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Static Noise Analysis for Digital Integrated Circuits
In Partially Depleted Silicon-on-Insulator Technology

Steven C. CharStudent Member, IEEEKenneth L. ShepardViember, IEEEand Dae-Jin KimMember, IEEE

Abstract—This paper extends transistor-level static noise to the verification of leading-edge digital designs, must be
analysis to consider the unique features of partially depleted enhanced to understand the unique features of SOI technology.
silicon-on-insulator (PD-SOI) technology: floating-body-induced In particular, they must provide accurate bounds on the

threshold voltage variations and parasitic bipolar leakage cur- . . . o
rents. This invglves a unique staFt)e-diagrampabstractior? of the floating body potentials of the devices from known switching

device physics determining the body potential of PD-SOI FETs. and circuit topology information. These bounds provide the
Based on this picture, a simple model of the body voltage is hecessary initial conditions for the constituent simulations of

derived which takes into account modest knowledge of which nets the static analysis. Where these bounds are not adequate to
have dependable regular switching activity. Results are presented |, yant overdesign, they should provide options for reducing
using a commercial static noise analysis tool incorporating these th tential bod It iati

extensions and comparisons are made with SPICE. € po _en lal body voltage _varla lon.

In this paper, we work with BSIMPD [8] models for an IBM
partially depleted SOI technology described elsewhere [9]. De-
vices have a 0.2 effective channel length, 5-nm gate oxide,
|. INTRODUCTION 350-nm buried oxide, and 140-nm thin silicon filmA supply

. : voltage of 2.5 V is used. While the detailed results we present

ARTIALLY DEPLETED silicon-on-insulator (PD-SOI) h ; -
ere apply to this technology, the techniques are generally ap-
has emerged as a leading technology for high-perf PRl ! 9y 'qu g yap

| q bmi diaital intearated circ licable to any PD-SOI technology.
mance low-power deep-submicron digital Integrated CIrCullS p g ance [10] presents techniques for body voltage esti-

[1]-{4]. PD-SOI technology delivers wo main advantages f%ation in PD-SOI circuits and applies them to transistor-level

digital_applica_ltions: the reductio_n Of. the_ parasitic CapaCitan_g?atic timing analysis. Reference [7] considers the techniques
associated with source and (_jram d|ffu3|(_)ns and _the reduchgﬂd methods of transistor-level static noise analysis. In this
of the body effect in .FET series connections. Acting tog’eth(?faper, we combine these approaches in order to address the
these effects .result in faster switching of ;tapk structures L'f?ﬂque issues of static noise analysis for PD-SOI circuits [11].
PD-SOI than in bulk CMOS. Because of this improved stac The organization of this paper is as follows. In Section I,

per_forman(?e, PD-SOI al_so enables the possibility of 9reafgl review the device physics determining body voltage and
logic function from a given channel-connected compon?}] r
i

Index Terms—Noise, signal integrity, silicon-on-insulator.

CCO). | ¢ st that ted together th asitic bipolar effects. We do this from the perspective of a
Eheirs)(,)L:.rf:és ;raa:]TjSIdSrgirr?s at are connected together thro uit-centric state-diagram abstraction introduced in [10]. We

. consider possible approaches for body voltage estimation, in-
The reduced body effect in stack structures comes ab% ding the techniques discussed in [10], as well as a new ap-

b.eca.use the body of the t_ransistpr is floating. At the deviceg ach more suitable for static noise analysis. In Section lll,
Cgcﬁlt Ievel,' h;:N ever, th'Sf flloatlng-?(t)ﬁy fﬁeth rIJosesTrr?aj e review the essentials of transistor-level static noise analysis
cha engte_s kl)n Ie suf;:cetss # :]Jse 0 |s|te_c no og;f/. i €€ then consider the special issues associated with noise anal-
a parasitic bipofar €flect which can resutt In noISe 1ailures figq o pp_so| circuits: body voltage initialization and parasitic

|n0t correctl¥ p()tn3|(j_er$]d [s]’ d[S]’ [?]' in ladd(ljtlon, there ca;? b ipolar effects. In Section 1V, we compare the results obtained
arge uncertainties in the body potential and, consequently, &, o sol-aware commercial static noise analysis tool Pa-

threshold voltage of devices due to unknown past SWitChiQ:ﬂ‘IC [12] with SPICE. Section V offers conclusions and direc-
activity. Without special effort in noise analysis, many Cirfions for future work

cuit styles in which noise margin is strongly determined by
threshold voltage (e.g., dynamic circuits) could be significantl
: ge (€.g., dy - ) g Yy [I. PD-SOI DeviCcE PHYSICS
overdesigned because of conservative body voltage margining.
Static noise analysis tools [7], which have become centralThe body potential of a PD-SOI FET is determined by ca-
pacitive coupling of the body to the gate, source, and drain, by
Manuscript received April 4, 2000; revised March 1, 2002. This work wagl()d_e Current_s at the Sour_ce'bOdy and dram'bOdyJunCtlon$ (m'
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Electrical Engineering, Columbia University, New York, NY 10027 USA
(e-mail: schan@cisl.columbia.edu; shepard@cisl.columbia.edu; dkim@cisl.co*We modified the device parameters of the model slightly to reduce the impact

lumbia.edu). ionization current at 2.5-V supply. They, therefore, differ slightly from those
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Fig. 1. State diagram for a PD-SOI nFET.

current)? Moreover, it is convenient to distinguish “fast” and T';ABLElI

u ” VALUES OF s;, V#°r°, AND Vferward ForR THE NFET AND PFET OF
§Iow processes. Fast processes can change the body poten OUR EXAMPLE TECHNOLOGY AT A 2 52V SUPRLY

tial on time scales on the order of or less than the cycle time,

while slow processes require time scales much longer than the nfet pfet

cycle time (up to milliseconds) to affect the body voltage. There 55 ypere yforeard Vpero  yfereerd
are two fast mechanisms at work: switching transitions on the 1 0 178 237 0.0 0.0 -0.6
gate, source, or drain which are capacitively coupled tothe body 2 25 250 3.1 25 067361 06192505
(which we callcoupling displacementsand forward-bias diode i gﬁ g:ig gzg g.5 b‘ﬁ% b :0:275
currents across source-body and drain-body junctions withvolt- = 497 954 279 2079 -0.026 -0.225
ages exceeding the diode turn-on voltage (which we loadly 6 0560 1.3 1.36 2.078 1.373 1.15

discharg@. The slow processes involve charging or discharging
the body through reverse-biased or very weakly forward-biasedlf the device is allowed to remain in one state for a very long

diode junctions and through impact ionization. . : . . i
As a (usually) dynamic circuit node, the floating body hats'me’ the body voltage in each state will achieve a dc value, de

- . o oted as;. The dc voltages in states 1 ands3 &nds3) are zero,
memory. To model the switching history determining the boo&hile the dc voltages in stages 2 ands4 &nds,) are given by

voltage of a particular device, we use the state diagram abstrac-

tion shown in Fig. 1 for an nFET. The states denoted with sol € supply voltages; is deter_mmeo! by the stead_y—state balance
. e . . etween a weakly forward-biased junction drawing current from
circles represent “static” states, states in which the FET can

e . X ) :
stable, in contrast with the “dynamic” states 6a and 6b, whit edbodyhand e:jrsverse—bmsed junct|_0n_|, Ieak.mg currept t(;) the
are only present transiently during switching events. For e ody, enhanced by GIDL currents. Similarly, is determine :

j By, the steady-state balance between a weakly forward-biased

ample, state 1 corresponds to the case in which the gate is high

. - Junction drawing current from the body and charging current
and both the source and drain are low. Arrows indicate possibje ) . )
o oo . ! Ue to reverse leakage of the other diode junction and on-state
state transitions produced by switching events in the circul

S L
containing these FETs. These switching events can repre |(ranr§]act ionization. These valuesgfare shown for our example

o . : nology in Table I.
transitions from the logic state at the end of the previous cyclé n the absence of body discharge. the counling displace-
to the logic state at the end of the current cycle or can represen% y g€, Piing P

hazards that occur transiently within a cycle. States 5a and rggnts_that oc::ur \,I,V'Fh each trar]S't'On n Fig. 1 are cqmpletely
eversible on “fast” time scales; that is, if one begins in state 1

can usually be treated equivalently as state 5; similarly, stat€s ) ) i
. aid traverses the state diagram, returning to state 1 on a time

6a and 6b can usually be treated equivalently as state 6. The dI- u N i
scale much faster than any of the “slow” leakage mechanisms,

agram in Fig. 1 applies only to the nFET. The state diagram e body voltage on return will be the same as the initial

the pFET is the “dual” of this, in which the gate is high rathelgody voltage, a simple result of charge conservation. We can

tlhazn Er\:\(ljlg states 3, 4, and 5 and low rather than high in Start 2refore represent the charge stored on the body as the value

of the body voltage in one particular state, calledréference
2Gate leakage is an emerging influence on the body voltage in deeply scaﬂate We choose state 2 for the nFET and state 1 for th(-_? PFET
CMOS but will not be considered in this paper. to be this reference state and denote the body voltage in these
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@ , , , : ylerward 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
1 were accessed with a higher (lower) reference body voltage
than Vervard The values shown in Table | 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 para-
sitic bipolar leakage between source and drain for FETs in state
5. This means, for example, that if an nFET which reached a
dc steady state in state 4 (withlg*™ of 3.43 V) switches

. ‘ . . . . . . into state 2, the reference body voltage will quickly discharge
P05 o0 05 1 15 2 25 3 35 4 toVfvad =31V Ifthe FET subsequently remains in state 2

Displacement (V)
1

§
N

Body voltage (V) for along time Vi<t will eventually decrease tg§*™© = 2.5 V.
®) TheVfervard yalues in Table | are determined in a similar way

as theV;*** values. For example, an nFET in state 4 has source
and drain high, so no source body or drain body junction will
be strongly forward biased if the body voltage remains below
3.1V.From Fig. 2, we see thatlifssf = 3.45V thend(3.45) =
—0.35 V. And so by (1),Vfervard — 3.1 — (-0.35) = 3.45 V.
Reference [10] uses the information in Table | to provide two
modes of body voltage estimation. In “full uncertainty” analysis,
we assume 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 agcessibléf the circuit topology
allows the state to be visited. For example, for the nFET of an

Displacement (V)

2 15 -1 05 0 05 1 15 2 25 . ;
Body voltage (V) inverter, those states with the source high would not be acces-

sible because the source of the nFET is tied to ground. We let
Fig. 2. Displacements as a function of reference state body voltage at a 2.54represent the set of such accessible states, including possibly
supply for (a) the nFET, for which the reference state is state 2 and (b) the pFﬁ]’e dynamic state 6. In this case. the minimum and maximum

for which the reference state is state 1. .
body voltages are given by

two states as/j!. For any nonreference state the body (Véef)max = max yyere -
voltageV}; can be determined according to the following: f k‘
(Vée )min = I'n1}41 ‘/jZero' (4)

JC

Vis = Vit d; (V). ()
If, however, one is assured that every accessible state is visited
The displacementsl;(Vie!), are explicitly shown to be depen-with reasonable frequency (i.e., on atime scale that is faster than
dent on the reference body voltage because of the strong volttye “slow” body voltage mechanism), then thigv**4 values
dependence of the source-body, drain-body, and gate-body fceithe nFET (pFET) will cap the maximum (minimum) possible
pacitances. Fig. 2 shows these displacements as a functiowalfie of the body voltage. For example, suppose that the set of
Vit for our example technology. accessible states for an nFET are 1, 3, and 5. If these states are
With the reference body voltage as a “state-independent” weigited with reasonable frequendy/ ) .. Will be limited to
of representing the charge trapped on the body, we procee®137 V by V;rvard since the body will be discharged to 2.37 V
characterize each statdn Fig. 1 by two values of the refer- each time state 1 is entered. For the nFET then
ence body voltagd/”  andV;*rvard shown in Table | for our
example technology**® represents the steady-state value of
the reference body voltage, achieved by remaining in s$te
a long time. From (1) and the definitions ef, V7", andd,, (VE" ) max =min <¥Ileéfi< Vi, Jmin ijorward> (6)
the following relation holds: ’ Y natie

(V,?fr ) =min ijero (5)

min JEA

while for the pFET

SZ — ‘/izero + dz (‘/izero) . (2)
- . Véef)m~ — max <min ‘/jjzero7 max ijorward) (7)
For example, consider an nFET in state 4, where Table | shows " JeA J€Astatic
that V7 = 3.43 V. From Fig. 2, we see that for the — (VE ) imax =max V™ (8)
4 transition, a reference body voltage of 3.43 V will result in e
d4(3.43) = —0.93 V. Equation (2) confirms that, = 2.5V  whereA..ic is the set of all accessibigaticstates (i.e., states

sinceVy® 4+ dy (V) =343 -0.93 = 2.5 V. 1-5). State 6 is not included because it is visited only briefly
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during a transition and cannot be assured to be active long :,_

enough to complete a discharge. Body voltage estimation using

(5)—(8) is referred to as “accessibility” analysis. Reference c -t—C

[10] shows how it is possible to refine accessibility analysis -

even further with stochastic techniques. This requires more

detailed knowledge of signal timing and probabilities, which

are difficult to obtain and assure in the context of noise analysis. cgll m1
While accessibility analysis does not require detailed B 't_

switching knowledge, it does require that there is enough —/'s

switching activity that every accessible state is visited with a

minimum frequency. At times, this, too, may be difficult to |

ensure. We, therefore, proposmadified accessibility analysis A |

that we will apply in the context of static noise analysis. In this

approach, signals in the design can be markedctise This

means that these particular signals are assured to switch with 1

regular frequency. The clock net is one immediately obvious

active net. We then use these active net tags to come up with%3- Example to demonstrate modified accessibility analysis.

set of constraints §ctive-net constrainjghat must be satisfied

by a modified accessibility set of statds,,,. The body voltage « If the drain of the FET is connected to ground (supply)

will then be determined by equations identical to those used for  through a succession of transistors all of whose gates are

accessibility analysis except that;..;. is replaced byA,,,. active nets, themd,,,, must contain a state with the drain
For the nFET low (high).
. _ » Same-signal correlations must be considered and can re-
(VE™) aim = Hed viee 9) sultin stronger constraints. For example, if gate of the cur-
rent FET is marked as an active net, but must be high for
(Véef)max =min <1Jn&mj< Wemg‘é}}“ Vf"“”“) (10) a path to ground from the source to be present through a

path of active-gate FETS, the#,,, must contain a state

while for the pFET in which both the gate is high and the source is low.
(VE") . =max <mii‘1 Vi, max ij"“md> (12) lIl. STATIC NOISE ANALYSIS
i J€ J€Ama
re zero References [7], [14] introduce the idea of transistor-level
V; t max — 1I1d Vi . 12 . . i i
(V5") 1}33\( J (12) static noise analysis as a key technology for verifying the

A,.. will be the accessibility set for the nFET (pFET) Whichfunctl_onallty of large dlgl'_tal integrated cwcwt_s in the presence
2 . . . . . of noise. The approach involves decomposing the design into
satisfies the active-net constraints while ensuring the maximum . . . . .
L . - collection of CCCs. The maximum noise that is possible
(minimum) value of the body voltage. As in accessibility anal-

. 2 - ) - on each net is calculated as a time-domain waveshape. This
ysis, modified accessibility analysis explicitly excludes the dy- . o ) ) ]
. orst case noise analystonsiders all possible noise sources:
namic state 6 frond,,,,.

These active-net constraints @i, are derived from the fol- leakage, charge-sharing noise, (.:Ol.“'p“ng thrpugh the mtercpn-
lowing rules nect, and power-supply noise. This is done with a careful choice
) ) ) of vectors on the driving CCCs, referred to as $kasitization
* Ifthe gate of the FET is an active net, then there must b§ghich produces this worst case noise. Noise can also propagate

state inA,, with the gate high and a statei.. With the ¢,y the output of one CCC to the input of the following CCC
gate low.We demonstrate modified accessibility a”alysdspropagated noige

with the example shown in Fig. 3. Netsand B (marked ~"njgise failures are determined by theise stability a type

with the arrows) are active nets. _For transistét, there- ¢ o noise margin analysis, of each CCC given the worst
fore, there must be a state.y.. with the source and gate o556 noise appearing at its inputs. This involves calculating
both high, with the gate low, and with the drain high. Tang (ansient sensitivity of the output noise with respect to the
find A, that sat|sf|efs these constraints and achieves the eye| of the input noise, as shown for an inverter in Fig. 4.
maximum value OV]%." W refer to Table | and begin with e noigeq,, (+) “biases” the inverter, producing an output
the state of largest;*™**". Adding state 4 t04,.. SaliS- yayeformu,.(¢). The time-domain dc-noise sensitivis()

fies the drain-high constraint and the gate-low constraint given by

We next drop to state 2, which satisfies the constraint that

there must be a state with the source and drain both high. OVout(t)

Therefore, A, = {4,2} and (Vi) max = 3.1 V. 5() = TV lyo (13)

« If the source of the FET is connected to ground (supply)
through a succession of transistors all of whose gates digis sensitivity examines the subsequent amplification of addi-
active nets, them,,,, must contain a state with the sourcdional fluctuations of the lowest possible frequency content (i.e.,
low (high). purely dc). If the magnitude df(¢) ever exceeds one, then the
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Fig. 5. A four-input domino gate which exhibits parasitic bipolar noise on
nodeo due to the body of FET M4 floating high.

Fig. 4. Calculating the dc-noise sensitivity for a CMOS invertgr(t) on

the input propagates t@....(¢) on the output. The dc-noise sensitivifyt) is .

negative because the gate is inverting. When the magnitude of the sensitivit?/%'se _that po”S ,the QUtpUt down from the supply level, and
greater than one, the gate is noise unstable. 7, hoise, which is noise that pulls the output up from ground.

When calculating’y; noise on a CCC output, all the devices in

gate is noise unstable, and the associatgd) violates the dy- the pull-up paths are initialized to minimize device strengths
namic noise margins of the gate. The basis for this metric is B maximizing threshold voltages (minimum body voltages for
prevent any feedback configuration of restoring logic gates (i.8FETs and maximum body voltages for pFETS). This reduces
a latch) from being biased by noise to have a loop gain greatBe strength of these devices in maintaining the output at the
than one and, therefore, to switch to an erroneous value. Beca@§éc high level. All of the devices in the pull-down paths
it is a condition applied to every restoring logic gate, rather tha€ initialized to maximize the device strength by minimizing
to just latches, it is conservative. We will demonstrate this mofareshold voltages (maximum body voltages for nFETs and
in the examples of Section WIn this paper, we wish to con- minimum body voltages for pFETSs). This increases the strength
sider only the special considerations associated with applyiffthese devices in introducing noise. The situation is just the
static noise analysis to PD-SOI circuits and refer the reader@gposite forV, noise. Devices in the pull-down paths are
[7] for more details on the noise stability metric and static noiséeakened (minimum body voltages for nFETs and maximum
analysis. body voltages for pFETS), while devices in the pull-up paths
There are two important considerations in static noise anafe strengthened (maximum body voltages for nFETs and
ysis for PD-SOI circuits. The first is that all of the body voltage§linimum body voltages for pFETSs).
must be initialized as part of each CCC analysis. And secondAlthough this simple heuristic works well in nearly all cases,
special considerations have to be made for potential parasffigre are situations that require more detailed analysis. For ex-

bipolar leakage. ample, pass transistors are problematic since they are in both the
pull-up and pull-down paths. In these cases, both minimum and
A. Body Voltages Initialization maximum strength possibilities must be tried in order to deter-

Body voltage initialization must be part of the sensitizatioRiNe the worst case noise.

for all CCCs analyzed since the transistor bodies are, in gen-
eral, floating nodes and hold state. For the given sensitizatiBn
of a CCC, each FET is in a known state (theget statg. The As reported in the literature [2], [5], [6], PD-SOI FETs are
target state body voltage of the FET can be determined by thesceptible to transient parasitic bipolar currents. The impact
displacement [see (1)] from the reference body voltage. Thasehis parasitic bipolar noise on various circuit families is dis-
body voltages are then used as the initial conditions for the @issed in [5] and [6]. Reference [2] reports a functional failure,
guired noise simulations. uncovered during the remapping of a RISC microprocessor to

Additional heuristics guide whether the minimum or maxan SOI technology, due to parasitic bipolar noise propagating
imum value is used for each FET. Following [7], we calculati'om one stage in a dynamic adder to the following stages, with
two types of noise on each CCC outplify noise, which is each stage contributing its own bipolar noise.

3It is possible to propagate noise to latches and to check stability only tln .Order to ”I.UStrate the para_sitic_ bipolar eﬁe(.:t' COﬂSidGr the

ur-input domino gate shown in Fig. 5. If transistor M4 is off,

latches. While this feature is implemented in the commercial static noise anaf- - ' ) ’
ysis tool we use, we will not consider it further in this paper. its body can easily float to a high potential when: 1) dynamic

Parasitic Bipolar Noise
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Fig. 6. (a) Parasitic bipolar current flows through FET M4 from Fig. 5 anc
(b) results inVz noise on output node. v

(a) . . . . Fig. 8. The same vector is used in static noise analysis to sensitize for

o5 [ propagated noise on nodeand for parasitic bipolar noise from FET M4.
S
']

g
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z 20 1
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2
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Fig. 7. (a) Propagated noise acting alone and (b) propagated noise
superimposed with parasitic bipolar noise on FET M4 from Fig. 5.

nodeo is high; 2) transistor M6 is on; and 3) at least one of the (
transistors in the rest of the pull down stack is off. If node
is subsequently pulled down to ground with M4 and M6 off, a

clk _{
. T ) G M11| outd
transient parasitic bipolar current flows through M4. Fig. 6(a) _D’I\
shows the parasitic bipolar current that results (device sizes are [ T

b
G

-

L1
H

shown in Fig. 5). Thé’y noise that results on nodes shown A M1 1-
in Fig. 6(b). |
A far more serious noise concern, however, is when parasitic B_I >

bipolar noise is acting on a FET with propagated noise on its
input, as was reported in the case of the adder failure in [2].
In these situations, the output is more sensitive to the propa- clk —]
gated noise because of the reduced threshold voltage of the inpt
FET. Since parasitic bipolar leakage current is present here a:
well, noise failures become a real possibility. The example cir-

cuit from Fig. 5 can be used to ShOW_ more clearly the effegly o wo circuit examples: (a) domino gate with predischarge FET on the
when these two noise sources are acting together. internal node of pull-down stack and (b) domino gate with no predischarge FET.
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Fig. 10. CCC decomposition used for static noise analysis of the circuit in Fig. 9.

Supposé/;, propagated noise appears on aefig. 7 shows TABLE I
how this propagated noise affects output nededer two dif- ACTIVE NET TAGGING AND CIRCUIT USED FORCASES 1-6
ferent condltlons:_ when transistor M4’s body voltage is |.n|_t|.al- Cone Cironit Net tagging
ized to ground [Fig. 7(a)] and when the body voltage is initial- ok A B

ized toV,q [Fig. 7(b)]. The noise is much worse when the body 1 Figure 9(a) - - -
is initialized toV,4 due to parasitic bipolar leakage current and 2 Figure 9(a) active - -
reduced FET threshold voltage. 3 Figure 9(a) active active -
The sensitization vector used in static noise analysis for prop- g E}gure 383 aC:}VG - y -
H HH H H H igure active active -

agated noise and parasitic bipolar noise is always the same. 6 Figure 9(b) active active active

Fig. 8 shows the vector used to sensitize for the propagated and
the bipolar noise shown in Fig. 7(b). Since the sensitization vec-
tors are always the same, combined analysis requires no spegiialulation, reference body voltages are translated using (1) to
effort on the part the analyzer (i.e., when propagated noisetagget state body voltages. In many cases, these target state body
being sensitized, any parasitic bipolar noise present will be sem@ltages are not easily determined with direct simulation of a
sitized for as well). Note that in order to achieve the worst cat@nsition from the reference state. For example, reference body
effects, as is required in static noise analysis, the arrival time\afltages for an nFET greater than about 3.1 V would result in
the propagated noise must be adjusted to maximize the outpongly forward-biased body drain and body source junctions,
noise. That is, the noise introduced by parasitic bipolar leakageking it difficult to distinguish between the displacements due
must be superimposed maximally with the propagated noiseto the transition from state 2 and the body discharge. As a re-
sult, target state body voltages are instead determined by iso-
V. RESULTS lated evaluation of the MOS C-V model (i.e., no charge loss
from the body is allowed). The overhead required to charac-

. ! . : . fize a technology, including translating reference body volt-
noise analy_5|s tool, PaciflC, that is currently being us_ed fo_r bu es to target state body voltages, is extremely small compared
CMOS designs. We focus our results on the two domino circu

h in Fio. 9. Th imol les illustrat Cof t the total static noise analysis run time. For test cases on the
Shown 1n Fg. =. These simple examples 1lustrate most of Ugqer of 100 000 FETSs, less than 5% of the simulations are due
PD-SOI specific noise analysis issues and allow tractable vq

10 SOl related technology characterization.

. . . OFig. 10 shows how static noise analysis decomposes the cir-
gates typically have their dynamic nodes held by a half Iat%'ﬂit of Fig. 9into three CCCs. As part of this decomposition, the

rather than a full latch, the latter is used here because it Cre?ﬁ?earized) gate capacitance of the subsequent stage is included

an unambiguous failure criterion for the circuits in SPICE simu- : ; :
: oy ST .. 1n capacitorg’; andCs. In this case, we show the propagation
lation, the switching of the latch. The two circuits in Fig. 9 diffe b ; > propag

v in th disch FETi i th i coupling noise or4 to dynd and subsequently ioutd. The
only in that a predischarge Is presentin the top CIrcUIt. 5 +tion of the switching aggress6ris modeled as an ideal sat-

urated-ramp voltage source,, acting through the coupling ca-
pacitance on nodd. TheVy, noise calculated acrosg is then
Each static noise analysis run begins with a quick technologpplied to the next stage through the action of voltage source
characterization in whick;?° andV°rvard gre calculated for wv,. Similarly, theVz noise calculated odynd is propagated to
each state, for every unique transistor model. These values tli@next stage through the action of voltage sousc& he feed-
then used to determine the maximum and minimum referenoack path fromoutd to dynd through thed9-A1 10 inverter is
body voltages for each transistor. Later, during noise analy$isoken as part of the CCC decomposition. This is an acceptable

We have applied SOI enhancements to a commercial st

A. Initialization
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Fig. 12. V; coupling noise o due to switching of~ for C.. = 55 fF.
\
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waveform 5
0.5 1 1 1 1 1 1 1 1
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Fig. 11. Waveforms applied for SPICE simulation. ®
g 04t .
C_E Case 2 - CLK active
TABLE 1l B
WAVEFORMS FROM FIG. 11 USED FORSPICE $MULATIONS 8 02| 1
Case waveform: clk A B \
1 (active: none) 0r Case 3 - CLK and A active E
active: clk)
active: clk A) _02 s . s s | . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (nsec)
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active: clk A)
active: clk A B)
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3(
4 (active: clk)
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6 (

Fig. 13. Noise on net (ajynd and (b)outd as calculated by static noise
analysis for Cases 1-3.

simplification because th&z, noise onoutd never grows large

enough (without producing a failure) to significantly impact Cases 1-6 from Table Il are reproduced in SPICE by applying

the V noise calculation odynd through the reduced holding vectors which attempt to mimic the specified net activities for

strength ofdA79. The reader is referred to [7] for more discussiorach case. For example, Case 3 shelisand A as active.

of the static noise analysis techniques. Direct sensitivity calcliherefore, in our SPICE simulation for Case 3, we include a

lation required for evaluation of (13) is supported natively in thprelude” where netslk and A are switched with regularity. A

noise-analysis circuit simulation engine. 100+s prelude is used in all cases so that the body voltage of
Table Il outlines six different static noise analysis runs doresch transistor may reach steady state.

with the two circuits of Fig. 9 under different active net tagging Fig. 11 shows the set of waveforms to which we may assign

conditions. In Case 1, the circuit of Fig. 9(a) is run with no activi® each net in the circuit. Waveform 1 is used & not active

net tags, tantamount to “full uncertainty” body-voltage estimand waveform 2 is used fefk active. Note that the clock pe-

tion. In all the other cases, some active net tagging is employgad is 10 ns. Waveforms 3 and 5 are used-foand B active,

to reduce the pessimism in the body-voltage initial conditionsespectively (both have @ — 1 transition every other clock

Case 6, which has all the nets of the “main” CCC of the domirycle). Waveforms 4 and 1 are used fband B not active, re-

gate marked active, is tantamount to “full accessibility” bodgpectively. Table 11l shows the waveform assignments used for

voltage estimation. each of the six cases from Table II.
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(a) CY

Case 6 - CLK, A, and B active
Propagated noise
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o |\ NN foooT T @
[=] j=2)
£ Case 6 - CLK, A, and B active F]
o Charge-sharing noise [=}
> >
0 0
E 1.5 Case 5 - CLK and A active 7] ES
o \ Propagated nolse o
Case 4 - CLK active
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0.5 2 L L L ' ' r ) L
() (b)
0.8 T T T T T T T T T
0.6 - Case 4 -~ CLK active i
. / .
o
pu]
g 3
j=2 L 4 >
8 0.4 a
S 5
Q [e]
'5 0.2 - Case 5 - CLK and A active i
3 N
0+
Case 6 - CLK, A, and B active -1 | 1 . ) s I N 1 N ' N 1 L 1 s ! N
0.0 041 02 03 04 05 06 07 08 09 10
-0.2 : : . . : L : . Time (nsec)

0 0.1 02 03 04 05 06 07 08 09 1

Time (nsec
¢ ) Fig. 15. Noise on net (a)ynd and (b)outd as calculated by SPICE for Cases

1-3.
Fig. 14. Noise on net (alynd and (b)outd as calculated by static noise
analysis for Cases 4-6.
(@)

After each preludepB is set high,A is set low, anddlk is
set high so that’;, coupling noise may be introduced ahby 25
the switching ofG. The V7, coupling noise o as calculated
by static noise analysis is shown in Fig. 12 for = 55 fF.
The actual coupled noise ot calculated by SPICE is shown
as a dashed curve. The two waveforms differ slightly because 2
static noise analysis, aggressors are modeled as saturated-r:a
voltage sources. The differences are minor enough so that co
parison of body voltages, peak noise values, and stability c:
still be made between SPICE and static noise analysis.

voltage

0.5
® ,

B. Peak Noise and Stability

The noise waveforms obtained from static noise analysis a
SPICE are shown in Figs. 13-16. Fig. 13 shows Cases 1-3¢ 2}
Fig. 14 shows Cases 4-6 for static noise analysis. Figs. 15 anc 4
show SPICE results for Cases 1-3 and 4-6, respectively. Bt
the noise on the dynamic nod#&;nd, and the noise at the gate
output nodeputd, are shown.

For Cases 1, 2, 4, and 5, the peak noiséwyid occurs when
coupling from net4 propagates talynd. For Cases 3 and 6,
however, the peak noise dynd is due to charge sharing from
the switching ofA. The propagated noise for Case 3and 6 i _, . . . . . , . , L
shown as a dashed curve in Figs. 13(a) and 14(a) for referel 00 01 02 03 04 05 06 07 08 09 10
(the SPICE results for Case 3 and 6 are from charge shariny Time {nsec)
noise). In Cases 1 and 4, a small, but not negligible, Compon%t. 16. Noise on net (a)ynd and (b)outd as calculated by SPICE for Cases
of the Vg noise ondynd is due to parasitic bipolar current.  4-6.

QUTD voltag

(=]
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TABLE IV a 1 — T T T T T T T T
PeAK NoISE FROM STATIC NOISE ANALYSIS AND SPICE 5 o5 ]
(e} Case 6 - CLK, A, and B active
Method Case Net Peak (V) g or /
Static noise analysis 1 dynd 1.04 w 05 Case 5. CLK and A ncive
SPICE 1 dynd 1.15 g 4t i
Static noise analysis 1 outd 0.59 g _ sl Cased—CLKsotve |
SPICE 1 outd 0.57 83
Static noise analysis 2 dynd 0.83 20 01 02 03 04 05 06 07 08 09 1
SPICE 2 dynd 0.87 Time (nsec)
Static noise analysis 2 outd 0.30
SPICE 2 outd 0.27 Fig. 18. The sensitivity, as determined by static noise analysis, of mogte
Static noise analysis 3 dynd 0.617 with respect to the noise appearing on ndged for Cases 4—6.
SPICE 3 dynd 0.45
Static noise analysis 3 outd 0.14 3 : . . . : . . .
SPICE 3 outd 0.10
Y 0 r Case 6 — CLK, A, and B active
Static noise analysis 4 dynd 0.43 / bropagated noise
SPICE ' 4 dynd 0.50 o5 |
Static noise analysis 4 outd 0.57
SPICE 4 outd  0.47 S
Static noise analysis 5 dynd 0.96 2 Ll ]
SPICE 5 dynd 0.98 g 27.:;':5;:; :'n‘;::: active
Static noise analysis 5 outd 0.45 a
SPICE 5 outd 0.46 ol ‘;:::;;:::;::“""‘" |
Static noise analysis 6 dynd 1.03 ’ Case 4 - CLK active
SPICE 6 dynd 0.97 Propagated nolse
Static noise analysis 6 outd 0.049 . . . . . . L
SPICE 6 outd 0.023 o8 -
1 T T T T T T T 0.6 7
o 05r _
E [
8 ot Case 3 - CLK and A active i g 04 | i
® / E]
2 -0.5 a Case 4 - CLK active
Z 5 o2t J
] -1r Case 2 - CLK active 8 0. /
‘% -15 Case 1 - nothing active 1 ﬁ\
L L L ) ! 1 1 1 1 L 0r 7
-2
0 01 02 03 0-4Timeoir5'|sec)0.6 0.7 08 09 1 Case 5 - CLK an{i active \case 6 - CLK, A, and B active

—0.2 r L L 1 L
0 01 02 03 04 05 06 07 08 09 1

Time (nsec)

Fig. 17. The sensitivity, as determined by static noise analysis, of aode
with respect to the noise appearing on ndgad for Cases 1-3.

Fig. 19. Noise on net (ajynd and (b)outd as calculated by static noise
Comparing static noise analysis and SPICE (Figs. 13 Vers’:urglysig for Cases 4-6, when the coupling capacitance omineas been
15 and Figs. 14 versus 16), we see good agreement in the noise
waveforms. However, in Cases 1, 4, and 5, the latch switches
in SPICE simulation, but since the feedback path is brokénodels as SPICE, the difference in Table IV is mainly due
in static noise analysis, the waveforms differ once the noit@ slight variations in initial body voltages (discussed later)
on dynd exceeds the switching threshold of the latcReak and simplifications made in static noise analysis, such as lin-
noise values (i.e., maximum deviation from nominal supply @arization of gate capacitances of fanout transistors, diffusion
ground) are tabulated for each waveform in Table IV. Thegapacitance of “off” transistors, and the modeling of aggressors
exists a range of differences between static noise analysis @sdsaturated-ramp voltage sources.
SPICE, but they typically are less than 18%ince PaciflC has  Static noise analysis propagates the worst case noise calcu-
a SPICE-based simulation engine and uses the same BSIMR@d ondynd to outd (see Fig. 10). The noise stability of this
4They axis for static noise analysis and SPICE plotswfd are on different gate determl_nfas Whet-her PacifiC ﬂags_a noise \-/IOIatlon' A plot
scales because we want to show the latch switching in SPICE and hence n%feahe sensitivity of this pro.pag-ated noise amd is shown in
to include the full swing. Fig. 17 for Cases 1-3 and in Fig. 18 for Cases 4-6. In Cases 1,
5For SPICE simulations where the latch switches (Cases 1, 4, and 5) we cdp-and 5putd is driven unstable by the propagated noise since

sider the peak noise to be the value of the noise waveform attimg where  the magnitude of the Sensitivity is greater than one. SPICE sim-
tmax IS the peak time for the cases where the latch does not switch (i.e., no

switching Case 2/3 for switching Case 1, and nonswitching Case 6 for switchi\—lrlyétio_nS C_Onﬁrm instability, as indicated by the switching of the
Case 4/5). latch in Figs. 15(b) and 16(b).
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1 : : ' : ' ' : ' ' ternal nodd [see Fig. 9(a)], this is not known until the clock is

Case § - CLK and A sctive 1 marked active in Cases 2 and 3. In these cases, transistar

o- ——~— ] discharges the internal node between transisidisand A2
every cycle. For Case 2, the reference state body voltage is dis-

o
(34}
T

Sensitivity at node QOUTD

-05 - i
i c.mL-cmm.v. coses-cikamasacve ] ChArged down td/forvard to satisfy the active-net constraints
h as described in Section Il. The state-5 body voltage of Case 3
-15 7 1 is lower than that of Case 2 because the active net taggirdg of
2007 02z 03 04 05 08 o7 o8 os 1 forcesaccessibility of state 1.

Time (nsec) For Case 4, there is no predischarge device for dodeere-
fore, even with the clock active, the reference state voltage used
Fig. 20. The sensitivity, as determined by static noise analysis, of node remainsV#, as in Case 1. Case 5 is similar to Case 4, but
‘év(')t:plrﬁfgpf:;;gittgﬁcg%iengtpﬁssgg%r??egffgg_l for Cases 4-6, when the y o ¢-ct that netd is under steady switching means that both
states 2 and 4 are accessible for FH. State 2 accessibility
limits the maximum body voltage possible to only about 0.80 V.

TABLE V X . . S
BODY VOLTAGES USED BY STATIC NOISE ANALYSIS AND SPICEFOR This body voltage is not high enough to result in significant
INITIALIZATION OF THE PROPAGATED NOISE SIMULATION parasitic bipolar leakage, but the threshold voltage is still re-
Transistor Case PacifIC target SPICE target PacifIC reference duced enoth to result In_ fUI’!CtIOI’lal failure. Only whénB,
(— target state) state voltage  state voltage state voltage andC LK are marked active in Case 6 can the reference state
M1 (- state 5) ; 82(75 z gf;g x ggg x voltage be brought down substantially¥gerva<,
3 096V 010V 237 V For SPICE, Table V shows the ppdy_voltage_s immediately
4 0.97 V 0.90 V 343V after theA = 0, B = 1, ¢lk = 1 condition is established at=
2 gggg gﬁx 3;‘% 100 ps (allowing comparison with the initial condition target
M2 (o state 1) | 1 0.94 V 0.90 V 343 V state body voltages used by static noise analysis). For example,
25 07TV 0.60 V 2.80 V in Cases 1 and 4, the body of transisidi charges easily to a
6 0.60 V 0.60 V 237V ; ; _ ; -
MT (= state 1) | 1 070 V 0.65 V 955 V very high bias, and at = 100 us,_Ml begins to drf_;lw b|p_olar _
26  0.60V 0.60 V 237V leakage current. Our conservative upper bound in static noise
M9 (= state 2) |15 301V 3.00 v 145V analysis generally overestimates the target state body voltages in

comparison with SPICE. The main reason for this discrepancy is
the neglect of state 6 which is exerting a downward pressure on
the body voltage which is not (in the interests of conservatism)

In order to eliminate the functional failures observed, ongonsidered in the modified accessibility analysis.
might consider reducing the coupling noise dnby more

careful routing of this signal line or by placing the domino gate
closer to thed — A driver. In Figs. 19 and 20, we show what
happens for Cases 4-6 if we reduce the coupling noisé by We have described extensions to transistor-level static noise
reducingC. to 33 fF. As Fig. 19 shows, the propagated noisanalysis to handle the unique issues of PD-SOI technology:
on dynd andoutd is significantly reduced when compared tdloating-body-induced threshold voltage variations and parasitic
Fig. 14. The worst noise remains the same for Case 6, howevspolar leakage currents. In particular, we have developed a
because charge-sharing noise is not affected by a rediiced model for estimating the allowable body voltage variation which
Fig. 20 shows that there is no instabilityattd, with SPICE takes into account modest knowledge of which nets have de-
simulations (not shown) confirming no functional failures.  pendable regular-switching activity.

More work is required to include the effects of the dynamic
D. Effect of Body Voltage Variation state 6 in modified accessibility analysis. Future work could also

The small differences between PacifiC and SPICE (S&clude developing techniques by which nets would be explic-
Table V) in the amount of propagated noise to nabed itly forced active to control body voltage variation. This could

are primarily influenced by slight differences in the initiaf® Viewed as analogous to DRAM refresh. More work would
condition body voltages (most significantly on transisidi ). be required to determine the necessary frequency and nature of

Table V shows the initial condition body voltage values usddiS Pattern.

by static-noise analysis and SPICE for transistbfs, A2,
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