Static Noise Analysisfor Digital Integrated Circuitsin Partially-Depleted
Silicon-On-Insulator Technology *

Kenneth L. Shepard and Dae-Jin Kim
Columbia Integrated Systems Lab, Columbia University, New York, NY 10027
{shepard, dkim} @cisl.columbia.edu

Abstract

In this paper, we extend transistor-level static noise analysis tools
to consider the unique features of partially-depleted silicon-on-
insulator (PD-SOI) technology: floating-body-induced threshold
voltage variations and parasitic bipolar leskage currents. Thisin-
volves a unique state-diagram abstraction of the device physics de-
termining the body-potential of PD-SOI FETs. Based on this pic-
ture, asimple model of the body voltageis derived which takesinto
account modest knowledge of which nets have dependable, regular
switching activity. Resultsare presented using acommericia static
noise analysistool incorporating these extensions.

1 Introduction

Partially-depleted silicon-on-insulator (PD-SOI) has emerged as
a leading technology for high-performance, low-power deep-
submicron digital integrated circuitg 1, 2, 3, 4]. PD-SOI technology
deliverstwo main advantagesfor digital applications: the reduction
of the parasitic capacitance associated with source and drain diffu-
sionsand thereduction of the reverse-body effect in FET seriescon-
nections. Acting together, these effects result in the faster switch-
ing of stack structuresin PD-SOI thanin bulk CMOS. In additionto
higher speed (or lower power) operation, PD-SOI also enables the
possibility of greater logic function from a given channel -connected
component (CCC).

Thereduced reverse-body effect in stack structures comesabout
because the body of the transistors is floating. At the device and
circuit level, however, this floating-body effect poses major chal-
lenges in the successful use of this technology. Thereis a para-
sitic bipolar effect which can result in noisefailuresif not correctly
considered[5]. 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 erodesall of the potential performance advantage under
nominal operation. Similarly, without special effort in noise anal-
ysis, many circuit styles in which noise margin is strongly deter-
mined by threshold voltage (e. g. dynamic circuits) could be signif-
icantly overdesigned because of conservative body-voltage margin-
ing. Static timing[6] and static noise[7] analysis tools, which have
become central to the verification of leading-edge digital designs,
must be enhanced to understand the unique features of SOI tech-
nology. In particular, they must provide accurate bounds on the
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floating-body potentials of the devices from known switching and
circuit topology information. Where these bounds are not adequate
to prevent overdesign, they should provide optionsfor reducing the
potential body voltage variation.

In this paper, we work with BSIM3SOI[8] models for an IBM
partially-depleted SOI technology described el sewhere[9]. Devices
have a0.25um effective channel length, 5 — nm gate oxide, 350 —
nm buried oxide, and 140 — nm thin silicon film.! While the de-
tailed resultswe present here apply to thistechnol ogy, thetechniques
are generally applicable to any PD-SOI technology.

Reference [10] presentstechniquesfor body voltage estimation
in PD-SOI circuits and applies them to transistor-level static tim-
ing analysis. Reference [7] considers the techniques and methods
of transistor-level static noise analysis. In this paper, we combine
these approachesto consider the uniqueissues of static noise analy-
sisfor PD-SOI circuits. In Section 2, we review the device physics
determining the body voltage and parasitic bipolar effects. We do
thisfrom the perspectiveof thecircuit-centric state-diagram abstrac-
tion introduced in Reference [10]. We next consider possible ap-
proaches for body voltage estimation and settle on one approach
that seems most suitable for static noise analysis. In Section 3, we
review the essentials of transistor-level static noise analysis. Fur-
thermore, we consider the special issues associated with static noise
analysisin PD-SOlI. In Section 4, we consider these techniques ap-
plied in an SOI-aware prototype of acommercial static noise anal-
ysis engine. Section 5 offers conclusions and directions for future
work.

2 PD-SOIl device physics

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)[11]], and by impact ionization cur-
rents produced by current flow through the device (sometimes re-
ferred to as the on-state impact ionization current). Moreover, it
is convenient to distinguish “fast” and “slow” processes. Fast pro-
cesses 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 cycletime (up to milliseconds) to affect
the body voltage. There are two fast mechanisms at work: switch-
ing transitions on the gate, source, or drain which are capacitively
coupled to the body (which we call coupling displacements), and
forward-biasdiode currents across source-body and drain-body junc-
tions with voltages exceeding the diode turn-on voltage (which we
call body discharge). The slow processes involve charging or dis-
charging the body through reverse-biased or very weakly forward-
biased diode junctions and through impact ionization.
Asa(usually) dynamiccircuit node, thefl oating body has* mem-
ory.” To model the switching history determining the body voltage

1 We modified the device parameters of the model slightly to reduce theimpact ion-
ization current at 2.5-V supply. They, therefore, differ slightly from those used in Ref-
erence [10].



of aparticular device, we use the state diagram abstraction shown
in Figure 1. (This diagram appliesto the nFET. The state diagram
of the pFET isthe “dua” 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 6aand 6b, which are only present transiently dur-
ing switching events. For example, state 1 correspondsto thecasein
whichthegateishigh and both the sourceand drain arelow. Arrows
indicate possible state transitions produced by switching eventsin
thecircuitscontainingthese FETSs. If thedeviceisallowedtoremain
inone statefor avery long time, the body voltagein each state s will
achieve adc value, denoted as s;.
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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 chooseto 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 voltagein each state: (V) according
to:

Vi = Vg + di(Vi*T)

The displacements, d:(V,*/), 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.

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 thisreference volt-
age, V7" and V7974 V7€ represents the steady-state value
of the reference body voltage achieved by remai nlng in state ¢ for
along time. Thisfollowsimmediately from the s; in each state.

s; = ‘/12€T0+d1(‘/126“3) (l)

yFerward representsthe val ue of the reference body voltage for the
NFET (pFET) to which the body would be very quickly pulled down
(up) as aresult of body discharge (charge), if state : were accessed
with ahigher (lower) referencebody voltagethan V., ““"¢, These
v 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. (Itisimportant to note that fast body discharge can trigger para-
sitic bipolar leakage between source and drain for FETs in state 5.)
In our exampletechnology at 2.5V, for instance, thismeansthat if a
FET whichreached adc steady-statein state4 (witha V,;*¢"° of 3.43
V) switchesinto state 2, thereference body voltagewill quickly dis-
chargeto V;/7**"¢ = 3.1V, If the FET subsequently remainsin
state 2 for along time, VY will eventually decrease to V;*"° =
2.5V.

Reference [10] uses this information to provide two modes of
body voltage“estimation.” In“full-uncertainty” analysis, weassume

that we have no knowledge of the switching activity of the circuit.

We must choose maximum and minimum possi bleval ues of the body
voltage that cover all possible stimulus and history. We say that a
state is accessibleif the circuit topology allows the state to be vis-

ited. (For example, for the nFET of an inverter, those states with

the source high would not be accessible, because the source of the

nFET istied to ground.) We let A represent the set of such accessi-

ble states, including possibly the dynamic state 6. In this case, the

minimum and maximum body voltages are given by:

(V£Ef)maz — rjneéi( ‘/Jzero (2)
(VTef)'mzn — rrélil Vzero (3)

If, however, oneis assured that every accessible stateisvisited with
reasonable frequency (i. e., on atime scale that is faster than the
“slow” body-voltage mechanism), thenthe v/ valuesfor the
NFET (pFET) will cap the maximum (m| ni mum) possible value of
thebody voltage. Thisisreferredtoas*”accessibility” body-voltage
estimation. For the nFET,

V’ref‘m”l — . Vzero 4
(V5™) min ¥ 4

yreh = min(max V"%, min V7/orwerd) 5
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whilefor the pFET,
forward:
V] ) (6)

(V};ef)mm = max(min V,>*"°, max
JEA 1€ Astatic

refH _ zero

(V5" Jmaz = maxV, @)
where A.;q:ic isthe set of al 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 activelong enough to complete adischarge. Refer-
ence [10] shows how it is possible to refine this estimate even fur-
ther with stochastic techniques. These require moredetailed know!-
edge of signal timing and probabilities, which are difficult to obtain
and assure in the context of noise analysis.

While accessibility analysis does not require detailed switching
knowledge, it does require that there is enough switching activity
that every accessible stateis visited with aminimum frequency. At
times, this, too, may be difficult to ensure. We, therefore, propose
amodified accessibility analysis that we will apply in the context
of static noise analysis. In this approach, signalsin the design can
be marked as active. This means that these particular signals are
assured to switch with regular frequency. The clock net isoneim-
mediately obvious active net. We then use these active net tags to
come up with aset of constraintsthat must be satisfied by amodified
accessibility set of states.A.... Thebody voltagewill then bedeter-
mined by equationsidentical to those used for accessibility analysis
except that A ¢qs:c isreplaced by A,q. Amq wWill bethe accessibil-
ity set for the nFET (pFET) which satisfies the contraints while en-
suring 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.

o |f thesourceof theFET isconnected to ground (supply) through
a succession of transistors all of whose gates are active nets,
then A,,, must contain a state with the source low (high).

o If thedrainof the FET is connectedto ground (supply) through
a succession of transistorsall of whose gates are active nets,
then A, must contain a state with the drain low (high).



e Same-signal correlations must be considered and can result
instronger constraints. For example, if the gate of the current
FET ismarked as an active net, but must be high for apath to
ground from the sourceto be present through a path of active-
gate FETSs, then A,,,, must contain a state in which both the
gate is high and the source is low.

3 Static noise analysis

References[12, 7] introduce the idea of transistor-level static noise
analysis as akey technology for verifying the functionality of large
digital integrated circuits in the presence of noise. The approach
involves decomposing the design into a collection of channel-
connected components (CCCs), transistors that are connected to-
gether through their sources and drains. The maximum noise that
is possible on each net is calculated as a time-domain waveshape.
Thisworst-case noise considers al significant noise sources: leak-
age, charge-sharing noise, coupling though the interconnect, and
power-supply noise. Thisisdonewith acareful choice of vectorson
the driving CCCs, referred to as the sensitization, which produces
thisworst case noise. Noise can aso propagate from CCC-input to
CCC-output (propagated noise). Noise failures are determined by
the noise stability, atype of AC noisemargin analysis, of each CCC
giventheworst case noise appearing at itsinputs. Thisinvolvescal-
culating the transient sensitivity of the output noise with respect to
the dc-level of the input noise. In this paper, we wish to consider
only the special considerationsassociated with applying static noise
analysisto PD-SOI circuitsand refer the reader to Reference [ 7] for
more details on static noise analysis generally.

There are two important considerationsfor static noise analysis
for PD-SOI circuits. Thefirst isthat all of the body voltages must
beinitialized as part of the CCC analysis used to calculate the noise
on each node as well as the CCC analysis used to determine the
noise stability of the gate. These body voltages are calculated us-
ing the modified accessibility analysis described in Section 2. The
approach here is straightforward and depends on the noise type be-
ing calculated. Following Reference [10], we calculate two types
of noise on each CCC output, Vx noise, which is noise that pulls
the output down from the supply level and V7, noise, whichisnoise
that pulls the output up from ground. When calculating Vz noise
on a CCC output (or when verifying noise stability in the case that
Vum noiseisintroduced at the output), all of the devicesin the pull-
down stack areinitialized to maximize the device strength by mini-
mizing threshold voltages (maximum body voltages for nFETsand
minimum body voltages for pFETS). Thisincreasesthe strength of
these devicesin introducing noise. Similarly, all the devicesin the
pull-up paths are initialized to minimize device strengths by maxi-
mizing threshold voltages (maximum body voltages for pFETsand
minimum body voltages for nFETS). This reduces the strength of
these devicesin maintaining the output at the logic high level. For
V1 noise, the situation is just the opposite.

The second important consideration in the static noise analysis
of PD-SOI circuitsis that in calculating both propagated noise and
in verifying noise stability, a parasitic bipolar leakage current may
also be activated. Because of this, to achieve the worst-case, we
must vary the arrival time of the input noise to maximize the output
noise; that is, make surethat the noise introduced by parasitic bipo-
lar leakage is superimposing maximally with the propagated noise.

4 Results

We have applied these enhancements to a prototype version of a
commercial static noise analysis engine, already being applied to
industrial designsin bulk CMOS. We focus our results on the small
example shown in Figure 2, where we can tractably validate our re-
sults with dynamic simulation. We choose a domino gate with a

full latch so that the condition for functional failure is unambigu-
ous (the latch flips). The example, however, illustrates most of the
noise analysis issues unique to PD-SOI. Internally, the static noise
analysis engine uses a CCC decomposition of this circuit in which
the output inverter is partitioned out. In this partitioned circuit, we
refer to the dynamic node as dyns and the output of the inverter as
outs.
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Figure 2: Example circuit.

We intend to compare our static noise analysis results with dy-
namic simulation of the same circuit by vectors which correspond
to the “worst-case” behavior detected in the static analysis. In the
circuit of Figure 2, we consider coupling noise that we introduce by
the switching of an aggressor (G, H, or I) capacitively coupled to
inputs A, C, and E after along period of switching history, which
we call the prelude. We consider three different preludes as shown
in Table 1. Theclock periodis10nsec and the preludeis simulated
for 100pusec (so that the body has reached steady state) before the
noiseis applied. For the purposes of the dynamic simulation, a net
that isactiveduring the preludehasa0 — 1 transition at the middle
of the evaluate cycle, every other evaluate cycle. After the prelude,
whichisdifferent depending on the case considered, the* noise con-
dition” shownin Table 2 is applied, introducing V7, coupling noise
on node A for case 1, node C for case 2, and node £ for cases 3
and 4. This*“noise condition” is identical to the one established by
static noise analysis to produce the worst-case Vz noise on node
dynd in each case. However, instead of a full prelude simulation,
in the static analysis, the body voltages of each FET is initialized
by the tool with the maximum or minimum val ue as determined by
modified accessibility analysis. The inputs noted as active in Table
1 (in addition to the clock) are considered asactive netsin thisanal-
ysis. InCase 1, asignificant parasitic bipolar current isal so present;
asaresult, thetool adjuststhe arrival time of the noise on A to pro-
duce the maximum peak noise at dyns. Cases 1 and 3 yield noise
failures, which are correctly predicted by static noise analysis (by
sensitivities exceeding one in magnitude for the output inverter —
dyns to outs), while cases 2 and 4 do not.

The noise characteristics are most strongly affected by the body
voltages on FETs M1, M3, and M 5. The actua (from dynamic
simulation) and estimated maximum values (from the static noise
analysis tool) for these body voltages are compared in Table 3. In
Case 1, transistor M 13 charges the internal node between transis-
tors M1 and M2 to Vi » every prechargephase. Thisconfiguration
would be common in bulk CMOS to mitigate charge-sharing noise
but is potentialy disastrous for SOI sinceit can alow the body of
M1 to easily charge to avery high bias. Thisleave M1 with poor
immunity to noise on its gate and also leave it preconditioned for
parasitic bipolar leakage. Both contribute to the failure in this case.
Case 3 is similar, but the fact that net £ is under steady switching



Prelude Node disposition

A B C D E F
1 0O 0 O 0 active O
2 0 O active 0 O 0
3 0O 0 O 0 active active

Table 1: The switching conditions of the “prelude,” applied for
100p sec before the noise event to establish steady-state body volt-

ages.

Cae Prelule A B C D E F G H [
1 1 0 1 0 0 0 O fal 1 1
2 2 0 0 0 1 0 0 1 fal 1
3 1 0 0 0 0 0 1 1 1 fall
4 3 0O 0 0 0 0 1 1 1 fall

Table 2: Four noise conditions considered.

means that both states 2 and 4 are accessible for FET M 5. State 2
accessibility limits the maximum body voltage possible but is not
enough to prevent failure. In Case 2, transistor M 14 dischargesthe
internal node between transistors M3 and M4 every cycle. From
thepoint of view of our modified accessibility analysis, thisisequiv-
alent to Case 4, in which both E and F are active. |n both cases, our
upper bound is about 250 mV too high, although we correctly pre-
dict functionality in the static noise analysis. The main reason for
this discrepancy is the neglect of state 6 which is exerting a down-
ward pressure on the body voltage which is not considered in the
modified accessibility analysis.

In Figure 3, we show the waveforms associated with the Case 3
failure. Figure 3(a) shows the dynamic simulation of the failure as
manifest in the switching of dynd and outd. E labels the coupled
noise on the gate of M 5. Figure 3(b) shows the waveform calcu-
lated internally inthe static noiseanalysisfor nodesdyn s, outs,and
E. Thediamond on the left axis corresponds to the “initial condi-
tion” body voltageapplied totransistor M 5 for the simul ation deter-
mining the waveform at dyns. [Note that dyns does not “ switch”
because the feedback loop is broken in the CCC decomposition.]
Figure 3(c) shows the dyns-outs transient sensitivity that is used
to detect the failure.

5 Conclusions

We have described extensions to transistor-level static noise anal-
ysis to handle the unique issues of PD-SOI technology: floating-
body-induced threshold voltage variations and parasitic bipol ar |eak-
age currents. In particular, we have developed a model for estimat-
ing the possible body voltage variation without simulation which
takes into account modest knowledge of which nets have depend-
able, regular switching activity.
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Figure 3: Case 3 results for (a) dynamic simulation and (b) static
noise analysis. The sengitivity of the inverter of the dynamic gate
to the noise on dyns isshownin (c).

Morework isrequired to includethe effects of the dynamic state
6 in modified accessibility analysis. Futurework could also include
devel oping techniques by which netswould be explicitly forced ac-
tiveto control body voltagevariation. Thiscould beviewed asanal-
ogous to DRAM refresh. More work would be required to deter-
mine the necessary frequency and nature of this pattern.

Theauthorsgratefully acknowledge Steven Chan for hel pful dis-
cussions and other contributions to this work.
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