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Abstract— This paper proposes a model to calculate statistical Measured variances
gate-delay variation caused by intra-chip and inter-chip variabil- of transistor current
ities. Our model consists of a statistical transistor model and a -~ =
gate-delay model. We present a modeling and extracting method Statistical modelsfor §* |

,| transistor characteristics

( the inter-chip varidility \

\
|

of transistor characteristics for the intra-chip variability and the

inter-chip variability. In the modeling of the intra-chip variabil- the intra-chip varialility

ity, it is important to consider a gate-size dependence by which | t size dependence Proposed models
the amount of intra-chip variation is affected. This dfect is not | s

captured in a statistical delay analysis reported so far. Our gate- \ l —

delay model characterizes a statistical gate delay variation using | | GateDelay Model | | neyist

aresponse surface method (RSM) according to the intra-chip and \ using RSM (verilog, etdl.)
inter-chip variability of each transistor in a gate. We evaluate the N /

accuracy of our model, and we show some simulated results of a S Simulation

circuit delay variation characterized by the measured variances
of transistor currents.

Distribution of Circuit Delay

|. INTRODUCTION

. . . Fig. 1. The flowchart diagram of our proposed method.
Device characteristics fluctuate much further in deep submi-

cron technology. In a conventional worst-case timing analysis,
the device characteristics are usually assumed to be uniform . . S
across a chip, but in fact, they areferent [1, 2]. It is known of the current characteristics directly, which is the strategy we
that the intra-chip variability of the devices reduces a yield gtdOPt in our statistical modeling.
products [2, 3, 4]. Some methods of the statistical timing anal- FOr the reduction of computational cost, our method uses a
ysis with the intra-chip variability are proposed [5, 6, 7]. How-éSponse surface method (RSM)[10] to calculate a delay vari-
ever, a methodology is not shown to give an intra-chip varigtion- A straightforward way of evaluating the intra-chip vari-
tion of each gate from measured variances of transistors. TRBIILY IS 10 @ssign variables of the RSM to every transistor in
variation of each gate delay directly influences the variation dfi€ Circuit, which is prohibitive. For further cost reduction,
circuit delay. It is important to estimate each gate-delay varid'® Propose a model that calculates the intra-chip variability of
tion accurately [1, 2]. At that time, it is necessary to consided@t€ delay by a fewer variables. , _
the size dependence of the intra-chip variability [8, 9]. This paper is organized as follows. Section Il explains our
This paper proposes a model of statistical gate-delay calcstatistical modeling method of transistor characteristics. We
lation based on measured intra-chip and inter-chip variabilitie€XP/ain how to extract model parameters from variances of
Figure 1 shows an overview of our method. The method cofineasured current, and show an experimental result. Section Ill
sists of two components: a statistical modeling method of th'0Ws & building method of RSM for the inter-chip variability,
inter-chip and intra-chip variabilities with the size dependenc&nd Proposes a calculating method of delay by the RSM with
and a calculating method of delay variation from the statisticgensideration of the intra-chip variability. Section IV demon-
models using a response surface method (RSM)[10]. strates some experlmental results, and presents th_e necessity
At the statistical modeling of transistor characteristics, it i con5|der|the size dependence from the results. Finally, sec-
necessary to separate the intra-chip variability and the intdfon V concludes our discussion.
chip variability. A conventional method extracts MOSFET
model parameters from measured current characteristics. The
intra-chip variation and the inter-chip variation of MOSFET In this section, we show models for the inter-chip variability
parameters are then calculated from those extracted model pad the intra-chip variability, and present a procedure extract-
rameters [8, 11, 12]. In this method, however, it is not easy ing each model parameter from current values.
separate the variability into the intra-chip and inter-chip com- The variabilities of transistor characteristics are classified
ponents. It could be advantageous to work on the variabilityito a local component and a global component according to

Il. M ODELING OF VARIABILITIES



a kind of process non-uniformities. The local component is o (Lim) = k (5)
a variation caused by a stochastic nature, a white noise, of w

fabrication processes or a variation depending upon a layoutThe parameters-(Vso), o(Tox), o(Win) and o(Lint) are

[8, 9, 13, 14]. The global component represents a spatiglandard deviations of physical paramet¥¥si, Tox, Wint
parameter-value distribution over the whole wafer, which igndL;, respectively. The smaller the gate-size, the larger the
caused by, for example, a non-uniform thermal distributiogtandard deviation becomes. The paramétémndL are an
during a fabrication process [11, 12, 13, 14]. The componengiective gate-width and gate-length respectively. The model
differ in a point of statistical behavior, so our method characteparameterg\vm, Ar.., Aw,, andA,,  are constants specific to
izes the components as an intra-chip variation and an inter-chifabrication process.

variation separately. The inter-chip variability cannot be expressed as a normal
distribution in a strict sense [14], but this work characterizes
the inter-chip variability as constant on a chip and normally

The transistor characteristics are mapped into physical pdistributed among chips in order to simplify statistical anal-
rameters. You can choose any as the physical parameters.Y§is. The inter-chip variability of transistor characteristics is
this paper, we us¥rwo, Tox, Wint, Lint as the physical param- expressed by the variances and covariances of the physical pa-
eters. The parametafr, represents a threshold voltage offameters.

a large channel device. The parameligk represents a gate- - parameter extraction from variances of current

oxide thickness. The parametéf,; andLi, represent the dif- _ o

ferences, calculated electrically, of gate-width and gate-length Y& explain a method to extract statistical model parameters
from the original mask size respectively. The physical paranfor the intra-chip variability and the inter-chip variability from
eters should depend upon neither geometry nor bias voltagii€ variations of measured current values. Intra-chip and inter-
s0 a threshold voltagér (not Vo) is not suitable. chip components are separated on the current variations.

Physical parameters are represented as the sum of the meaft variance of drain current is the sum of the inter-chip and

valuey, an inter-chip variationy and an intra-chip variation ~ intra-chip variances, so an intra-chip variance is tiecénce
as follows. between the inter-chip variance and the total variance of cur-

P=p+g+r (1 rent vall_Je. A typical value of drain current depends on the_sizg
of transistor, so we need many transistors of the same size in
The mean valug is common to all. The inter-chip variatian  order to calculate an average and a variance of drain current.
is different in every chip but it is uniform in each chip, while  We present a method that extracts the model parameters of
the intra-chip variationr is different in the geometrical loca- intra-chip variability from the variations of measured current
tion in each chip. The inter-chip and intra-chip variations argalues. First, transistors are labeled on each chip. The current
expressed as a normal distribution, and the distributions of thelue of thei-th transistor on thg-th chip islij. The current
variations are statistically independent. Both of the statisticakluel;; is expressed by a MOSFET model functibwith a
models for the variations characterize variances of physical paow vector of physical parametepg and a row vector of bias
rameters and correlations among the parameters. voltageshy; as follows.
Several physical parameters determine electrical character-
istics of a transistor practically. The influences of physical pa- lij = 1(R;. i) ®6)
rameters are mingled with each other, so it Bidilt to sepa-  \We use BSIM3v3 as the MOSFET model. The vector of the
rate each physical parameter from the electrical characteristi%ysicm parameterg; is the sum of an inter-chip variation

In our method, avarianceof physical parameter is extracted gij, an intra-chip variatiom; and an average vectgr.
from current variancedirectly based on the sensitivities of the

physical parameters to the current value. Bj =K + G +Tij @)

We assume that the intra-chip variangg is suficiently
smaller than the average empirically. The variance of cur-
Pelgrom’s model is most widely accepted to compute theento?(Al,) is represented as follows.
local variability (mismatch) [8, 9, 11, 12]. The model charac- 9512
i 20
;(a_rn) a“(rin)

A. Modeling method of transistor characteristics

B. Models for the intra-chip and inter-chip variability

terizes the mismatch, the characteristiatience of two tran- a2(Aly)
sistors, by the area of transistors and the distance between two

transistors. We use following equations 2}5) as the model ot of.
of the intra-chip variability, which is derived from Pelgrom’s + Z Z (E F)O'(ri,nlfi,m) (8)
model. nomgn \TTREEM
5 Av.o Where% is a column vector, each element of which is a sensi-
o“(Vtro) = WL () tivity of physical parameter to current value.
Ay The n-th element ofr; is ri,. o?(rin) is a variance of;,.
c?(Tox) = W_OE () o (rinlrim) is a covariance betweaq, andr; . As the MOS-
A FET model functionf is known, the elements (§Fr are dffer-

o? W) = Tm (4)  ential functions off by elements of respectively.



TABLE | the boxes “Measured” shows the intra-chip components sepa-

SizE (WJL) OF TRANSISTORS INCLUDED IN THE TEG. rated from the inter-chip components of current values. The
[1D [ L(um) [ W(um) [[ ID | L(um) | W (um) | boxes “Modeled” shows the values simulated by the modeled
1 0.10 0361 6 03 10 parameters. The average error is 12% of measured value.
2 0.10 0.6 7 1 10
3 0.10 101l 8 10 03 I1l. STATISTICAL GATE-DELAY MODELING
4 0.13 10 9 10 0.4 In this section, we explain a gate-delay model to characterize
5 0.18 10 ]| 10 10 0.6 an inter-chip and intra-chip delay variation using a response

surface method (RSM)[10].

In order to calculate not only the inter-chip delay variation
but also the intra-chip delay variation, it is necessary to con-
sider a variation among transistors in a gate. The transistors
fluctuate each other in each gate. If we assign variables of
RSM to each transistor, many variables would be needed. For
example, if we assigned 4 variables to each transistor, a 4-input
4-folded NAND gate would need 64 variables. The increase of
variables is not good, because it requires more time to generate
RSMs and calculate delay. Then, we propose a method to cal-
culate the intra-chip variation of delay using an RSM generated
for the inter-chip variability in order to reduce the variables of

P I 1
= 3 N w w 3

Ipsintra-chip variability (A.U.)

4 5

transistor 1D RSM.
Fig. 2. Comparison of ps intra-chip variability between measured and A. RSM using lookup tables
modeled values. The boxes “Measured” shows the intra-chip components . lain h f
separated from the inter-chip components of current values. The boxes First, we exp_ ain how to generate a_ reSponse S_UI’ ace
“Modeled” shows the values simulated by the modeled parameters. model (RSM) using lookup tables for the inter-chip variabil-

ity. The physical parameters are expressed as a vgctor
(P, P2, - - -, Pn)". Adelay timety is calculated by a linear RSM
In order to derive an equation for model parametggsand ~ as follows.
Anm Egs. (2)~ (5) and models of correlations are substi- i
tuted into Eq. (8). Anm is @ model parameter for correlation d
o(rinlrim). The equation is solved using measured variances
a?(Al;), bias voltagesy; and transistor size®} andL;, and L )
the model parametergy, and A, are derived. Th_e delay time is |nflg_enc§d by not only tranS|s'For character-
Model parameters of the inter-chip variability are variancelSticS but also a transition time and a load capacitancefficoe
and covariances of the physical parameters. Typical values gfNts of RSM also depend on the transition time and the load
physical parameters on each chip are calculated from an avefPacitance. Itis dicult to build the accurate RSM that has
age current value over the chip. The variances and covariandsition and capacitance as a parameter for a wide range.

rsm(p)
bo+b'p ©)

are calculated from the typical values of all chips. Then, we use a table-lookup RSM, a fiasent of which is
calculated from a table of transition and capacitance. In each
D. Experimental results for the extraction element of table, cdicients of RSM are derived from several

] . SPICE simulations using a least square method. A set of coef-
We report the result of parameter extraction for the intragcients is simulated for each transition and each capacitance,

chip variability. The current values were measured from TEGShich form a 2-dimensional table. The table-lookup RSM is
which were fabricated using a 0.18n CMOS process. The p it for each gate and each rise and fall time.
TEG consists of 10 transistors, and TEGs were arranged on 56
chips over the whole wafer. Table | shows the sizes of the tral. Reproduction of physical parameters and Delay calculation
sistors. Inter-chip components and intra-chip components OfHere we discuss a delay calculation using RSM about a gate
current variation were separated from the measurements. Thﬁ. ' .

which has one nMOS and one pMOS such as an inverter gate.
model parameters, and An, for the parameterStuo, Tox,  tpo"onvsical parameters are represented by the sum of inter-
Wit and Li, are calculated using Eg. (8) from the intra-chip h phy P P y

components of drain current variation when the drain voltagce Ip variationp, and intra-chip variatiorp.. The vectorsp,

is 0.1 (V) and the gate voltages are 0.6, 0.7, 0.8, 0.9 and 18° common among t_ranS|stors in each chip. The vejank
V). every transistor are fierent. .

Figure 2 shows the variation of measured and modeled cur-The physical pargmeters generally havg correlation each

. . o}her. The correlative parametepsare derived from non-
rent values. The horizontal axis represents the ID number @ ; : L .
. ; . . . correlated variables using the Principal Component Analysis

transistors in Table I. The vertical axis represents| grevari- (PCA) as follows [15]
ability (standard deviation in an arbitrary unit). The drain volt- '

age was 0.1 (V), and the gate voltage was 1.0 (V). In the figure, p= DUAY2x (10)



m m m
bo+ Y biu+ > bipg+ > bip  (15)
k k k

—

by

P Nl . m
M1 /\E\ E = to+ T-gr Xg + Zk: TrkXrk (16)
A / \ , !
irf1dependent E ! where m is the number of the transistors on the charg-
\ | ! ing/discharging path. Termb{[p< are assigned to each tran-
M2 | / \ : 1 ! sistor. The vectorgy are common among transistors in each
1) N(pso g) ! chip. The scalarg of every transistor are fierent. The vari-
N(p, o) | ! ablesxy andx;, do not have correlation with each other.
! 1

Here we explain how to calculate the standard deviation of
intra-chip delay variability using a 2-input NAND gate of Fig-
Fig. 3. Delay variations of 2-input NAND gate. ure 3 as an example. We assume that intra-chip variations and

sensitivities to a delay time of each transistor (M1 and M2)
are equal. In Figure 3, a delay variance of each transistor is
whereU is a matrix whose column vectors consist of eigenvedepresented as?. A total delay variance igo* when charac-
tors of a correlation matrix op, andA is a matrix which has teristics of the transistors M1 and M2 fluctuate independently.
eigenvalues of the correlation matrix in diagon@lis a matrix It is difficult to derive every variablesy of Eq. (16) from
whose diagonal elements are standard deviations of the phyie RSMb directly, so we introduce a sensitivity constaat
cal parameters. Each element of vectas a random number

Intra-chip variability *-Proposed method

with a normal distribution whose mean value and variance are Tk = STro (17)
0 and 1 respectively. 7 = ob'p) (18)
Considering the inter-chip variation and the intra-chip vari- m
ation, a delayy is modeled as follows. = O’(Z Trer) (29)
k
tg4 = b+ b" p m
= bo+ b (u+py+p) = Z Tro (20)
k
= to+TgXg+TiX (11)
wheret,q is a reference value. Each intra-chip variatigp
. bTD.U.AL2 12 is independent, and our proposed model can be derived from
Tg = gYgfg (12) Eq. (11) as follows.
7 = o(b'p) (13)
m
The termsrg Xy andr,x; represent the inter-chip delay vari- ty = to+ T;Xg + 4 Z S TroX (21)
ation and the intra-chip delay variation respectively. Each el- K
ement of vectorxy is a standard normal-distributed variable. m
A scalar numbel, is a standard normal-distributed variable. 2k i

= to+TgXg+ T X (22)

The subscripts g and r represent the inter-chip variability and s

the inter-chip variability respectively. The matriceg, Uy and

Aq are calculated using the inter-chip model. We can calculate the sensitivity constastsising a few sen-

sitivity analysis. If the sensitivity constants are equal to each

other on a chargingdischarging path, the intra-chip variation
In section 111.B, we described the model for the calculatioriactor is simplified as follows.

of the delay variation in the case that the number of transistors

C. Application to complex gates

on a charginglischarging path is one such as an INV gate. In o § Vme 1

this section, we explain how to extend this model in such a = = = (23)
case where multiple transistors exist on a chargiisgharging L & ms Vvm

path.

A transistor with large width is often folded. Each divided

\tlxhen rrr]utjltlpIg ttralfr;msttotrrs] etX'St on ?bchr?rqmgc??r:gmgt transistor has less channel area and hence fluctuates more than
path, each transistotiacts the transient benavior of the ga eth? original transistor. In this case, we can also use Eq. (22) to
There are two cases in the connection of the transistors: ser@al . late a delay time

connection and parallel connection. An example of the former

is a pull-down path of NAND gate, and an example of the latp. Accuracy evaluation for the reduction of variables

ter is a multiple-folded transistor. Generally, Eq. (11) can be ) i
written as follows. In this section, we evaluate an accuracy of our method. We

compare the delay variation simulated by a Monte Carlo anal-
tg = bo+bip +bip+bip+...+blp, (14) ysis using SPICE and the delay variation calculated by our
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Fig. 4. Comparison between simulated (SPICE) and modeled (Proposed ~Fig. 6. Comparison of delay distribution between RSM and SPICE (a 5-stage
method) deviations of delay (2-input NAND gate). inverter chain).

3 " " " " " A. Accuracy of RSM-based statistical delay analysis

We show a comparison between circuit delay calculated by
RSM and SPICE. Figure 6 shows experimental results for a 5-
stage inverter chain. The physical parametériso, Tox, Wint
andL,; are fluctuated according to the models extracted using
measured current values. The broken line represents a distribu-
1 tion of circuit delay simulated by SPICE. The solid line repre-

sents a distribution of circuit delay calculated by our method.
‘ The diterence of the mean values is 0.116 [ps]. Theedénce

of the worst cases is 0.175 [ps].

Proposed Method [ ps]

1 2 3 . .
SPICE [ ps] B. Experimental results for the size dependence

Fig. 5. Comparison between simulated (SPICE) and modeled (Proposed e report experimental results for the size dependence. For
method) deviations of delay (folded INV gate). comparison, we simulated circuit delays under two models of
transistor characteristics: a proposed model is derived from
measurements using our method and considers the size depen-

model for 2-input NAND gate and 4-folded INV gate. We as-dence while a conventional model treats the intra-chip variance
sume that each sensitivity constagis 1. such that the variance is equal to all transistors witfedent

We use a cell library and MOSFET model parameters for size [5].
0.13um CMOS process. The physical parameters are fluctu- Figure 7 shows the delay variances of an INV8 gate and an
ated according to our model whose parameters are extraciefl/0.5 gate. The INV8 gate is constructed from transistors
from measured current values. The range of load capacitangith the width being 16 times as large as that of INV0.5 gate.
is 2fF to 100fF, and the range of input transition time is 10ps t@s the conventional model does not characterize the size de-
100ps. Figure 4 and Figure 5 show the standard deviations géndence, delay variances do not depend upon the size of tran-
delay for 2-input NAND gate and 4-folded INV gate respecsistors. The ratio of intra-chip delay variances simulated by the
tively. The horizontal axis represents the standard deviatigitoposed model depends upon the size of transistors.
of delay variation simulated by SPICE. The vertical axis rep- Figure 8 shows distributions of circuit delays simulated by
resents the standard deviation of delay variation calculated fye conventional model and our model. The simulated circuit
our method. The average error of 2-input NAND gates is 8.6%@es) consists of 3759 logic gates, which is a combinational
in Figure 4. The average error of 4-folded INV gates in Figcircuit included in LGSynth93 benchmark set. The broken
ure 5is 3.1%. line represents the distribution of circuit delay simulated by
the conventional model. The solid line represents the distribu-
tion of circuit delay calculated by our model. The error of the

In Sections Il and IlI, we evaluate the accuracy on the stamean values is 0.0386 [ns]. The error of the worst-case val-
tistical modeling of transistor current and the calculation ofies ft + 3c) is 0.177 [ns], which is 26.1% of the mean value.
the intra-chip delay variation using an RSM generated for thiexecution time of 1000-times Monte Carlo analysis was 15.8
inter-chip variability. In this section, we show experimentaseconds on a Pentium4 1.7GHz running Linux.
results for the evaluation of the size dependence using ourAlthough the éect of intra-chip variation becomes small
method. We present an importance of the size dependencedan a circuit with larger logic depth, we can see noticeable dif-
an intra-chip delay analysis. ference in the worst-case delay in our benchmark circuit. It

IV. EXPERIMENTAL RESULTS
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