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Abstract

This paper reviews recent progress in making circuit-level CAD
tools for the design of digital integrated circuits SOI-aware, specif-
ically transistor-level static timing and static noise analysis tools.
This involves abstracting the SOI device physics of the floating
body, allowing estimates of the body voltage variation under vari-
ous switching activity assumptions. These body voltage estimates
are then applied as “initial conditions” in the constituent simula-
tions of the static analyses. Results are presented for a prototype
static timing analysis tool and a commercial static noise analysis
tool.

1 Intoduction

Partially-depleted silicon-on-insulator (PD-SOI) has emerged as
a leading technology for high-performance, low-power deep-
submicron digital integrated circuits[1, 2, 3, 4, 5, 6]. The charac-
teristic feature of this process is that all devices are dielectrically
isclated from each other with the body of each transistor sepa-
rated from the substrate by a buried oxide. PD-SOI technology
delivers two main advantages for digital applications: the reduc-
tion of the parasitic capacitance associated with source and drain
diffusions and the reduction of the reverse-body effect in FET se-
ries connections. Acting together, these effects result in the faster
switching of stack structures in PD-SOI than in bulk CMOS. In ad-
dition to higher speed (or lower power) operation, PD-SOI also en-
ables the possibility of greater logic function from a given channel-
connected component (CCC).

The reduced reverse-body effect in stack structures comes
about because the body of the transistors is floating. At the de-
vice and circuit level, however, this floating-body effect poses ma-
jor challenges in the successful use of this technology. There is a
parasitic bipolar effect which can result in noise failures if not cor-
rectly considered(7]. In addition, there can be large “uncertainties”
in the body potential, and consequently the threshold voltage, of
devices due to unknown past switching activity. Without special
effort, the design margining required in timing analysis to protect
against this uncertainty erodes much of the potential performance
advantage under nominal operation. Similarly, without special ef-
fort in noise analysis, many circuit styles in which noise margin
is strongly determined by threshold voltage (e. g. dynamic cir-
cuits) could be significantly overdesigned because of conservative
body-voltage margining. Static timing[8} and static noise[9] analy-
sis tools, which have become central to the verification of leading-
edge digital designs, must be enhanced to understand the unique
features of SOI technology. In particular, they must provide ac-
curate bounds on the floating-body potentials of the devices from
known switching-and circuit topology information. These bounds
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provide the necessary “initial conditions” for the constituent simu-
lations of the static analysis. Where these bounds are not adequate
to prevent overdesign, the tools should provide options for reducing
the potential body voltage variation.

Much of the CAD effort to date in SOI technology has focussed
on the device modelling issues[10, 11, 12, 13, 14], in particular the
ability to calculate the floating-body effects over long periods of
time properly in circuit simulation. In this review, we consider re-
cent work toward making higher-level CAD tools SOI-aware (i. e.,
transistor-level static timing and noise analysis tools){15, 16]. This
involves an abstraction of the SOI device physics of the floating
body described in Section 2. Section 3 describes how these body-
voltage estimates are applied to static timing analysis with results
presented from a prototype tool. Section 4 considers the special is-
sues associated with static noise analysis. Results are presented for
a commercial static noise analysis tool.

2 PD-SOIl device physics and body-voltage estimation

The body potential of a PD-SOI FET is determined by capacitive
coupling of the body to the gate, source, and drain, by diode cur-
rents at the source-body and drain-body junctions [including gate-
induced drain leakage (GIDL)[17]], by impact ionization currents
produced by current flow through the device (sometimes referred
to as the on-state impact ionization current), and (for deeply-scaled
FETs) leakage through the gate oxide.! Moreover, it is conve-
nient 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 transi-
tions on the gate, source, or drain which are capacitively coupled to
the body (which we call coupling 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 forward-biased diode
junctions and through impact ionization.

As a (usually) dynamic circuit node, the floating body has “mem-
ory.” To model the switching history determining the body voltage
of a particular device, we use the state diagram abstraction shown
in Figure 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, 4, and 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 constrast with the
“dynamic” states 6a and 6b, which are only present transiently dur-
ing 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 containing these FETs. If the device is al-
lowed to remain in one state for a very long time, the body voltage

! We will not consider gate-leakage effects here.



in each state 2 will achieve a dc value, denoted as s;.

Figure 1: State diagram for a PD-SOI nFET.

We can represent the charge stored on the body as the value of
the body voltage in one particular state of Figure 1, the reference
state, which we choose to be state 2 for the nFET and state 1 for the
pFET. From this reference body voltage (V};”, ), we can then deter-
mine the corresponding body voltage in each state i (V3 ) according

to: i
Ve = Vgl + &Vl

The displacements, d;(Vg“/ ), are explicitly shown to be depen-

dent on the reference body voltage because of the strong voltage-

dependence of the capacitances of the source-body, drain-body, and
gate-body. Figure 2 shows these displacements as a function of
Vé” for an example technology.

(a)‘

o
g

-1
g
2
<]

-2

-05 0 05 1 1.5 2 25 3 35 4
® Body voitage (V)

Displacement (V)

-0.5 0 0.5 1 15 2

2 -5 - 25
. . Body voltage (V)
Figure 2: Displacements as a function of reference state body volt-

age at a 2.5-V supply for both the nFET (a), for which the reference
state is state 2 and the pFET (b), for which the reference state is
state 1. i :

With the reference body voltage as a “state-independent” way
of representing the charge trapped on the body, we proceed to char-
acterize each state ¢ in Figure 1 by two values of this reference
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voltage, V;**" and V;/“"““"¢ V7*7 represents the steady-state
value of the reference body voltage, achieved by remaining in state
i for a long time. This follows immediately from the s; in each
state.

8; = szzeru + di(‘/‘_ze‘r'u) (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 V"¢ These

y/orwerd yalues 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 par-
asitic bipolar leakage between source and drain for FETs in state
5.) Table 1 shows V;*° and V.7 "™ for an example technology
in a 2.5 V supply. In this technology, for instance, this means that
if a FET which reached a dc steady-state in state 4 (with a V7™
of 3.43 V) switches into state 2, the reference body voltage will
quickly discharge to V;/*"“%"¢ = 3.1V_ If the FET subsequently
remains in state 2 for a long time, V;*/ will eventually decrease to
Vgere = 2.5V,

Reference [15] uses this information to provide two modes of
body voltage “estimation.” In “full-uncertainty” analysis, we as-
sume that we have no knowledge of the switching activity of the
circuit. We must choose maximum and minimum possible values
of the body voltage that cover all possible stimulus and history. We
say that a state is accessible if the circuit topology allows the state
to be visited. (For example, for the nFET of an inverter, those states
with the source high would not be accessible, because the source
of the nFET is tied to ground.) We let A represent the set of such
accessible states, including possibly the dynamic state 6. In this
case, the minimum and maximum body voltages are given by:

Vjurwtu'd
i

2

(Vée!)muz — r;lél.x ‘/jzeru

(V5 Ymin = min V7 3)
JE

If, however, one is assured that every accessible state is visited with
reasonable frequency (i. e., on a time scale that is faster than the
“slow” body-voltage mechanism), then the Vj’ orwerd yalues for the
nFET (pFET) will cap the maximum (minimum) possible value of
the body voltage. This is referred to as “accessibility” body-voltage
estimation. For the nFET,

(Vée!)min — ,_"ei: ijeru @)

j
Vi ) mas = min(max VZ*°, min Y /forwerd 5
( B )m (jEA ’ ’J'GAnuic ) ©)

while for the pFET,
(V3 Ymin = max(min ViEere,  max V;-lorw"d) (6)
JEA I€A,tatic

(Vgej)maz — meaj( ‘/jz(zru D

J

where A:asic is the set of all accessible static states (i. e. states 1
through 5). State 6 is not included in this “accessibility” analysis
because it is visited only “quickly” during a transition and cannot
be assured to be active long enough to complete a discharge. Ref-
erence [15] shows how it is possible to refine this estimate even.
further with stochastic techniques. These require more detailed
knowledge of signal timing and probabilities, which are, in prac-
tice, difficult to obtain and verify. This approach will not be con-
sidered more here.



i ' nfet pfet nfet pfet
s ‘/‘_zer() %furward 8 ‘/’_zero ‘/‘_forwurd s ‘/izero Vvi]orward s ‘/izero ‘/ijorwurd
1 0 1.77 241 0.0 0.0 -0.6 0 0.53 1.13 0 0 -0.6
2 25 2.50 3.1 2.5 0.73 0.12 1.0 1.0 1.6 1.0 0469  -0.127
3 0 2.15 2.85 0 -092  -0.98 0 0.87 1.5 0 -0.75  -0.907
4 25 3.43 3.5 2.5 0.35 -0.30 1.0 1.75 1.906 1.0 0.14 -0.5
5 0437 258 2.79 2.068 -0.045 -0.23 0.278 1.12 1.47 0.722 -0.118 -0.47
6 0711 1.60 1.60 1.976 1.24 1.24 0.357 0.61 0.85 0.722 0467 0.17

Table 1: Values of s, V;**7°, and V,/°"**"¢ for the nFET and pFET of our example technology.

While accessibility analysis does not require detailed switching
knowledge, it does require that there is enough switching activity
that every accessible state is visited with a minimum frequency. At
times, this, too, may be difficult to ensure. We, therefore, propose
a modified accessibility analysis. In this approach, signals in the
design can be marked as active. This means that these particular
signals are assured to switch with regular frequency. Clock nets
are immediately obvious active nets. We then use these active net
tags to come up with a set of constraints that must be satisfied by
a modified accessibility set of states Amnq. The body voltage will
then be determined by equations identical to those used for acces-
sibility analysis except that As;aric is replaced by Ama. For the
nFET,

(Vée])min = ;Igﬂ ijcro )
(VEEI)maz = mill(zneaj( Vj”w,jéHAi'I:a V,-jomard) (©)]
while for the pFET,
(VED Y min = max(min V;77¢, max vierwerdy 10
J J ma
(Vgef)maz = mea}( ijcr-o an
7

Modified accessibility analysis reduces to accessibility analysis in
the case that all of the nets are marked as active. Furthermore,
it reduces to full-uncertainty analysis when none of the nets are
marked as active. A,,, will be the accessibility set for the nFET
(pFET) which satisfies the contraints while ensuring the maximum
(minimum) value of the body voltage. These constraints are derived
from the following rules:

o If the gate of the FET is an active net, then there must be a
state in A, with the gate high and a state in A, with the
gate low.

If the source of the FET is connected to ground (supply)
through a succession of transistors all of whose gates are ac-
tive nets, then .A,,, must contain a state with the source low
(high).

If the drain of the FET is connected to ground (supply) through
a succession of transistors all of whose gates are active nets,
then Amq must contain a state with the drain low (high).

Same-signal correlations must be considered and can result
in stronger constraints. For example, if the gate of the current
FET is marked as an active net, but must be high for a path
to ground from the source to be present through a path of
active-gate FETs, then .4,,, must contain a state in which
both the gate is high and the source is low.
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Figure 3: Example to demonstrate modified accessibility analysis.

We demonstrate modified accessibility analysis with the exam-
ple shown in Figure 3. Nets C and B (marked with the arrows)
are active nets. For transistor M 1, therefore, there must be a state
in A, with the source and gate both high, with the gate low, and
with the drain high. To find A, that satisfies these constraints
and achieves the maximum value of VE',” , we refer to Table 1 and

begin with the state of largest V;/*"**"¢, Adding state 4 to Ama
satisfies the drain-high constraint and the gate-low constraint. We
next drop to state 2, which satisfies the constaint that there must be
a state with the source and drain both high. Therefore, Asna = {4,

2} and (V5 Ymaw = 3.1V

3 Static timing analysis

Transistor-level static timing analysis devolves into a set of con-
stituent CCC simulations. In bulk CMOS, this involves setting the
values of all of the inputs of the gate to “sensitize” the delay as-
sociated with the switching of one input.®> In SO, in addition to
established the CCC input values, the body voltages of all of the
FETs of the CCC must be initialized.

Modified accessibility analysis can be used 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. These
body voltage values are then used as the “initial conditions” for the

2We are ignoring the possibility of simultaneously switching inputs.



required delay simulation. For push-pull logic, early-mode calcula-
tion for rising transitions sensitizes the nFETs (pFETs) of the pull-
up path to be maximum (minimum) and (to reduce the “fight” dur-
ing switching) the nFETs (pFETs) of the pull-down path to be min-
imum (maximum). This same sensitization applies to late-mode
falling transitions. Early-mode calculation for falling transitions
sensitizes the nFETs (pFETs) of the pull-down path to be maxi-
mum (minimum) and the nFETs (pFETs) of the pull-dup path to be
minimum (maximum). The same sensitization applies to late-mode
rising transitions.

As an example, we time the paths through the 4-2 compres-
sor circuit shown in Figure 4 with the prototype transistor-level
static timing analyzer described in Reference [15]. We specifically
consider the long delay path, 14-Ap-C-D-E-F-S. To compare our
static timing results with SPICE, we choose “50% duty cycle” in-
put waveforms for the circuit simulations that sensitize this long
path; that is, we keep all of the inputs of the circuit actively switch-
ing. Figure 5 compares the cumulative long path delay for rising
14 between SPICE and static timing analysis under full-uncertainty
(modified accessibility analysis with no active net tags) and acces-
sibility (modified accessibility analysis with all nets marked active)
conditions. A scaled 1-V supply is used for these delay calcula-
tions and the technology has a threshold voltage of approximately
0.5 V. This small transistor overdrive (corresponding to low-power
operation) emphasizes delay variation with threshold voltage.
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Figure 4: 4-2 compressor circuit

4 Static noise analysis

In addition to verifying the timing of a circuit, one must also per-
form signal integrity verification. References {18, 9] introduce the
idea of transistor-level static noise analysis as a key technology for
verifying the functionality of large digital integrated circuits in the
presence of noise. The approach involves decomposing the de-
sign into a collection of channel-connected components (CCCs),
transistors that are connected together through their sources and
drains. The maximum noise that is possible on each net is calcu-
lated as a time-domain waveshape. This worst-case noise considers
all significant noise sources: leakage, charge-sharing noise, cou-
pling though the interconnect, and power-supply noise and is done
with a careful choice of vectors on the driving CCCs, the sensiti-
zation, which produces this worst case noise. Noise can also prop-
agate from CCC-input to CCC-output (propagated noise). Noise
failures are determined by the noise stability, a type of AC noise
margin analysis, of each CCC given the worst case noise appear-
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Figure 5: Timing results for the longest path of the 4-2 compressor
circuit of Figure 4. SPICE results are compared with static timing
analysis using the modified accessibility analysis for body voltage
determination.

ing at its inputs. This involves calculating the transient sensitivity
of the output noise with respect to the dc-level of the input noise.
Here we consider only the special considerations associated with
applying static noise analysis to PD-SOI circuits[16] and refer the
reader to Reference [9] for more details on static noise analysis
generally.

There are two important considerations for static noise analysis
for PD-SOI circuits. The first (as for static timing analysis) is that
all of the body voltages must be initialized as part of the CCC anal-
ysis used to calculate the noise on each node as well as the CCC
analysis used to determine the noise stability of the gate. The sec-
ond is that special consideration must be taken of parasitic bipolar
leakage.

The “initial-condition” body voltages are calculated using the
modified accessibility analysis described in Section 2. The algo-
rithm for initializing the body voltages is straightforward and de-
pends on the noise type being calculated. Following Reference
[15], we calculate two types of noise on each CCC output, Vg
noise, which is noise that pulls the output down from the supply
level and V7, noise, which is noise that pulls the output up from
ground. This noise is then checked against the noise margins of the
receiving circuits. When calculating V& noise on a CCC output (or
when verifying noise stability in the case that Vg noise is intro-
duced at the output), all of the devices in the pull-down stack are
initialized to maximize the device strength by minimizing threshold
voltages (maximum body voltages for nFETs and minimum body
voltages for pFETSs). This increases the strength of these devices in
introducing noise. Similarly, all the devices in the pull-up paths are
initialized to minimize device strengths by maximizing threshold
voltages (maximum body voltages for pFETs and minimum body
voltages for nFETs). This reduces the strength of these devices



in maintaining the output at the logic high level. For Vi noise,
the situation is just the opposite, minimizing device strengths in
the pull-down stack and maximizing device strengths in the pull-up
stack.

In calculating propagated noise and in verifying noise stabil-
ity, a parasitic bipolar leakage current may also be activated with
an associated rapid charging or discharging of the body. Because
of this, to achieve the worst-case noise, one must vary the arrival
time of the input noise to maximize the output noise; that is, make
sure that the noise introduced by parasitic bipolar leakage is super-
imposing maximally with the propagated noise and that the MOS
drain current induced by the propagated noise is maximum (noise
on the gate “sees” the most body-affected threshold voltage).

clk —

Figure 6: Four-input domino gate.

These “SOI-aware” extensions have been made to the transistor-
level static noise analysis tool, Pacific[19]. In Figure 6, we show
a sample four-input domino gate analyzed by PacifIC. We assume
that input a has the V, noise shown in Figure 7(a). In the case that
only the clock is marked as active, PacifIC flags a failure at node o.
This worst-case noise occurs as a result of the propagation of Vi,
noise on a to Vi noise on o (b, ¢ are sensitized high, a, d are sen-
sitized low). The body voltages on m4 and m6 are preconditioned to
0.97 V by PacifIC in this case.® This failure is indicated by a sensi-
tivity that exceeds unity magnitude in the pull-down network of the
domino gate as shown in Figure 8(b). PacifIC generates a “SPICE
trace” that can be used to duplicate the conditions producing the
noise failure. The result of this simulation is shown in Figure 7.
Figure 7(a) shows the voltages on nodes a, o, and f. Figure 7(b)
shows the body voltage on transistor m4 and Figure 7(c) shows the
drain current on transistor m4.

If, however, a, b, and ¢ are marked as active, PacifIC does not
record a failure. The body voltages of transistors m4 and m6 are
preconditioned in this case to 0.46 V. The worst-case noise reported
on node o by PacifIC results from charge-sharing between node o
and node n3. Figure 9 shows the noise calculated by PacifIC on
nodes 0 and f and the noise sensitivity recorded for the output
inverter.

3The node voltage on O alwaysrecovers in the PacifIC simulation because the half-
tatch feedback is broken and the gate of transistor m9 is held high.
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Figure 7: SPICE results using the “SPICE trace” reported by Pa-
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Figure 8: Noise failure for the domino gate of Figure 6, as reponed
by PacifIC, with only clk marked active. The failure is due to prop-
agated noise from input a and parasitic bipolar leakage.



5 Conclusions

In this paper, we have considered techniques for estimating body-
voltage variation in digital PD-SOI circuits. These techniques have
then been appleid to transistor-level static timing and static noise
analysis tools.
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Figure 9: Maximum noise on node o of the. domino gate of Figure
6, as reported by PacifIC, with clk, a, b, and ¢ all marked as active.
The maximum noise in this case comes from charge-sharing noise

and does not produce a failure.
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