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Abstract—We propose an inhomogeneous ring oscillator
(RO) whose performance is strongly influenced by a small
set of transistors for characterizing transistor-by-transistor
variability. Performance sensitivities of the transistors are
enhanced by inserting a ‘“‘singular point” into a homogeneous
RO. Proposed ROs have been embedded in a 65nm RO-array
test structure, and it is verified that the proposed ROs are
highly sensitive to Within-Die (WID) local variability and
Random Telegraph Noise (RTN). The amounts of random
variation in threshold voltages(Vyn and Vyp) and channel
length(L) are extracted from the WID frequency variation.
Temporal variation of oscillation frequency due to RTN is
observed in the inhomogeneous RO.

I. INTRODUCTION

With the progress of technology scaling, variabil-
ity becomes a serious issue in LSI design. Within-die
(WID) variation and temporal variation such as Random
Telegraph Noise (RTN) are becoming rapidly growing
problems especially in a low voltage operation where
performance variability is a major obstacle for stable
operation[ 1]. Accurate characterization of those transistor-
by-transistor variability in a digital circuit is a key chal-
lenge.

To estimate or simulate the performance variation of
a circuit under design, we have to extract variability in-
formation from measured variability of test structures. We
therefore need a circuit structure to characterize variability
of a transistor parameter in a real circuit. A possible
method is to use a device-array test structure and measure
the variability of each transistor performance[2]. This is
the most basic method but it requires huge amount of cost
in chip fabrication, measurement, and analysis. Also, the
structure of a device-array is very much different from that
of a real circuit composed of primitive cells. Variation of
a cell-based circuit may not be reproduced in a device-
array structure. Another method is to develop an RO-array
test structure and extract variability of performance by
measuring oscillation frequencies[3]. Using this method,
we can extract variability information appeared in a cell-
based circuit.

In general, a conventional RO have a homogeneous
structure. A homogeneous RO is suitable for extract-
ing global variability such as die-to-die (D2D) variation,
whereas the variability of each transistor is averaged
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out and hence it is less visible. A homogeneous RO is
therefore not suitable for evaluating WID variability and
temporal fluctuation appeared in an individual transistor.
In attempting the variability of a single transistor more
visible, we propose to use a test structure of inhomoge-
neous ROs which will be explained in the next section.
The inhomogeneity enhances WID variation and/or RTN
caused by a particular transistor in the circuit. It enables
the in-situ characterization of transistor variability in a
typical cell-based design.

The remainder of this paper is organized as follows.
In Section II, we discuss a conventional homogeneous
RO and a proposed inhomogeneous RO. In Section III,
we explain modeling of RO frequency variation for WID
variability characterization. In Section IV, we discuss a test
structure fabricated in a 65nm process and its measured
results. Extracted WID variability and RTN from the test
chip are also explained. Finally, Section IV concludes this

paper.
II. InHoMOGENEOUS RO FOR VARIABILITY ENHANCEMENT

In this section, we describe characteristics of a conven-
tional homogeneous RO and a proposed inhomogeneous
RO. We evaluate sensitivity of each transistor in both
structures by SPICE simulation, and explain how the
variability of a small set of transistors become visible in
the inhomogeneous RO.

A. Conventional Homogeneous RO

In general, a conventional RO has a homogeneous
structure as shown in Fig. 1. Except for a NAND2 gate
for controlling oscillation, all the inverting gates have the
identical circuit structure with the same device sizes. In
a scaled process, each transistor has die-to-die(D2D) and
within-die (WID) variability. A common D2D variation is
shared by all the transistors, and a WID variation appears
in each transistor as an independent random component.
In a homogeneous RO, a WID variation in each tran-
sistor is averaged out and the variability of oscillation
frequency becomes small as the number of transistors in
the homogeneous RO increases. On the other hand, the
oscillation frequency is determined by the D2D varia-
tion. We can therefore use homogeneous ROs as process
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Fig. 1. Conventional Homogeneous RO.

monitors for D2D variation[4]. Fig. 1 shows examples
of homogeneous ROs. The most popular structure that
use a standard inverter as the basic element is shown
in Fig. 1(a) (INV). In this INV RO, D2D variations of
nMOSFETs and pMOSFETs contribute to the oscillation
frequency in a similar order of magnitude. We can in-
crease/decrease the sensitivity of a particular variability
parameter by modifying the basic element. Fig. 1(b) shows
an inverter with an nMOS pass-transistor inserted between
the input and the nMOS gate (NT-INV). This NT-INV RO
is highly sensitive to the threshold voltage of nMOSFETSs
(Vinn)- Similarly, Fig. 1(c) shows an inverter with a pMOS
pass-transistor inserted between the input and the pMOS
gate (PT-INV), which is highly sensitive to the threshold
voltage of pMOSFETs (Vip).

As an example of the sensitivity calculation, Fig. 2
shows the threshold sensitivity of each transistor in a 13-
stage NT-INV RO derived by circuit simulation assuming a
65nm process with a 0.8 V supply voltage. As explained,
sensitivities of nMOS threshold voltage (Vyn) are simi-
lar in magnitude and much larger than those of pMOS
threshold voltage (Vinp). Exploiting different sensitivities
for threshold voltages Vi and Vyp and channel length
L in INV ROs, NT-INV ROs, and PT-INV ROs, D2D
components of Vgn, Vap, and L can be extracted[4].
However, the contribution of WID component in each
transistor becomes small and less visible.

B. Proposed Inhomogeneous RO

To characterize variability of each transistor, enhancing
the sensitivity of a particular transistor is required. We
propose an RO with an inhomogeneous structure that has
a “singular point” in a conventional homogeneous circuit.
Due to the inhomogeneity, each transistor has a different
sensitivity. With an appropriate modification, we can en-
hance the variability of a small set of transistors. Fig. 3
shows an RO circuit with an inhomogeneous element.
When a standard inverter (INV) is used for the element as
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Fig. 2. Sensitivity of each transistor in a homogeneous NT-INV RO.

in case (a), it becomes a conventional homogeneous RO. If
a pass-transistor inserted inverter (NT-INV or PT-INV) is
used for the element as in cases (b) or (c), it becomes an
inhomogeneous RO. It is expected that the performance
of the inhomogeneous RO can be much sensitive to the
variation of particular transistors. In the following, we
show simulation results to verify that the inhomogeneous
RO has small number of sensitive transistors and that
this circuit can be used to evaluate transistor-by-transistor
variability.

Fig. 4 shows the Vy, sensitivity of each transistor in
a 19-stage nMOSFET-inserted RO(Fig. 3(b)), and a 19-
stage pMOSFET-inserted RO(Fig. 3(c)), operating at 0.8
V. In both inhomogeneous ROs, the pass-transistor and
the transistor pulled-up/down by the pass-transistor have
very high sensitivity. The sensitivities of the two transistors
in the nMOSFET-inserted RO are 90 times and 71 times
higher than those of others. In the pMOSFET-inserted RO,
they are 37 times and 21 times higher. Performance of
inhomogeneous ROs is strongly affected by the variability
of those dominant transistors. This shows that the local
variability of sensitive transistors can be estimated by
measuring variability of circuit performance of the inho-
mogeneous ROs.

III. MopELING OF WID VARIABILITY

If we can measure the WID variability of many ROs
with the identical structure, we can further estimate the
origin of the WID variability. For simplicity, we assume
the sources of variability are limited to channel length
(L), threshold voltage of pMOSFET (Vyp), and that of
nMOSFET (V). They are main factors of changing
transistor current [5].

Assuming linear sensitivity for each variability source,
the variability of oscillation frequency is given in the
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Fig. 4. Sensitivity of each transistor in inhomogeneous ROs.

equation below.

F FVawpr, Vi, Li, Vinpos - - 2) (H

pi+ ) (Kv AVinpi + Ky AVii + K1, AL)(2)
i

Q

D2D components of L, Vyp, and Vyn variability deter-
mine the mean oscillation frequency ur. WID components
are represented by AL;, AVip;, and AVn;

As shown in Fig. 4, a few transistors have dominant sen-
sitivities in an inhomogeneous RO. If there is a temporal
variation in the threshold voltage of a dominant transistor
due to RTN, it results in a noticeable variation in the
oscillation frequency. Process variability of a dominant
transistor also leads to a larger spread of WID frequency
variation.

Assuming WID components are independent and ran-
dom with Gaussian distributions, and all the nMOS-
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FETs/pMOSFETs have the same size. we can express the
variance of oscillation frequency as the sum of variances
contributed by each variation component as shown below.

(2 -2

1

In Eq.(3), kv,y» kv,y,» and ki, are the sensitivity coeffi-
cients for Viyp, Vinn and L variation, respectively. Param-
elers Oy, Ovyy,, OV, and oy are standard deviations of
oscillation frequency, Vip, Vinn, and L, respectively. Index
i identifies an inverting gate in the ring-oscillator where
each inverter has different contribution to the oscillation
frequency. As described, we derive ky,,,, ky,,;» and k;, for
each pair of transistors by circuit simulation. For example
in the inhomogeneous RO in Fig. 3(b), we derive 62
sensitivity coefficients in total.

If we have an 2enough number of identical ROs, we
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to derive are 02 , o2 , and o2. If we have at least 3
Vinp Vi L

equations with different set of ky,,,, kv, and k;,, we can
derive the unknown parameters of our interest. We can also
exploit different voltage dependencies of those coefficients
to derive enough number of relations expressed in Eq. (3).
Fig. 5 shows the amount of Y k7, , 3 kj, , and Y k7 as
functions of supply voltages for a 19-stage inhomogeneous
RO with an nMOS pass-transistor inserted inverter (NT-
INV). As expected, the contribution of Vi variability
dominates over other components, especially in lower
supply voltage. Similar dominance of Vyp variability can
be seen in a pMOS pass-transistor inserted inhomogeneous
RO.

can measure (
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IV. 65NM TEST STRUCTURE AND MEASUREMENT RESULTS

We have designed and fabricated an RO-array test
structure that includes inhomogeneous ROs as well as
homogeneous ROs in a 65nm process, and evaluate their
variability. Through the measurement of WID frequency
variation, we have extracted the amount of random varia-
tion in Vyn, Vinp, and L. We also measured RTN-induced
temporal variation of oscillation frequency in inhomoge-
neous RO.

A. Test Structure

Fig. 6 shows an RO-array test structure fabricated in a
65nm process for measuring variability on real silicon. A
“section” that contains various type of ROs is regularly
placed in a 14-by-21 array, resulting 294 identical ROs
on a chip. We can obtain WID frequency variation by
measuring oscillation frequencies of identical ROs. Inho-
mogeneous ROs (Fig. 3(b),(c)) have been embedded in a
section. A nominal supply voltage of the process is 1.2 V.
A level converter (LVC in Fig. 6) is inserted between the
test structure and a chip I/O for low voltage operation.

B. Measurement Result

1) Extraction of WID random variability: We have
measured the oscillation frequency of 294 ROs in each of
homogeneous and inhomogeneous circuits for 15 chips.
We thus have 4,410 measured frequencies for each RO

type.
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Fig. 7. Measurement result of WID variation in 1.2 V.

0.8
0.7t
06}
.5 0.5¢
© Homogeneous INV RO
S 04} o/n=1.44%
o
o
o o3}
02} Inhomogeneous NT-INV RO |
o/L=13.7%
0.1f
0—73 08 1 12 12
Normalized Frequency
Fig. 8. Measurement result of WID variation in 0.8 V.

We normalized each measured frequency by the mean
oscillation frequency of each chip.

Figs. 7 and 8 show the distribution of oscillation fre-
quencies of 19-stage homogeneous INV ROs and 19-
stage nMOSFET-inserted inhomogeneous NT-INV ROs, at
1.2 V and 0.8 V, respectively. Oscillation frequencies are
normalized by the mean oscillation frequency of each chip
for eliminating the effect of D2D variation components. As
expected, the inhomogeneous RO exhibit larger frequency
spread, especially in lower supply voltage. Standard devia-
tions of the homogeneous INV RO are 0.79 % (1.2 V) and
1.44 % (0.8 V), whereas those of the inhomogeneous NT-
INV RO are 1.70 % (1.2 V) and 13.7 % (0.8 V) which are
2.2 times (1.2 V) and 9.5 times (0.8V) larger than those
of the homogeneous RO.

Next, we have derived the amount of variation for each
WID variability component. First, we have extracted the
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D2D components of Vi, Vinp, and L using homogeneous
circuits of 13-stage INV ROs, 13-stage NT-INV ROs, and
13-stage PT-INV ROs on the same die, by the method
described in Ref.[4]. The extracted parameters can repro-
duce the average frequency of inhomogeneous ROs on the
same die by circuit simulation under the supply voltage
from 0.7 V to 1.5 V. Fig. 9 shows the measured and
simulated oscillation frequencies of homogeneous INV
ROs, inhomogeneous NT-INV ROs, and inhomogeneous
PT-INV ROs. The number of stages is 19 for all types
of ROs, and the measured frequency is the average over
294 RO frequencies. They are in good agreement over the
wide range of supply voltages.

With the extracted parameters, we have derived the
sensitivity coefficients in Eq. (3) by circuit simulation.
From the measured WID frequency variations of 19-stage
homogeneous INV ROs, 19-stage inhomogeneous NT-INV
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ROs, and 19-stage inhomogeneous PT-INV ROs, under the
supply voltages from 0.7 V to 1.5 V, together with the
derived sensitivity coefficients, we can obtain the standard
deviations of Vinn, Vipp, and L (o-%,mp, o-%,th, and 0?) using
Eq. (3). A least square method is used for the derivation.
Extracted standard deviation of Vyp is 10 mV, that of
Vion 18 17 mV, and that of L is 0.9 nm. The variation
of Vyp and Vi are close to those obtained by a device
array[2], considering the difference in transistor width.
Fig. 10 shows the measured and estimated WID frequency
variations by Eq. (3).

2) RTN measurement: Inhomogeneous ROs can be
used for the measurement of RTN-induced delay
fluctuation[6][7].

We have measured temporal variation of oscillation
frequencies of 294 19-stage inhomogeneous NT-INV ROs
on the same die at 0.8 V supply voltage. Oscillation
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frequencies are measured for every 20 ms over 10 s.
Two examples of the measured temporal frequency
variations are shown in Figs. 11 and 12. Many ROs exhibit
small amount of fluctuation similar to Fig. 11. However,
we have observed a large amount of fluctuations in several
ROs. In Fig. 12, a binary fluctuation of 3.6 % can be
observed. Fig. 13 shows a cumulative distribution function
(CDF) of all the frequency fluctuations over 294 ROs.
The vertical axis of the CDF is in a log scale. Figs. 11
and 12 correspond to RO A and RO B in Fig. 13. The
amount of frequency fluctuation can be converted into
the fluctuation of threshold voltage using the sensitivity
coefficient. The converted threshold voltage fluctuation
is indicated on the top of Fig. 13. As pointed out in
device-level researches such as Ref.[8], RTN does not
have a Gaussian distribution, and a long tail exists for
larger variability. With the use of inhomogeneous ROs, we
can perform in-situ measurement of RTN under operation
conditions. We were not able to observe RTN-induced
variability in homogeneous ROs in the test structure.

V. CONCLUSION

In this paper, we have proposed an inhomogeneous RO
that has small number of sensitive transistors. By inserting
an nMOS/pMOS pass-transistor between the input and the
gate of the nMOS/pMOS transistor of a single inverter in
a homogeneous inverter RO, the sensitivity of the pass-
transistor and the connected transistor becomes very much
enhanced. Due to the dominant sensitivity, variability of
the key transistor becomes visible in circuit operation,
which can be used for variability characterization. We have
measured WID variability and RTN using an RO-array
test structure fabricated in a 65nm process, and reveal that
proposed ROs are sensitive to WID local variability and

30

RTN. This structure is useful for accurate characterization
of WID variability and RTN-induced variability.
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