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Abstraci—Characierization and modeling of delay vaviability
on a real silicon is a key topic for statistical timing analysis. In this
papes, we propose a methad of extracting variability information
from a real silicon. We have measured WID delay variability in
65nm process using RO-array test structures, and discuss how
to separate random component into the variability of thresheld
vollage and channel length.
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i. IntrRODUCTION

With the progress of technology scaling, varability be-
comes a sertous issue in LSI design. In the present and the
future, intrinsic atomnistic variations such as random dopant
fluctuation and kne edge roughness become prominentfl],
resulting in within-die[WID] random variation that requires
statistical treatment in performance analysis. While there are
extensive studies and remarkable achievemnents have been ac-
complished in the theoretical aspect of statistical performance
analysis[2][3], another key challenge is the characterization of
WID variation that appears on a real silicon.

Without accurate variability information that highly corre-

lates with silicon, we cannot estimate or simulate performance
variability of the circuit under design. We therefore need a
method for obtaining the amount of variation appears in device
parameters such as threshoid voltage and charmel length from
the measured variability of test structures.

A possible method is to use a device-array test structure
and measure the variability of each transistor performance
and physical structure[4]. This is the most basic method bus it
requires huge amount of cost in chip fabrication, measurement,
and analysis. Also, the layout structwre of an device-array
is very much different from that of a real circuit which is
basically an array of primitive gates.

In order to develop a systematic method that can be ap-
plied to various fabrication processes for providing accurate
variability information required by statistical design method-
ologies, we have developed an RO-array test structure and
an analysis method for characterizing WID variability[5][6].
We have decomposed the measured WID variation into three
components of random, deterministic, and systematic, where
random component is the largest at a transistor level, Details of
the decomposition are explained in a separate paper presented
in this workshop[6). In this paper, we will explain how we
can derive the varlability of threshold voltage and channel
length frorn the variability of measured oscillation frequencies.
Exiracted amount of variation can be readily used in statistical
simulation: such as Monte Carlo analysis.

The reminder of this paper is organized as follows. In
Section 11, we briefly explain our RO test structure and mea-
sured WID random variability under different supply voltages.
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Threshold voltage and channel length, which are major sources
of variability, have different supply-voltage dependencies of
variability. Exploiting this difference, we propose a method
for extracting the amount of variation in channel length and
threshold voltages of PMOS and NMOS transistors. In Section
111, we will show the resull of the extraction in a 65nm
process and explain how the extracted variation can reproduce
measured performance variability by Monte Carle simulation.
Finalty, Section 1V summarized this paper.

1. CHARACTERIZATION OF DELAY YARIABILITY

A. An RO-arvay test strucmure and measured random WID
variarion

We have measured WID variability using an RO-array test
struchure. A simplified structure of the test chip is shown in
Fig. 1. A “Section” that contains several tens of different ROs
is repularly placed in a 15-by-20 array, resulting 300 identical
ROs over a die. By measuring oscillation frequencies of 300
identical ROs, we can obtain WID frequency variation. The
WID variation is then decomposed into random, deterministic,
and systematic components. Detailed explanation of the test
siructure and the decomposition method as well as statistical
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properties of the three components can be found in a separate
paper presented in this workshopf6]. The random component
is purely random without spatial correlation and it is the
dominant component at a transistor-level. In this study, we
further estimate the origin of WID random variability.

In this section, we show an example of the measured WID
frequency variation cbtained in a 65 nm test structure. Fig, 2
shows the amount of random WID variation in ROs composed
of inverters as a function of the number of stapes under
three different supply voltages. The stage-length dependency
in Fig. 2 obeys 1/ 4/ relations that support the randomness
of the measured WID random variability. Fig. 3 shows the
WID random variation of four ROs as functions of supply
voltages, The variability rapidly increases when the supply
voltage decreases into sub-1V region. We will use this supply-
voliage dependencies for the decompeosition of of the WID
random variation.

'B. Extraction of WID random variation

We estimate the origin of WID variability on real silicon.
For simplicity, we assume the sources of variability aze limited
to channel length [ and thresheld voltages of pMOSFET
and nMOSFET. They are main factors of changing transistor
current[7] that directiy affects oscillation frequency. Threshold
voltage has a channel length dependency due to short channel
effects and hence its variation consists of two components.
One component correlates with channel length variation, The
other component is random and i does not correlate with
channel length variation. The latter component corresponds
to a variation in long-channel threshold voltage which, for ex-
ample, is represented by parameter VIHO in BSIM4 model[8].
We therefore estimate the amount of three independent random
components that originate from channel length L, long-channel
threshold voitage of pMOSFET Vip, and that of nMOSFET
V.

Those sources lead o different supply-voltage dependency
of variability, For example, threshold voltage variation results
in relatively larger delay variability in lower supply voltage,
whereas channel length variation does not se much.

Assuming linear sensitivity of each variability source, the
variability of oscillation frequency is given in the equation
below,

L B

Fig. 4. Ring Oscillator (¥-Stage)

D.5 . v
L STD -
VthN 8TD ——
0.4 VthP STD =«

4
[

2
[}

=
b

Sum of Squared Sensitivity Parameter

7715 18 T4 15 1.6

VoltagelV]

Fig. 5. Vollage dependency of sensitive parameter (23-slage standard RO)

CoBE 85y

2 2

¥} T vy oL
(i) i3] o

In Bq.(1), kv kvy, aod kg, are the semsitivity parame-
ters for Vipp, Vi and L variatiom, respectively. Parameters
HMfs MVeps Vi, 20d g represent mean values of oscillation
frequency, Ve, Viny, and L, respectively. Parameters oy,
Tymp, vy, and oy are standard deviations of oscitlation
frequency, Vinp, Vinn, and L, respectively. Index 7 identifies an
inverting gate in a ring-oscillaior as shown in Fig. 4. Due
to a NAND2 gate for controlling oscilation, each imverier
has slightly different contribution to oscillation. Therefore
we derive ky,;, ky,,, and &; for each pair of tramsistors by
numerical differentiation through circuit simulation(%]. For
example in the circuit in Fig. 4, we derive 27 sensitivity
purameters in total. The process condition for the sensitivity
analysis, which is represented by the value of uy,,, v, and
uz. 18 derived by the method described in Ref.[10] and hence
the simulated oscillation frequency with i, prw, aid g
matches the measured mean oscillation frequency.

(2] - 2 (522)

I

2
In this equation, we can measure (5’-) . Unknown parame-
P ?

By
e V¥ 2
e ) (G ) and (22)°1f
we have at least 3 equations with different set of Ry, Kt
and ky, we can derive the unknown parameters of our interest.
We exploit different voltage dependencies of those parame-
ters to derive enough number of relations expressed in Eq.(1).
Fig. 5 shows the amount of XA, , T4 , and LA as
functions of supply voltages for the circuit shown in Fig. 4.
Sensitivities of L and threshold voliages (Vipp and Vi) are
very much different. However, the sensitivity of Ly, and by,
are similar and 1t is very difficult to distinguish those two
sources. We should need another cixcuit that has different
performance sensitivities for Viyp and Vg, An example is
an mverter with an nMOSFET pass transistor at the output
node as shown in Fig. 6. An RO with this circuit as an

ters that we want to derive are
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osciliation element is sensitive to Vyw [11] and hence we
have different sensitivities for Vyp and V. Fig. 7 shows
the sensitivities of a 13 stage pass-transistor-loaded RO as
functions of supply voltage. This circuit is very sensitive to
the threshold of aMOSFET.

[II. MBASUREMENT AND ANALYs1s op Ranpom CoMPONENT

In this section, we show the result of variability decom-
position. We select a 13-stage inverter RO and a 13-stage
pass-transistor-loaded inverter RO for deriving variability of
Ve, Vage, and L. WID oscillation variation of two ROs are
measured in the supply voltage of 0.8 to 1.5 V, as shown
in Fig. 8. We applies a least-square method for deriving the
ammount of veriations in Ve, Viw, and L. Extracted WID
variations are lsted in Table 1. In this process, the long-
channel nMOSFRET threshold voltage has more than 2 times
larger variation than the long-channel pMOSFET threshold
voltage. Estimated frequency variation by Eq.{1) based on the
exiracted variations are also listed n Fig. 8. Good agreeient
can be seen. Fig. 9 shows measured WID random variations
for other RO and estimated variation by Eq.(1). They aze in
good agreement.

The threshold variability listed in Table 1 represents the
variability of long-channel treshold voltage. As explained in
Section 11, another source of threshold variability is channel
length variation. Accommodating both sources of variation,
we calculate the total variability of threshold voltage at Vas =
1.2V. Variability increases to 1.814% and 3.77% for pMOSFET
and nMOSFET respectively.

Finally, we examine the accuracy of linearized variability
model of Bq.(1). Using the extracted variability of ¥Vye, Vi,
and L, we run Monte Carlo cirenit simulation for a 13-stage
inverter RO and a 13-stage pass-iransistor-loaded RO and
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compare the result with the variability estimated by Eq.(1}.
The comparison ig shown in Fig. 10. Frequency variation
obtained by Monte Carlo simulation is consistently higher than
Eq.(1). but the diserepancy is less than 3.1% for ihis level of
small variation. We thus rely on the linear model of Eq.(1) for
the decomposition of variability sources.
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IV. CoNcLusioN

In this paper, we explain a method for decomposing WID
random variation into ithe variability of channe! length and
threshold voltage of an iAMOSFET and a pMOSFET. We mea-
sured WID random variability of RO-array structures under
different supply voltages and separated random component
into variation of Vigp, Vin, and L. Extracted (or/u) of Vinp
is 1.20%, Van 15 3.71%, and L is 1.38%. In the study, we
focus on three sources of variability. Investigation of other
source of variability is underway.
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