment of each FET. ,

, , are determined directly from the CCC ar-
rival times. To determine , , , , we trace

Fig. 12. Example for determining the channel signal probabilities and channel
arrival times.

all the paths from the channel node (node) to (node 1)
with the target transistor off

with identical expressions for and . These relations
determine the earliest or latest time a conducting path from node

to can be established if at the beginning of the cycle no
such path exists. Similarly, to determine , , ,

, we trace all the paths from the channel node (node) to
ground (node 0) with the target transistor off
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with identical expressions for and . These relations
determine the earliest or latest time a conducting path from node

to ground can be established if at the beginning of the cycle no
such path exists. In cases in which there are no paths, we set
early arrival times to and late arrival times to zero.

Example: Consider transistor M1 in the CCC of Fig. 12. The
channel conditional probabilities are

The arrival times for the source, for example, are
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