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Extracting Device-Parameter Variations with RO-Based Sensors
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SUMMARY  Device-parameter estimation sensors inside a chip are
gaining its importance as the post-fabrication tuning is becoming of a prac-
tical use. In estimation of variational parameters using on-chip sensors, it is
often assumed that the outputs of variation sensors are not affected by ran-
dom variations. However, random variations can deteriorate the accuracy of
the estimation result. In this paper, we propose a device-parameter estima-
tion method with on-chip variation sensors explicitly considering random
variability. The proposed method derives the global variation parameters
and the standard deviation of the random variability using the maximum
likelihood estimation. We experimentally verified that the proposed method
improves the accuracy of device-parameter estimation by 11.1 to 73.4%
compared to the conventional method that neglects random variations.

key words: variation sensor, manufacturing variability, device-parameter,
ring oscillator

1. Introduction

Process variability is becoming more influential on circuit
performance and parametric yield, and is predicted to get
much severer as technology advances [1]. The process vari-
ability is often classified into D2D (Die-to-Die) and WID
(WithIn-Die) variations. Especially, WID variation has been
predicted to become more significant with device miniatur-
ization [2].

To enhance the circuit performance after fabrication
and improve parametric yield, several adaptation methods,
such as voltage scaling and adaptive body bias, have been
proposed [3],[4]. In order to adapt the performance effi-
ciently, it is required to estimate for every chip how device-
parameters varied from their typical values during the manu-
facturing process. For such a purpose, RO(Ring-Oscillator)-
based sensors have been intensively studied [S]-[8]. They
can be easily implemented in a chip and can be used to
obtain variability information even after the product ship-
ment, because the oscillating frequencies of ROs can be eas-
ily measured with a simple circuit structure. Conventional
device-parameter extraction methods using RO-based sen-
sors often assume that ROs are not affected by random vari-
ations because of the well-known averaging effect where the
influence of random variation is assumed to be well sup-
pressed by increasing the number of RO stages [9].

When implementing RO-based sensors using ordinary
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standard cells, the sensitivity vectors of the oscillation
frequency to device parameters (e.g. channel lengths and
threshold voltages for NMOS and PMOS) are close to each
other, and it is difficult to accurately estimate device pa-
rameters. On the other hand, ROs that have high sensi-
tivity to a single device-parameter have been proposed for
decomposing the measured superposed variation into each
device-parameter variation [7], [8]. However, when using
such ROs, random variations might not be canceled out.

An example of this phenomenon is demonstrated
here when using such a highly-sensitive RO to device-
parameters. Figure 1 shows frequency distributions of
101-stage ROs composed of normal inverters or highly-
sensitive inverters to NMOS parameters, which was ob-
tained by Monte Carlo circuit simulation. The condition
of this simulation is basically the same with that in Sect. 4,
and will be explained later. Random variations of AVy, i
and AL,;,, whose averages are 0, are given, where Vit
means N/PMOS threshold voltage and L,;, is gate length
of N/PMOS. AF denotes the shift of the oscillation fre-
quency from its nominal value in an RO without any device-
parameter variations, and AF is caused by device-parameter
variations, such as AVy, ~and AL,/,. The number of sam-
ples for each distribution is 1,000, and then some non-
smoothness appears in Fig. 1. When an RO comprises nor-
mal inverters, the average of AF is —0.45% and the standard
deviation is 0.8%. On the other hand, when an RO con-
sists of sophisticated inverters that have intentionally high
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Fig.1 Frequency-distributions with only random variations (without
global variations). For each distribution, the number of sampled data is
1,000. Supply voltage is 0.9 V. Solid line denotes a distribution with an
RO constructed by normal inverters (RO#1 in Sect.4.1), and dashed line
denotes that with an RO constructed by inverters that have high sensitivity
to NMOS L and V;;, (RO#2 in Sect. 4.1). The number of stages in both ROs
is 101.
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sensitivity to device-parameters of AV, and AL,, the ef-
fect of random variability on AF is more significant. In fact,
the random variability changes the average of AF by —3.8%
even though the averages of every variation are 0. The stan-
dard deviation of AF reaches 2.0% indeed even when the
number of RO stage is 101. Therefore, in order to accu-
rately estimate device-parameters using such sophisticated
ROs, random variability should be taken into account explic-
itly. Both the large standard deviation of AF and the shift of
the average must be considered in the device-parameter es-
timation from the measured sensor outputs.

In this paper, we propose an estimation method
of device-parameters, such as threshold voltage V;; and
channel-length L of a transistor, explicitly considering the
effect of random variability. This method is based on MLE
(Maximum Likelihood Estimation) and extracts not only
D2D parameter variations but also standard deviations of
random variations. The accurate extraction and decompo-
sition of N/PMOS device parameters contribute to an ap-
propriate compensation with regard to both of performance
and leakage-power consumption.

We also investigate the metric for sensor selection. A
device-parameter could be estimated by a sensor that has
a high sensitivity to a corresponding parameter. However,
the sensitivities to other device parameters are not zero, and
hence the estimated parameter must include some error. We
take up three methods for selecting a set of sensors and com-
pares them in terms of the estimation accuracy.

The rest of this paper is organized as follows. Section 2
presesents device-parameter extraction methods using RO-
based variation sensor with and without the consideration
of random variations. Section 3 explains three RO selec-
tion methods for evaluation. Section 4 shows experimental
results, and finally Sect. 5 concludes this paper.

2. Parameter Extraction Methods Using RO-Based
Variation Sensors

This section first explains parameter extraction methods
without the consideration of the random variation effect, and
proposes a parameter estimation method that explicitly takes
into account the random variation.

In this paper, it is assumed that the variability is com-
posed of two components, that are global and random
variations for simplicity. Global is D2D variation which
causes the same variation-offset to all transistors in a chip,
while random corresponds to WID variation which is dif-
ferent transistor by transistor. Thus, an offset of a device-
parameter x from its nominal value, AV,, is expressed by

Eq. (1),
AV, = AG, + AR,, (D

where AG, denotes global variability, and AR, corresponds
to random variability of parameter x.
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2.1 Parameter-Extraction Method without Consideration
of Random Variations

A conventional parameter-extraction method assumes that
the shift of the oscillation frequency from its nominal value
in the i-th type of RO, AF;, is expressed by Eq. (2),

AF; = Z kixAG, = k} AG;, )

where k;, denotes the frequency-sensitivity to a variation
of parameter x at RO#i. k;, and AG, are vector represen-
tations of k;, and AG,. Note that Eq. (2) can be extended
to quadratic or higher-order model to improve the accuracy
[10]. In this model, random variations are assumed to be
canceled out and much smaller than global variations be-
cause of the averaging effect [9]. Therefore, none of AR,
appear in Eq. (2). Using Eq. (2), device-parameter variations
are estimated by Eq. (3).
-1
ki
AG, =K 'AF =| : AF. 3)

ky .
At least n types of ROs should be used for the estimation of
n parameters.

The device-parameter estimation in Eq.(3) assumes
that every AR, can be suppressed to be ignorable. However,
as shown in Sect. 1, the averaging effect cannot completely
exclude the effects of random variations. As the number
of RO stages increases, the ratio of standard deviation to
mean of oscillating frequency becomes smaller and it finally
becomes ignorable. However, the shift of the average fre-
quency observed in Fig. 1 cannot be eliminated even though
the number of stages increases.

2.2 Parameter-Extraction Method Considering Random
Variations

This subsection presents the proposed extraction method of
device-parameters from the sensor outputs that include ran-
dom variability. The proposed method defines a likelihood
function, which tells how likely the measured frequencies
are observed taking into account the effect of random varia-
tions shown in Fig. 1. We then obtain the most probable AG,
and oag, that maximize the likelihood function, i.e. most
probably explain the measured frequencies. Here, oag, is
the standard deviation of AR,.

Figure 2 illustrates that the probability density function
of AF; changes according to AG, and oag,. Here, let us
suppose that p(AF;), i.e., the probability density function of
AF;, is expressed by a normal distribution. In other word,
the distribution of the measured AF; is assumed to follow
N(uar; o-iF[). Note that this method is independent of the
shape of the assumed distribution and other distributions can
be used depending on the actual data.



SHINKAI et al.: EXTRACTING DEVICE-PARAMETER VARIATIONS WITH RO-BASED SENSORS

Probability

s

Har, :f(AGX’O-ARX)

p(4F)

AF,

is

Fig.2  Probability density function used for MLE.

var; = f(AGyx, OAR,), 4
oar, = §9(AGy, OAR,). &)

The base and order of functions f and g can be freely cho-
sen to achieve the required accuracy. If we choose simple
first-order approximation, for example, they are expressed
by Egs. (6) and (7),

HAF; = Z(ai,xAGx + bi,xa—ARX)a (6)
OAF, = Z(Ci,xAGx +d; 0 ARX), (7)

where a; , b;, cix and d; , are coeflicients.

When there are S; sensor instances of RO#i in a chip,
the likelihood function for independent and identically dis-
tributed samples of AF; is expressed using p(AF;s) by
Eq. (8),

S S; 2
: : 1 (AFis — par,)
| |p(Alﬁo = || eXp[— — 1,
s s \ 27TO-AF,- 20—21:,
3

where AF;; means the measured data from the s-th sensor
instance of the i-th type of RO. If a device-parameter fol-
lows other type of distribution, the corresponding probabil-
ity density function is used in Eq. (9) instead of Gaussian
probability density function. When #n types of ROs are used
for estimation, we use the product of Eq. (8) as the overall
likelihood function in this work.

n S;
[ 1] [r@F. ©

This overall likelihood function expresses how likely the
measured frequencies are observed, and the function value
varies depending on AG, and o'xg, even for the same mea-
sured frequencies. By maximizing Eq. (9), we obtain the
most probable AG, and oag, that can explain the mea-
sured frequencies. The logarithm of Eq. (9) is expressed as
Eq. (10), and it can be easily solved by any numerical com-
puting environment.
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n S
2. 2. Jo(p(AF ) (10)

3. RO Selection Methods

For accurate estimation of each device-parameter, it is im-
portant to carefully choose a set of RO sensors used for pa-
rameter estimation, referred to as ROset in the following.
Sensitivity vectors of RO sensors, which correspond to k;
in Eq. (3), are used for the determination of RO design. In
this paper, three selection methods are evaluated. The ex-
traction results using ROsets obtained by each method will
be discussed in Sect. 4.2.

3.1 SA (Sensitivity Amplitude)

A straightforward approach is to select ROs that have the
highest sensitivity for each device-parameter and construct
an ROset that includes the selected ROs. Here, SA;, (Sen-
sitivity Amplitude) is defined as Eq. (11), which indicates
how the sensitivity to x in RO#i dominates the sensitivities
to the other parameters.

lki,.|
Zy#x |ki,y|

We choose n ROs in order that SA; s for each x are maxi-
mized.

SAix = 1D

3.2 ORTH (Orthogonality)

Reference [7] pointed out that when the sensitivity vectors
are orthogonal, the estimation error decreases through an ex-
periment of two-device-parameters estimation. On the basis
of this idea, when all the sensitivity vectors are orthogonal
to each other, the estimation result of AG, becomes more
accurate. We derive an appropriate set of ROs with minimal
RMSE (Root Mean Square Error) of angles between sensi-
tivity vectors in Eq. (12).

> (cmgle,-j—90°)2
Vie(ROset) Y je(ROset), j#i
RMSE (ROSCI) _ ie(ROset) ¥ je(ROset), j#i ’

d

where n is the number of ROs in an ROset and angle;; de-
notes an angle in degrees between the sensitivity vectors of
RO#i and RO#;.

12)

3.3 CON (Condition Number)

Reference [10] introduced another criterion, which is the
condition number of a matrix. The condition number of a
matrix M, cond(M), is defined mathematically as follows
[11], [12],

cond(M) = M|l - |M ™| (13)
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IM|| is the infinity norm of M expressed in Eq. (14),

n
Ml = r1na>32l i, (14)
=

where / and n are the numbers of rows and columns, respec-
tively. m;; denotes the entry that lies in the i-th row and the
Jj-th column of the matrix. It is known that smaller condi-
tion number is, a better solution can be obtained in a numer-
ical computation [12], such as Eq. (3). Additionally, smaller
condition number is associated with a better orthogonality
of row vectors in the matrix. Thus, CON is correlated with
ORTH and might be a sort of a superset of ORTH. An appro-
priate ROset with this selection method is chosen by mini-
mizing cond(K).

4. Experimental Results

This section experimentally discusses the selection of a
good set of sensors for device-parameter estimation. This
section also verifies the accuracy enhancement of the pro-
posed method compared to the conventional estimation.
These evaluations are experimentally investigated using
virtually-fabricated chips (simulated data). It is assumed
that variation sources to be extracted are Vi, and Ly),.
Here, a commercial 65-nm process technology is used for
evaluation.

4.1 Experimental Condition

As candidates for various ROs, eight ROs listed in Table 1
are chosen to evaluate sensitivity vectors. Diagrams of these
circuits are illustrated in Appendix. The number of stages
in all ROs is 101. Structures of RO#2-3 and RO#4-8 are
similar with those in Refs.[7] and [8], respectively. The
difference between RO#4 and RO#5 is sizes of each tran-
sistor. RO#8 consists of an inverting stage in the modified

Table1l RO configuration.

RO No. || Component

Normal INV
INV followed by NMOS transistor
INV followed by PMOS transistor
INV followed by CMOS-controlled load - 1
INV followed by CMOS-controlled load - 2
Current-starved INV followed by
PMOS-controlled load
Current-starved INV followed by
NMOS-controlled load
8 Customized INV

QN || BN~

2
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L-sensitive RO in Ref. [8] (Fig. A-5 in Appendix), while
it is customized in order that four terminals (INVN/P and
CAPN/P) are controllable to change the sensitivity vector
(Fig. A- 6 in Appendix). The experiment here assumes that
selectable voltages at each terminal are Vyq, Vi, Vjpp, and
Vs, where Vy, and V},, are generated by bias generators [8]
(Fig. A- 4 in Appendix). Therefore, 144 (= 324%) data can be
obtained only using RO#8. The oscillating frequency of ev-
ery RO could be measured at different V;;s. The sensitivity
vectors vary depending on V,,;, which means the number of
ROs can be increased without consuming additional silicon
area for sensors. In this experiment, 1.5, 1.2, and 0.9V are
used as V;;. Equations (4) and (5) are modeled as second-
order polynomials by fitting.

In what follows, it is assumed that TAG/Rvi,
= 20mV for transistors with L = 60nm and W =
240 nm(NMOS)/360 nm(PMOS), and oa¢ IRy, 2 nm.
O AG/Rvy,;, WeTE computed for each transistor taking into
account the area dependency with Pelgrom’s model [13].
According to the assumed process variability, virtually-
fabricated chips were created with Monte Carlo approach
and all sensor-outputs in each chip were evaluated with
HSPICE [14].

4.2 Sensor Selection

The purpose in this section is to clarify which selection
method is appropriate to derive an ROset that reduces the
estimation error. The estimate accuracy is evaluated in the
case that only global variations exist, i.e., O ARy, = TARy,,
= 0. Thirty-five chips were virtually fabricated. Equation 4
with oag, = O, i.e. zero matrix, is used for estimation.

The combinations of ROs that were selected by each
selection method are shown in Table 2. Now four device-
parameters are to be estimated and hence four ROs are ba-
sically selected. The best RMSE is 6.26° (ORTH), and the
best condition number is 5.13 (CON).

Table 3 shows the averages of absolute estimation er-
rors of AG,. The results with ORTH is worse than those
with SA and CON. The average errors of SA and CON,
where each error is normalized by the corresponding stan-

Table 3  Average estimate errors of AG, under only global variations
(the number of virtually-fabricated chips is 35).

Method AGV[;,” AGVthp AGLn AGL,,
[mV] [mV] [nm] [nm]

SA 0.22 0.61 0.29 0.10
ORTH 0.34 0.45 0.43 0.44
CON 0.28 0.29 0.13 0.24

Table 2  ROsets obtained by each selection method. Voltages enclosed by square brackets at RO#8
correspond to INVN, INVP, CAPN, and CAPP shown in Fig. A- 6, in order from left to right.
Method | RO No. (Vaa) | RO No. (Vaa) | RO No. (Vaa) | RO No. (Vaa)
SA 2 (12) 3 (15) 8 [Vaa, pra prs Vadl (15) 8 [V, Vsss Vsss Visl (15)
ORTH 2(0.9) 8 [Vad: Vop: Vop: Vaal 1.2) | 8 [Vin, Vip, Vins Vaal (1.5) | 8 [Vin, Visss Vipp, Vin] (1.5)
CON 2 (15) 8 [Vin, Vb])v Vhp’ Vadl (15) 8 [V, Vsss Vsss Vinl (15) 8 [Vhpv Vhp’ Vins Vil (12)
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Fig.3  Given AGy vs. estimated AG, with CON under only global
variations. A dot corresponds to a result of a virtual chip.

dard deviation, are 5.9% and 5.3%, respectively. From the
viewpoint of accuracy, the condition number is the best met-
ric to select ROs in this experiment. This result suggests that
the sensitivity matrix obtained with CON attains the most
appropriate orthogonality and characteristics for numerical
calculation.

Figure 3 illustrates scatter plots that compare estimated
AG, with those given in virtual fabrication when using the
ROset selected by CON. It shows that every AG, is esti-
mated with sufficient accuracy.

4.3 TImportance of Considering Random Variation

This section evaluates the estimation accuracy when both
global and random variations exist. Here it is demon-
strated that neglecting random variability causes a signif-
icant degradation in accuracy. Five chips were virtually
fabricated and each chip has 100 sensor instances for this
evaluation. The proposed extraction method using MLE is
compared with the conventional one that uses only Eq. (4)
with oag, = O, which means that the same model with the
same accuracy was used for both the proposed and conven-
tional methods, though the first-order model was used for
simplifying the explanation of the conventional method in
Sect. 2.1. Equations (4) and (5) are used for the proposed es-
timation and Eq. (9) is maximized to obtain AG, and ozg, .
To resolve Eq.(9), this experiment uses the optim func-
tion of R [15] with L-BFGS (Limited-Broyden-Fletcher-
Goldfarb-Shanno) algorithm. Here the ROset obtained by
CON is used for both methods.

Table 4 shows the averages of the absolute estimation
errors of AG, from the given variations. Table 5 lists the av-
erage absolute errors of estimated o ag,. These tables indi-
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Table4  Absolute values of average estimate errors of AGy under global
and random variations (the number of virtually-fabricated chips is five).

Method AGVth,, AGVrh,, AGL,, AGL,,
[mV] [mV] [nm] [nm]

Proposed 1.35 1.66 0.38 0.40
Conventional 4.01 6.23 0.57 0.45

Error reduction [[ 66.3% [ 734% | 333% [ 11.1%

Table 5  Average absolute errors of estimate of oag, (the number of
virtually-fabricated chips is five).
OARvum, | OARvy, | OARy, | OARy,
[mV] [mV] [nm] [nm]
144 [ 121 [ 017 | 022
Area [umz]
0 20000 40000 60000 80000 100000
15 . . - .
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g 10
_C:
s 5¢
g
w 0 P
o k4
5 . j LI W Aottt
S50t "N\ Proposed
-10 . . . .
0 20 40 60 80

Number of sensor instances used for estimation

Fig.4  The number of sensor instances vs. estimation error of AGy,,
(five chips). The upper axis corresponds to an area where the number of
sensor instances in the bottom axis is used.

cate that the proposed method reduces the estimate error by
11.1-73.4% and provides more accurate estimation thanks
to the consideration of random variations.

This section next demonstrates how the number of sen-
sor instances, i.e., §; in Eq. (9), affects the estimate accuracy.
This evaluation is performed with the following process,

1. Make a set of sensor instances by randomly select-
ing those from 200 sensor instances on a virtually-
fabricated chip,

2. Estimate variations using the above instance set,

3. Go back to step 1 until a pre-defined number of esti-
mations are performed.

In this experiment, the pre-defined value in the third step
above was 200, which means two hundred sets of sensor
instances were generated for a die. The numbers of sensor
instances evaluated here are 488 at four intervals.

Figure 4 illustrates the estimation errors of AGy, in
five chips. Dots denote the average error, i.e., the expected
error in 200 sets of S; sensor instances, and error bars show
the standard deviation of the average error. More sensor in-
stances are used, more accurate the estimation result is. The
standard deviation of the conventional method denotes the
same tendency of that of the proposed method. However,
the average error of the proposed method is smaller than that
of the conventional method. Figure 5 shows the estimation
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(five chips). The upper axis corresponds to an area where the number of
sensor instances in the bottom axis is used.

results of TARy,, in five chips. Only the result with the pro-
posed method is depicted, because the conventional method
cannot estimate TARy,, - This figure indicates that the esti-
mation results converge as the number of sensor instances
increases. However, all of TRy, do not converge to zero
error. A possible reason is that the ROset used in this ex-
periment was derived with sensitivity matrix with respect to
AG, in Sect. 4.2, though the ROset derived with sensitivity
matrix with respect to AG, and oag, should be used. This is
because computing sensitivity to oag, by Monte Carlo sim-
ulation is time-consuming, and computing sensitivity matrix
for all ROs and RO configurations was not possible. A fu-
ture work is to facilitate the sensitivity computation and de-
rive a ROset with sensitivity matrix with respect to AG, and
TAR, -

5. Conclusion

This paper proposed a device-parameter estimation method
with RO-based variation sensors in a chip. The proposed
method takes into account random variability with max-
imum likelihood estimation. It was experimentally veri-
fied that the proposed method can accurately estimate vari-
ations, whereas disregarding random variability, which is
often adopted in conventional methods, deteriorates the es-
timation accuracy of the global variation. This paper also
investigated sensor selection methods, and showed that the
RO selection based on the condition number of the sensitiv-
ity matrix provided the most accurate estimation in our test
case.
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Appendix

Appendix shows schematics of RO components described
in Table 1. Figures A-1 and A- 3 illustrate those of RO#2,
RO#4 (5) and RO#6. RO#3 and RO#7 are exact complemen-
tary circuits of RO#2 and RO#6, respectively. Vj, bias gen-
erator is shown in Fig. A-4 and it is complementary of V,
bias generator. As described in Sect. 4.1, RO#8 in Fig. A- 6
is based on Fig. A-5. Here the characteristics of these cir-
cuits are described.

RO#2 component is sensitive to variations in NMOS.
The size of NMOS path-transistor is smaller than each
of transistor in inverting stage, and hence variation of the
NMOS path-transistor have a dominant impact on this com-
ponent.
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Fig.A-1  RO#2 component: INV followed by NMOS transistor.

%

Fig.A-2 RO#4 (5) component: INV followed by CMOS-controlled

loads.

T

%‘ Long L

ﬂ AL Longz

Fig.A-3  RO#6 component: Current-starved INV followed by

PMOS-controlled load.
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Fig.A-4 V), bias generator for RO#6 and RO#3.
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Modified L-sensitive INV in Ref. [8].
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Fig.A-6  RO#8 component: customized INV based on Fig. A-5.

RO#4 (5) component gains the sensitivity to L. When
Vi increases, the inverting stage slows down. However
at that time, NMOS load becomes smaller due to the in-
creased effective resistance of NMOS. The two behaviors
cancel each other out and the fall-propagation delay is in-
sensitive to V. Similar discussion is applicable to Vy,.
Therefore, when the devices are properly sized, this compo-
nent can become either L,- or L,-sensitive.

Vi bias generator provides the voltage that is inversely
proportional to Vy,, and less dependent of L,. The detailed
description is omitted, but it should be noted that L and W
of transistors are very important to attain this property. Con-
sidering PMOS-loading effect and V},,, bias generator, RO#6
component mitigates L and Vj;,, variations, and enhances the
sensitivity to Vi, variation.

The structure in Fig. A-5 is modified from that in
Fig. A-2. The authors of Ref.[8] observed that the struc-
ture in Fig. A-2 does not provide a sufficient cancellation
of V, variations in 65-nm devices. Thus, they combined
structures of Figs. A-2 and A-3. They switched the bias
voltages for N/PMOS and obtained the opposite cancella-
tion/amplification effects for L and Vj;, variations. RO#8
component in Fig. A- 6 is similar with Fig. A-5, while four
terminals (INVN/P and CAPN/P) can be set to Vg, Vi, Vi,
and Vi, to change the sensitivity to variations.
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