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ABSTRACT is important to estimate each gate-delay variation accurately. This

paper proposes a model for a statistical gate-delay calculation with
consideration of the intra-gate variability.

Although intra-gate variability may be calculated simply by as-
signing variables to every transistor in the gate, such a model would
quickly become infeasible when considering large numbers of tran-
sistors. The proposed model was therefore developed to calculate
the intra-chip variability of gate delay using fewer variables.

In this paper, the gate-delay model based on a response sur-
face method (RSM)[8] and incorporating intra-gate variability is
first presented, with mention of the modeling of transistor char-
acteristics. The method for calculating the sensitivity constant of
the gate-delay model is then introduced, and the accuracy of cal-
culation is evaluated. Some simulation results are then presented,
demonstrating the importance of considering intra-gate variability.

This paper proposes a model for calculating statistical gate-delay
variation caused by intra-chip and inter-chip variability. As the
variation of individual gate delays directly influences the circuit-
delay variation, it is important to characterize each gate-delay vari-
ation accurately. Furthermore, as every transistor in a géteta

the transient characteristics of the gate, it is also necessary to con
sider theintra-gatevariability in the model of gate-delay variation.
This dfect is not captured in existing statistical delay analyses. The
proposed model considers the intra-gate variability through the in-
troduction of sensitivity constants. The accuracy of the model is
evaluated, and some simulation results for circuit delay variation
are presented.

1. INTRODUCTION

The consideration of device fluctuations is an important theme
in designing CMOS integrated circuits, particularly on the deep 2. STATISTICAL GATE-DELAY MODELING
submicron technology where fluctuation of device characteristics  The proposed gate-delay model for characterizing inter-chip and
is much more pronounced. In a conventional worst-case timing intra-chip delay variation is based on a response surface method
analysis, the device characteristics are usually assumed to be uni{RSM)[8]. When multiple transistors exist on a chargiigcharging
form within a chip, whereas in fact considerable intra-chip varia- path, each of the transistorffects the transient behavior of the
tion may be present [1, 2], potentially degrading product yield[2, 3, gate. For example, Fig. 1 shows fall-delay distributions calculated
4]. In this paper, we suppose an inter-chip variability and an intra- with and without consideration of intra-gate variability for a 2-input
chip variability of transistor characteristics. The intra-chip variabil- NAND gate. In this example, only the intra-chip variability of
ity represents the fluctuation of characteristics between individual transistors is considered, and the influences of each transistor on
transistors on a single chip, and inter-chip variability represents the gate delay are assumed to be independent. Two nMOS transistors
fluctuation in characteristics between chips assuming uniform char- lie on the discharging path, giving rise to delay variance @f 2
acteristics within each chip. (=02 + o) when calculated with intra-gate variability. Without

Itis necessary to consider the variability of all transistors within  considering intra-gate variability, characteristics of each transistor
a chip to calculate the intra- and inter-chip variations of gate de- on the charginglischarging path are always equal, and the delay
lay. A number of methods for statistical timing analysis based on variance should be roughlys% (=(c + 0)?). This demonstrates
the intra-chip delay variability have been proposed [13, 14, 5, 6, that in calculating both inter-chip and intra-chip gate-delay varia-
7]. However, these previous methods were gate-level analyses, apiion, it is necessary to consider the intra-gate variability.
proximating intra-chip variability of gate delay by a constant ratio, The simplest method for calculating intra-gate variability would
for example, 15% or 20% of the average gate-delay. In order to be to assign RSM variables to each transistor. However, such an
accurately simulate the circuit-delay variation by statistical timing approach would require many variables. For example, assuming
analysis, the delay variations of each gate should be calculated ac4 variables assigned to each transistor, a 4-input 4-folded NAND
curately, not approximated to a single value. gate with 16 nMOS and 16 pMOS transistors would required 128

Intra-chip variability of gate delay is caused by intra-chip varia- variables{(16nmos+ 16pmos)x 4variable$. Such a large number
tion in transistor characteristics in the gate. As such, every transis- of variables will lengthen the time require to generate RSMs and
tor on a charginglischarging path influences the gate-delay vari- calculate delay. In the proposed delay model, calculation of intra-
ability. Therefore, the ratio of the intra-chip delay variation is not chip and inter-chip variations is carried out using a single statistic
constant, instead depending on the number of transistors on theto represent the intra-gate variability.
path. The model should therefore consider the relative variabil-  The variables of the proposed model are combined based on
ity among intra-gate transistors, in this paper referred tahas the statistical theorem that the sum of multiple normal distributions
intra-gate variability The intra-gate variability influences each obeys a normal distribution. The conceptao$ensitivity constant
gate-delay variation much. As a result, each gate-delay variation is introduced to allow the intra-chip delay variation to be calculated
influences the total circuit-delay variation directly, so we need to from the inter-chip delay variation. The d@eients of the RSM can
consider the intra-gate variability in a statistical timing analysis. It then be calculated without considering intra-gate variability explic-
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Figure 1: Consideration of intra-gate variability (fall-delay dis- Figure 2: Concept of table-lookup RSM

tribution of 2-input NAND gate
P gate) but also the transition time and load capacitance. Therefore, the

. . i . : codficients of the RSM also depend on the transition time and the
itly. The intra-gate variation of gate delay is then determined from load capacitance. As it is fiicult to build an accurate RSM that

the sensitivity constant and the RSM calculated without intra-gate . L . .
variability. includes transition time and capacitance as parameters over a wide

parameter range, a table-lookup RSM is employed, th&icamnts

2.1 Statistical Mode"ng of Transistor Charac- (bo, . .., by) of which are calculated from a table of transition time
teristics and capacitance. While tables are only used for thefictent by

in traditional static timing analysis without consideration of delay

ters[9]. In this papeNs o, Tox, Wit andLiy are used as the phys- variations, the proposed model uses tables to determine tlfig-coe

ical parameters. For convenience, the transistor characteristics aré3Ients 0o ... bn), as show_n in Fig. 2. .

expressed by a vect@r= (py, p p)T, the elements of which In each table, the céiécients of the RSM are derived from sev-
are the physical parameterlé fcz)’r'ﬁi\/’lons z,and pMOS transistors The€ral SPICE simulations without considering intra-gate variability.
transistor characteristigsare also expressed as the sum of the av- A setof Coﬁlc'ems IS 5|m_u|ated_ for each transition and each capac-
erageu, the inter-chip variatiorp,, and the intra-chip variatiop, itance forming the two-dimensional table. The table-lookup RSM
as foIIo]ws 9’ ' is built for each gate and each rise and fall time.

The transistor characteristics are mapped to physical parame-

P=p+p,+ R @) 2.3 Gate Delay Model

The fluctuation of transistor characteristics consists of both correla- ~ Here, we propose a model to calculate a delay variation, which
tive components and independent components. On a chip, the inter-S derived through the following two steps. We combine the vari-
chip variation represents the correlative component, and the intra-2bles of our model based on the statistical theorem that a sum of
chip variation represents the independent component. The averagdnultiple normal distributions obeys a normal distribution.

p is common to both. The inter-chip variatiqy is different for First, we discuss the intra- gnd |nt§r-ch|p delay variations in
every chip, but is uniform within each chip, whereas the intra-chip S€ct.2.3.1 We show that the intra-chip delay variation can be
variation p, is different for every transistor. The intra-chip vari- €XPressed by one variable per transistor. Second, we explain that
ation fluctuates independently and represents the stochastic “whiteth® intra-chip delay variation can be expressed by one variable per
noise” of the fabrication process. The inter-chip and intra-chip vari- 9ate in Sect2.3.2 We use a sensitivity constant of each transistor
ations are expressed as normal distributions, and the variations ard® the gate delay, and we assign a variable to each transistor for the
statistically independent. Both variations are characterized by vari- intra-gate variability. We explain that all variables, for the intra-
ances of physical parameters and correlations among parametersJate variability, can be combined into one variable.

The intra-chip variance is modeled so as to be inverse proportional L . .

to the gate area [10, 9], and not to be dependent on the geomet-2'3'1 I\é?rmahzat'on and Combination of RSM Vari-
rical location and distance between transistors [1, 11, 9]. In this ables
scheme, the smaller the gate-size, the larger the standard deviation The calculation of gate-delay is discussed here using an INV

of intra-chip variation. gate as an example, which consists of one nMOS transistor and one
. pMOS transistor. For this part of the model, it is not necessary to
2.2 RSM Using Lookup Tables consider the relative variability of transistors (intra-gate variabil-

The RSM of gate delay without intra-gate variability is gener- ity) to calculate the gate-delay variation. The physical parameters
ated as follows. The delay tinigis expressed in terms of physical ~ are represented by the sum of inter-chip variaggmand intra-chip

parameterg using a linear RSM, as given by variation p.. The vectorsp, are common to all transistors within
each chip, whereas the vectggsare diferent for every transistor.
ta = rsm(p) The delay timet is calculated from the inter-chip and intra-chip
P1 variation as follows.
= bo+(biby -+ by)| : @ tg = bo+b'p (4)
Pn = bo+ b (u+p,+p) (5)
= by+b'p ©)

As the physical parameters are generally correlated in some
The delay time depends on not only the transistor characteristics,way, the physical parameters are normalized. The correlative pa-
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rametersp are derived from non-correlated variabbessing prin-
cipal component analysis (PCA) as follows [12].
p= DUAY?x (6)
whereU is a matrix with eigenvectors of a correlation matrixf
as column vectors, anMl is a matrix with eigenvalues of the corre-
lation matrix on the diagonal. The diagonal elements of marix

represent the standard deviations of the physical parameters. Each

element of vectok is a random number with a normal distribution
N(0, 1) having a mean value of 0 and variance of 1.

Considering the inter-chip variation and the intra-chip variation,
the delayty is modeled as follows.

ty = bo+Db'u+ b DgUgAGY?Xg + b DUA Y2,

1o -H'gxg +‘t',TXr

@)
®)

Each element of vectory andx, is a random number with a nor-
mal distribution having a mean value of 0 and variance of 1. The
termSTgxg andt! x; represent the inter-chip and intra-chip delay
variation, respectively.

The intra-chip delay variation] %, is the sum of the normal

distribution. The delay variatioty can then be formulated as the
following equation.

td=t0+T;Xg+TrX( (9)

The constant is the mean value of gate delayand the scalax; is
arandom number N(0, 1). The elementxgtannot be combined,
being common to all transistors within each chip. The subscripts g
and r represent the inter-chip and intra-chip variability, respectively.
The matricesDy, Ug andAgq are calculated from the variances and
covariances of the physical parameters. The intra-gate delay vari-
ationt, is the root-mean-square of the variances of each intra-gate
variationt/ x,. The parameters, T4 andr, are calculated as fol-
lows.

th = bo+bTﬂ (10)
Ty = b DgUgAG? (11)
o o= orx)=o(b'p) (12)

2.3.2 Intra-Gate Variability

The model as described in the previous subsection does not con-

sider intra-gate variability, assuming one transistor on the charg-
ing/discharging path. The model can now be extended to the case
of multiple transistors on the chargifischarging paths by intro-
ducing a sensitivity constast. The intra-chip delay variation can
then be calculated from the RSMand the sensitivity constant.

In order to generalize the model, a telfp, is assigned to each
transistor on the chargifdischarging paths. Equation (5) is then
rewritten as follows.

bo+bip +bip,+...+blp +...+blp,
bo+ > blu+ ) bipy+ > bl Py
k k k

wherem is the number of transistors on the chargtigcharging
paths. The termby p, are allocated to each transistor. The R8M
is similarly expressed as

tq 13)

(14)

(15)
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The delayty is then calculated as follows.

m
to = bo+b (u+py)+ ) bipy (16)
k
m
= to+TgXg+ Z Tk 17)
k
T4 = b' DgUgAg"Y? (18)

The vectorsxy are common to all transistors within each chip,
whereas the scalarsg, are diferent for every transistor. The vari-
ablesxy andx are assumed to be independent.

It is then necessary to estimate the intra-chip delay variations
Yk Xk Of EQ. (17). However, although the diieientry can be
calculated from the RSM, the codficientsr,, cannot be calculated
from the RSMb directly. Therefore, a sensitivity constastis in-
troduced to represent the sensitivity of transistor variation to gate
delay, defined as being proportional#tq. If the sensitivity con-
stants can be calculated for each transistor, théfic@ntsr,, can
be calculated from the RSM and the sensitivity constants. The
RSM b is first calculated without intra-gate variability, and then
e dfect of intra-gate variability can be expressed by sensitivity
constants. The cdiécientr,, can then be expressed by an arbitrary
valuero and a sensitivity constast as a proportionality constant.

(19)

The sensitivity constarg, can be readily simulated through sensi-
tivity analysis, as described later.

As each individual intra-gate variatioRnr,o X is independent,
the intra-gate variation can be expressed by a single scalar number
%. From Egs. (17) and (19), we obtain

m
td=t0+T;Xg+ Z§ TroXr.
k

The variabler,, depends on the absolute values of the sensitivity
constantss,, and cannot be calculated from the R®MHence, the
intra-gate delay variation, simulated without consideration of the
relative variation of each transistor is employed. Wheris as-
signed to all transistor on the chargidgcharging paths, the delay
variationt, can then be calculated from the RSMas follows.

Trk = STro

(20)

. = o'p) (22)
= U(iTrer) (22)
k
= s (23)
k
o = W:LSKTT (24)

Therefore,p, can be used by calculating without consideration
of the relative variations of each transistor.

From Egs. (20) and (24), the proposed gate-delay model be-
comes

O

-
eS|
The second term; Xq represents the inter-chip delay variation, the
third term represents the intra-chip delay variation with consider-

ation of the intra-gate variability, and the temx, represents the
intra-chip delay variation calculatedithout intra-gate variability

tg=to+ 75 Xg + X (25)



The codficient Vzaﬂf is referred to in this model as the intra-gate-  {ransistors are usually fiigrent between transistors. This method

assumes that the sensitivity constants of transistors on the charg-
ing/discharging paths are approximately equal. The sensitivity con-
stants is defined as 1 for transistors on the chargiigrharging
paths, and O for transistors on other paths. The intra-gate-variability
factor in Eq. (25) is then simplified as follows.

variability factor. k'I'he dference in delay variation due to intra-gate
variability can then be expressed solely in terms of the intra-gate-
variability factor, eliminating the need to build RSNig for each
transistor. The variationgy andr, are calculated from the RS
using Egs. (18) (21), respectively.

The proposed model can express the intra-gate variability in

: bl | : LIS Vmg _ 1
terms of a single variable, in contrast to the m variables re- _yms _ 1 7)
quired for a fully allocated model Eq. (14), wharés the number s ms Vm

of physical parameters, amd is the number of transistors on the
chargingdischarging paths.

This methodology is expected to be readily applicable to the sta-
tistical circuit-delay analyses reported so far [13, 14, 5, 6], because
the gate-delay variation with intra-gate variability can be calculated
using the intra-gate-variability factor. Worst-case analysis can be
employed to simulate the valugs rg Xg andt,x, because the val-
ues can be simulated without considering intra-gate variability. The
intra-gate-variability factor can be obtained by simply simulating

the sensitivity constants. (D) Calculation ofs, without intra-gate variability
3. SENSITIVITY CONSTANT This method does not consider the intra-gate variability. In this

case, the intra-gate-variability factor is 1, and the intra-chip delay

3.1 Calculation Methods of the Sensitivity Con-  variation is ;' s/ \/ Sk  times larger than that of method (A).
stant The method also does not require sensitivity analysis.
The sensitivity constants can be simulated through sensitivit . .
analysis for eac:\ytransistor. Although sensitivity cons?tants depenydg'2 Classification of Cell Structures
on the transition time and load capacitance, it is computationally ~ Three types of cell structures are employed for error evaluation;
expensive to calculate sensitivity constants for every transition time serial, parallel, and multi-stage, referring to the configuration of
and every load capacitance. Four candidate methods for calculatingmultiple transistors on the chargjfischarging paths. An example

the sensitivity constant are evaluated below, two considering intra- of a serial structure is the pull-down path of a NAND gate, as ex-
gate variation, and two examples without. emplified in Fig. 3 for a 4-input NAND gate. NOR, AND-OR-INV,

. . . and OR-AND-INV gate, etc., also have serial structures.
(A) Calculation ofs, for each transition time and each As the cell height in a generic cell-library is uniform, larger
load capacitance transistors cannot be inserted into the cell. Instead, large transistors

In this simple method, the sensitivity constagtis simulated for are folded and connected in parallel. An example of such as parallel
every transition time and every load capacitance. In order to calcu- Structure is shown in Fig. 4 for a 4-folded INV gate (INVP040).
late the sensitivity constant, SPICE parameters for a slow case and-arge NAND gates are often folded.

a typical case are employed, as determined for the intra-chip vari- ~ Similarly, large transistors for strong drivers have large input
ability [9]. The sensitivity constant is calculated as thfedence capacitance. To reduce the input capacitance, a multi-stage gate
between the delays simulated by the slow and typical parameters,is often employed, which consists of multiple internal gates. Fig-

wherem is the number of transistors on the paths. In the method,
the following model can be used to calculate the gate-delay varia-
tion rather than Eq. (25).

%nnxr (28)

This method does not require sensitivity analysis, and will incur
larger error than method (B).

T
ta=1to+7gXg +

as follows. ure 5 shows a multi-stage INV gate with 3 internal INV-gates as an
. example of a multi-stage structure. After gate is a kind of this
S = (slow delay)- (typical delay) (26) s g g

where the absolute scale gfis not significant, but the relative val- . .
ues are significant, as can be seen in Eq. (25). When simulating3-3 EVvaluation of Methods for Calculating the
the slow delay, the slow case parameters are assigned to only one Sensitivity Constant
transistor: the other transistors are simulated using the typical pa-  The estimated error of sensitivity calculation by methods (B),
rameters. The slow case parameters are determined by the gate arq&) and (D) are compared with method (A). A generic cell-library
[10, 9]. Although incurring higher computational cost, this method designed for a 0.1&m CMOS process is considered. Figure 6
calculates the gate-delay variation with higher accurately than the shows the sensitivity constants of a 4-input NAND gate (NAND4)
other methods. at a fall time, as simulated by SPICE. The sensitivity constants
T . S, 3 ands, represent the constants of the nMOS transistors in the
(B) Substitution by typicad, 4-input NAND gate in the order of connection from the output. As
This method uses sensitivity constants calculated for typical slew the input signal of input A rises, inputs B, C and D are fixed high.
and load conditions rather than all slew and load conditions. The The x-axis represents the input transition time (10ps to 100ps), the
sensitivity constant is calculated once for each gate and each in-y-axis represents the load capacitance (10fF to 100fF), ang the
put pin and pull-ugdown state. Under the typical conditions, the axis represents sensitivity, the reference of which isf input C in
gate-delay variation determined by this method is the same as thatFig. 3. The sensitivity constast of input A, which rises, becomes
determined by the calculation sf in method (A) above. large compared to the other inputs when the load capacitance is
L small and the input transition is large.
(C) Substitution by 0 or 1 Figure 7 shows the error in the calculated delay variation for
The delay variation depends on the transistor characteristics onmethods (B), (C) and (D) compared to method (A). In this evalu-
the chargingdischarging paths, and the sensitivity constants of the ation, only the intra-chip and intra-gate variations are considered.
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The z-axis represents the standard deviation of delay variation, the

reference of which is the standard deviation of method (A). The er- Table 1: Error in gate-delay variation

ror in the delay variation becomes large when the load capacitance| NAND4 INVPO80

is small and the input transition is large because the sensitivity con-[method| min. | ave. [ max. | min. [ ave. [ max.
stants determined by methods (B), (C) and (D) are constant. Table 1] (B) | -119%|-0.76%| +1.54%]| —26.0%|-1.12%|+138%
shows the maximum, average and minimum errors for Fig. 7 com- |_(C) [[-16.0%]|-542%]-3.24%]| -35.7%| -12.1%| -1.05%
pared to method (A). For method (B), the set of sensitivity constants _(P) || +68% | +8%% | +94% || +122%] +204% | +243%
was determined for a typical load capacitance of 50fF and an input

transition time of 50ps in Fig. 6. At a rise time, there is only one

transistor on the charging path, and as such it is not necessary to@verage and minimum errors for Fig. 9 compared to method (A).
consider the intra-gate variability because the intra-gate-variability The average error of method (B) 4€l.12%, whereas the average

factor in Eq. (25) becomes 1, as follows. error of method (C) is-121%. The error of method (B) also de-
pends on the choice of typical conditions of load and slew.
/Zk f As the sensitivity ratio of the multi-stage structure is larger than
= (29) that of the serial structure, theftéirence in the delay variation be-
Zk S tween methods (B) and (C) is larger than for the serial structure.

However, when more than one input rises simultaneously, the char- The choice between method (B) or (C) should therefore be made in
acteristics of the multiple transistors on the charging path will in- consideration of accuracy and computational cost.
fluence the delay variation.
The sensitivity constants of parallel structures are equal because4 EXPERIMENTAL RESULT OF DELAY
all transistors in a parallel structure are designed identically and
connected to the same nets. The delay variations simulated by ANALYSIS
methods (A), (B) and (C) are therefore equal. The delay variation  In this section, we show an experimental result for the evalua-
determined by method (D) is/m times larger than that of method  tion of the intra-gate variability using our method. We present the

(A) according to Eq. (28). importance for consideration of the intra-gate variability.
Figure 8 shows the sensitivity constants for the multi-stage INV For comparison, circuit delays were simulated with and with-
gate in Fig. 5 at a fall time. The sensitivity constasts s, and out consideration of the intra-gate variability. For these two sim-

s; are simulated for the 1st, 2nd and 3rd stages, respectively. Fig-ulations, the standard deviations of transistor characteristics were
ure 9 shows the standard deviation, the reference of which is thatequal, which were iderived from measurements [9]. Sensitivity
of method (A). For method (B), the set of sensitivity constants was constants, was assumed to be 1.

determined for a typical load capacitance of 400fF and an input  Figure 10 shows the distribution of circuit delay simulated with
transition time of 50ps in Fig. 8. Table 1 also shows the maximum, and without consideration of intra-gate variability. The simulated
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2501 intra-gate-variability factor, which is calculated from the sensitiv-
200 ¢ ity constants.
igg | Through circuit simulation, the proposed method was demon-
50 - strated to give a delay variation 31.8% smaller than when intra-

ot gate variability is not considered, which is demonstrating that it
50 f is important to consider intra-gate variability in statistical timing

analysis.
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