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Accurate characterization of transistor variation under dynamic switching condition has become important for reliable digital circuit design. This
paper proposes a reconfigurable ring oscillator (RO) structure which enables measurement of transistor level variation. Each inverter stage in the
RO can be configured into several delay modes. The delay of a particular inverting stage can be made dominant by configuring an inhomogeneous
RO structure. By scanning the inhomogeneous stage, delay variation of each stage can be measured. Furthermore, pMOSFET and nMOSFET
variation can be measured separately by making only rise or fall delay dominant. Specific transistor with random telegraph noise (RTN) in the
inhomogeneous stage can be identified by reconfiguring the inhomogeneous stage. Thus, using a single RO, static delay variation as well as
dynamic variation such as RTN can be measured. The area for a 127-staged reconfigurable RO including peripheral circuits is only 0.0085mm2

thus area-efficient measurement becomes possible. Measurement results from a 65-nm test chip shows the validity of the proposed circuit
structure. © 2014 The Japan Society of Applied Physics

1. Introduction

With device scaling, static device variations1) as well as
dynamic variations such as negative bias temperature
instability (NBTI)2) and random telegraph noise (RTN)3)

have become serious problem. Static variation occurs during
the manufacturing process of the device whereas dynamic
variation occurs during the run-time. Dynamic variations are
difficult to predict and therefore it is difficult to set adequate
design margin. In the case of static variations, circuit
performance can be predicted with statistical analysis.4,5) In
the case of dynamic variations, simple statistical analysis
is not sufficient. Performance models based on variation
characterization are required.6) In order to develop effective
performance models, the nature of dynamic variations and
their effects on the circuit behavior needs to be understood
and characterized accurately. The effects of both the static
and dynamic variations need to be taken into account during
the design phase to ensure correct operation.

NBTI is being considered for long as a major reliability
concern.7) NBTI degrades pMOSFET performance over time
thus reduces the product lifetime. Several sensor circuits to
monitor NBTI degradation and characterize its effect are
reported.8–10) Using the recovery phenomenon of NBTI,
NBTI-aware design methodologies are proposed to increase
product life time and reduce design margin.11) NBTI induced
device degradation can be recovered by applying body bias
too.12) Whereas, RTN is an intrinsic device variation which
causes temporal fluctuation in MOSFET threshold voltage
during run time. With device scaling, RTN induced device
variability has become comparable to static device varia-
bility.13) RTN is reported to be causing failures in static
random access memories (SRAMs),14) flash memories15) and
CMOS image sensors.16) RTN can cause ring oscillator (RO)
frequency fluctuation as much as 10% at low voltage in
40-nm process.17) For finer process, RTN variability is
reported to be increasing. Thus, RTN is a big concern for
reliable operation of future LSI. In order to predict RTN
effect on circuit behavior, modeling of RTN based on
accurate characterization of devices under dynamic operation
is needed. However, the effect of RTN on digital circuit

performance is still not well investigated. Conventionally,
device level measurement of RTN is performed where DC
bias is applied.18) Present measurement techniques for RTN
effect on digital circuit behavior is performed using simple
ring oscillator.17,19,20) From large number of RO circuits, ROs
with RTN are first screened out. Then detailed measurement
is performed to characterize RTN effect. This method
requires large area to implement large number of ROs which
is very costly. Conventional ring oscillator based measure-
ment does not give us device level variation information as
the variations on each device are averaged out. Besides, the
relationship between device variation and circuit behavior
variation cannot be correlated with simple ring oscillator
based measurement.

Static device variation can be categorized into die-to-die
(D2D) and within-die (WID) variation. D2D variation is
global in a chip meaning all the transistors have the same
variation. WID variation can be further categorized into
systematic and random components.21) Systematic variation
can be classified as across-field and layout dependent
variations.22,23) WID random variation causes device mis-
match between even two adjacent devices. The impact of
WID random variation is increasing with every new
technology node. As both the WID random variation and
RTN induced variation are statistical phenomena, large
number of samples are required to characterize these
variations. Conventionally, device-array based test struc-
tures,18,24) or RO array based test structures21,25) are used to
characterize static variation. Various approaches are proposed
to make the RO frequency sensitive to a particular variation
source which helps to develop detailed statistical models
of these variations.26–28) An inhomogeneous structure is
proposed in an attempt to characterize RTN induced
variability at the device level.29) However, the existing
techniques have two fundamental problems. One is the large
area required for large samples. The other is the inability
of device identifications for accurate characterization and
modeling. In order to overcome these problems, we propose a
reconfigurable RO structure where each inverter stage can be
configured to several structures. Large measurement samples
can be obtained from a single RO by reconfiguring the RO.
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The proposed structure has the following key advantages
over the conventional structure.
(1) Enables large number of measurement samples from a

single RO instance.
(2) Variation of each transistor can be measured which

allows accurate characterization of variation.

2. Reconfigurable ring oscillator for device level
characterization

2.1 Reconfigurable ring oscillator structure
RO based measurement gives us characteristics of digital
circuit behavior. Conventional RO structure uses the same
inverter structure for each inverter stage. Figure 1 shows a
conventional RO structure. In order to extract various
variation information, inverters of various structures are
used.26–28) As the inverter structure is fixed, multiple designs
and implementation of ROs with various inverter structures
are needed. For a conventional RO structure, variation of
each transistor is averaged out and thus transistor-by-
transistor level characterization is not possible. An inhomo-
geneous RO structure is proposed where the RO frequency
can be made sensitive to a small number of transistors.29) In
this section, we describe a reconfigurable RO structure by
which device identification is possible allowing accurate
device level variation characterization.

Figure 2 shows our proposed reconfigurable RO structure.
The inverter structure of each stage is configurable so that
various structures can be obtained with a single RO instance.
A controller sets the configuration signals for each inverter
stage. Using the inhomogeneous structure, the RO frequency
can be made sensitive to the inhomogeneous stage. By
scanning the inhomogeneous stage, large measurement
samples can be obtained allowing statistical evaluation of
variations. We show this measurement procedure to evaluate
delay variation of each stage in Fig. 3. With the same
inhomogeneous configuration, by reconfiguring the inhomo-
geneous stage again, device identification becomes possible.

2.2 Device variation characterization
Using the measurement method shown in Fig. 3, WID
random variation is measured. With an N-staged RO, N
types of inhomogeneous configurations are achieved. By
reconfiguring the inhomogeneous stage further to be either
nMOSFET- or pMOSFET-sensitive, statistical evaluation of
nMOSFET and pMOSFET becomes possible. Reference 29
shows that the sensitivity of transistors in the inhomogeneous
stage can become as large as 40 times compared with other
transistors at 0.8V operation. This makes the delay variation
in the inhomogeneous stage multiple times larger than the
delay variation in other stages. The sensitivity is defined as
the percentage change of frequency due to one mV of

threshold voltage change. Measuring the frequencies by
scanning the inhomogeneous stages gives us a distribution
which is a strong function of the delay variation between the
inhomogeneous stages. By making the inhomogeneous stage
to be either nMOSFET- or pMOSFET-sensitive, frequency
distribution reflecting either nMOSFET or pMOSFET are
obtained. The accuracy of the characterization depends on
the sensitivity increase of transistors in the inhomogeneous
stage compared with the transistors in the other stages. For
example, assuming the frequency variation caused by each
stage to be random and independent, frequency fi for an
inhomogeneous configuration where ith stage is the inhomo-
geneous stage can be expressed as follows:

fi ¼ f0 þ
Xi�1

j¼1

xj þ xsi þ
XN

j¼iþ1

xj

¼ f0 þ xsi � xi þ
XN

j¼1

xj: ð2.1Þ

Here, f0 is the frequency at typical condition and xj is the
amount of frequency fluctuation caused by the jth stage. xsi
is the amount of frequency fluctuation caused by the ith
inhomogeneous stage. N is the number of stages. As the

Enable Out
N-stages

Fig. 1. (Color online) Schematic of ring oscillator circuit used for
variation characterization. Conventionally, the inverter structure of each stage
is fixed. Multiple ROs with different inverter structures are implemented for
extracting various variation information.

Reconfigurable inverter cells

Enable

Controller

Fig. 2. (Color online) Proposed reconfigurable ring oscillator structure.
Each inverter stage can be configured to several delay modes.

Measurement #2

Measurement #N

Large delay Small delay

Measurement #1

Fig. 3. (Color online) Characterization of delay variation using
inhomogeneous configuration of our proposed ring oscillator. If the delay
sensitivity of the inhomogeneous stage is multiple times larger than the other
stages, then each measurement will reflect the delay variation of the
corresponding inhomogeneous stage. Thus, by scanning the inhomogeneous
stages, delay variation of each inhomogeneous stage can be measured.
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measurements of Fig. 3 is performed using the same circuit
instance,

PN
j¼1 xj is constant. Thus, the frequency variation

·f becomes the following:

�2
f ¼ �2

xs þ �2
x ; ð2.2Þ

�f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ 1

p
� �x: ð2.3Þ

Here, �xs and ·x are the amounts of frequency variation
caused by the inhomogeneous configuration and the default
configuration which is used in the stages other than the
inhomogeneous one. m is the sensitivity increase for the
inhomogeneous stage compared with the other stages. Thus,
variation between the inhomogeneous stages can be obtained
by exploiting the sensitivity enhancement with the proposed
measurement method of Fig. 3. From Eq. (2.3), larger the
sensitivity increase m is, more enhancement is achieved in
the measured frequency variation. In case of an 8 times
increase in the sensitivity of an inhomogeneous configura-
tion, frequency variation will be dominated by the variation
caused by the inhomogeneous stages by more than 99%
ð8= ffiffiffiffiffiffiffiffiffiffiffiffiffi

82 þ 1
p Þ. Statistical properties can be obtained by

choosing the number of stage N to be sufficiently large.
D2D variation is measured by configuring the RO as

homogeneous.28) As the area of the circuit is very small,
placing the circuit at several locations on a chip can capture
systematic variations as well.

In order to identify devices with RTN effects, frequency
fluctuation is observed for each inhomogeneous configura-
tion. For an inhomogeneous configuration, the oscillation
frequency is dominated by the delay of the inhomogeneous
stage.29) When a transistor inside an inhomogeneous stage
is affected by RTN induced variability, the fluctuation
becomes directly visible to the oscillation frequency due to
its high sensitivity. By reconfiguring the pull-up or pull-down
network, RTN affected devices become distinguishable. Thus,
device level characterization becomes possible under switch-
ing condition. A homogeneous configuration may also show
RTN-induced frequency fluctuation. Devices responsible for
frequency fluctuation are distinguished by configuring the RO
as inhomogeneous. This helps us to characterize device level
variability as well as its effect on circuit behavior.

2.3 Reconfigurable inverter cell design
In order to realize the reconfigurable RO of Fig. 2, inverter
cell with reconfigurable structure is required. In Fig. 4(a),
we show a general concept of a reconfigurable inverter cell.

Pull-up and pull-down networks are configurable separately
to allow the measurements of pMOSFET and nMOSFET
independently. Figure 4(b) shows one example of such a
reconfigurable inverter cell structure. The inverter cell can be
configured to several delay modes which is shown in Fig. 5.
Cell configuration in Fig. 5(a) has equal rise and fall delay.
Cell configuration in Fig. 5(b) has large fall delay compared
to the rise/fall delays of Fig. 5(a) structure. Similarly,
Fig. 5(c) has large rise delay compared with that of Fig. 5(a)
structure. Each of the structures in Figs. 5(b) and 5(c) can be
further reconfigured. For example, Fig. 5(b) has two pass-
gates in parallel each of which can be either turned ON or
OFF. We get three different configurations for the structure in
Fig. 5(b) excluding both pass-gate OFF configuration.

When the pass-gates are turned off in Fig. 5 configu-
rations, voltages of nodes “N” and “P” are determined by the
charging and discharging currents during the oscillation. The
charging and discharging currents depend on pass-gate off-
resistances. “N” and “P” nodes have capacitances associated
with the MOSFET gates and interconnect, thus form RC low
pass filters. When the inverter input is “H”, nodes “N” and
“P” are charged. When the inverter input is “L”, nodes “N”
and “P” are discharged. For example, in case of Fig. 5(c)
configuration, during the charging phase, the gate–source
voltage of the nMOSFET pass-gate becomes negative with
the increase of node “N” voltage. The pass-gate is also
affected by reverse bias with the voltage increase. These
effects lead to an exponential increase in the nMOSFET pass-
gate off-resistance as the node “N” voltage increases with a

Input
Output

Pull-up network

Pull-down network

Reconfigurable

Reconfigurable

C0

C1 C4

C5

A YB

C3

C2

(a) Reconfigurable inverter cell (b) Schematic 

P

N

Fig. 4. (Color online) (a) Design of a reconfigurable inverter cell. Pull-up
and pull-down networks are reconfigurable separately. (b) One design
example of a reconfigurable inverter cell and its transistor level schematic.
Various delay modes are realized.

(a) (b) (c)

N

P

N

P

N

P

Fig. 5. (Color online) Several pull-up and pull-down network configurations to realize various delay modes: (a) standard, (b) large fall delay, and (c) large
rise delay.
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rate similar to the subthreshold slope factor which is typically
several tens mV per decade. During the discharging phase, on
the other hand, gate–source voltage remains zero thus the off-
resistance does not change much. As the oscillation period is
much smaller than the RC time constant, node “N” voltage is
maintained to a value close to “L” which is determined by the
off-resistance ratio between charging and discharging phases.
Similarly, when the pMOSFET pass-gates are turned off as in
Fig. 5(b) configuration, node “P” voltage is maintained to a
value close to “H” making the pull-up pMOSFET off.

The three configurations for the structure Fig. 5(b) is
shown in Fig. 6. Two pass-gates in parallel of the reconfig-
urable inverter allows us to measure device mismatch directly
by taking the difference between the frequencies by turning
one of the two parallel pass-gates ON and the other OFF, and
vice versa. Device identification with RTN is done by
observing frequency fluctuation for each of the configurations
of Fig. 6. If the Fig. 6(a) configuration shows RTN induced
variability and the other configurations does not, it is
concluded that the RTN is occurring at the C2 device.
Similarly, if Fig. 6(b) configuration only shows RTN, then
the RTN is occurred at the C3 device. This way nMOSFET
identification is done by reconfiguring the inhomogeneous
stage of an inhomogeneous structure. pMOSFET identifica-
tion is done in the same way as nMOSFET identification.

3. Test chip design and measurement results

3.1 Test chip design
A test chip is fabricated in a 65-nm process to validate our
proposed structure. The process features one poly layer, 12
metal layers, copper wiring, and low-K insulating material
techniques. The physical gate oxide thickness is 1.7 nm.
Figure 7 shows the chip micrograph, the layout of the
reconfigurable RO and the controller. The inverter cell has
the structure shown in Fig. 4(b) and is designed with the
same height as that of the standard cells to allow conven-
tional cell based design. This approach reduces implementa-
tion and design cost. The proposed RO thus can be embedded
in any digital circuit. The number of stages for the
implemented RO is 127. The oscillation wave is divided
by 4 inside the chip and then output outside the chip. Output
frequency is around 750 kHz at 0.8V supply for an
inhomogeneous configuration. The frequency is counted
using an external counter. The sizes of pMOSFET and

nMOSFET are 360 and 240 nm, respectively. The area of our
proposed RO with the controller is 0.0085mm2. With the
proposed reconfigurable RO, 252 nMOSFET-sensitive in-
homogeneous configurations and 252 pMOSFET-sensitive
inhomogeneous configurations are achieved. In order to
obtain the above number of samples, the conventional
approach29,31) would require 504 ROs in total. Considering
13-stage ROs, the proposed RO consumes only 5% area that
of the conventional approach. Please note that only the RO
area is compared here. The conventional approach puts the
RO instances to several locations of the chip, thus routing
and placing the ROs will increase area overhead. Besides,
with small stage ROs, the oscillation frequency needs to be
divided on-chip requiring additional circuitry.

Sensitivities are calculated for each of the configurations
for the proposed RO using post-layout simulation. For an
nMOSFET-sensitive inhomogeneous configuration using
Fig. 5(b) structure, 18 times of sensitivity increase for the
nMOSFET pass-gate and 24 times of sensitivity increase for
the pull-down nMOSFET are achieved compared with the
other nMOSFETs in the RO. Supply voltage of 0.8V is used
in the simulation. For pMOSFET-sensitive inhomogeneous
configuration using Fig. 5(c) structure, 14 times of sensitivity
increase for the pMOSFET pass-gate and 19 times of
sensitivity increase for the pull-up pMOSFET are achieved
compared with the other pMOSFETs.

(a) (b)

C5

C1

C0 C2

C3

B

C4

C5

C1

C0 C2

C3

B

C4

(c)

C5

C1

C0 C2

C3

YAYA YBA

C4

Fig. 6. Three different pass-gate configurations for the reconfigurable inverter structure: (a) C2 only ON, (b) C3 only ON, and (c) C2 and C3 ON. By
swapping the pass-gate configuration, transistor with RTN can be identified. The frequency difference of (a) and (b) configurations gives the mismatch of two
adjacent devices.

194 μm

44
 μ

m

1.
4 

m
m

3.3 mm

Reconfigurable inverter cell

Fig. 7. (Color online) Chip micrograph and layout of the proposed
reconfigurable ring oscillator.
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Next, voltage characteristics of nodes “N” and “P” are
simulated for the reconfigurable inverter cell using RC
extracted netlist. Figure 8 shows the simulation results of
node “N” for Fig. 5(c) configuration under AC condition at
0.8V operation. AC signal of 5MHz is applied to the input.
The off-resistance ratio between charging and discharging
phases is around 14 times making the node “N” voltage 1/15
of the supply voltage Vdd. Node “N” voltage remains around
0.05V which is small enough compared with the nMOSFET
threshold voltage. Small amount of voltage fluctuation occurs
at node “N” during the switching due to the coupling
capacitances between the inverter input “A” and output “YB”
nodes. This voltage fluctuation is also small enough
compared with the threshold voltage. Similarly, when the
pMOSFET pass-gates are turned off as in Fig. 5(b), node “P”
voltage fluctuates around 750mV.

Below we show several measurement results of WID static
variation and RTN induced variation at 0.8V supply voltage
to validate our proposed RO structure. By changing the
supply voltage, various properties of these variations can be
extracted which is our future work.

3.2 Device mismatch measurement
Figure 9 shows the histogram of frequency differences when
C2 and C3 pass-gates (nMOSFET pass-gates) are ON
alternately. The frequency difference is the function of the
device mismatch between these two transistors. Thus, device
mismatch is directly measured with our proposed structure.
Figure 10 shows the histogram when C4 and C5 pass-gates
(pMOSFET pass-gates) are ON alternately. Both of the
distributions are Gaussian suggesting we could measure the
random variation. These variations can be further analyzed
to extract the underlying variation sources such as threshold
voltage by sensitivity based analysis.28,29)

Assuming threshold voltage to be the main source of static
device variability, oscillation frequencies for an nMOSFET-
sensitive inhomogeneous configuration can be expressed
with the following linear approximations:

fn;1 ¼ fn;10 þ kn;1�Vthn;1 þ �; ð3.1Þ
fn;2 ¼ fn;20 þ kn;2�Vthn;2 þ �: ð3.2Þ

Here, fn,1 is the frequency for the first nMOSFET pass-gate
(C2 pass-gate) only being ON and fn,2 is the frequency for the

second nMOSFET pass-gate (C3 pass-gate) only being ON.
fn;10 and fn;20 are nominal frequency values. kn,1 and kn,2 are
sensitivity coefficients to the nMOSFET pass-gate threshold
voltage variations. ¡ is the sum of delay contributions of
stages other than the inhomogeneous stage. As the delay
contribution from each stage is much smaller than the
inhomogeneous stage, random variation effect of other stages
is expected to be canceled out because of large number of
stages. Thus, ¡ here is assumed to be constant. If we layout
the two nMOSFET pass-gates to be identical, fn;10 and fn;20

become equal. Similarly sensitivity coefficients kn,1 and kn,2
are equal too. From the above two equations, the relationship
between frequency mismatch and threshold voltage mismatch
for the two different pass-gate inhomogeneous configurations
can be obtained as follows:

�fn ¼ fn;1 � fn;2 ¼ knð�Vthn;1 ��Vthn;2Þ: ð3.3Þ
Here, ¦fn is the frequency mismatch for two pass-gate based
inhomogeneous configurations, and kn is the sensitivity
coefficient to each of the pass-gate threshold voltage. Next,
by scanning the inhomogeneous stage and measure each
configurations frequency mismatch as shown in Fig. 3,
threshold voltage variation (�Vthn ) for nMOSFET is calculated
as follows:

�2
�fn

¼ k2nð�2
Vthn

þ �2
Vthn

Þ; ð3.4Þ
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Fig. 8. (Color online) Simulated waveform of the nMOSFET pass-gate
output for the inverter structure in Fig. 5(c). Input and output signals are also
plotted. AC signal of 5MHz is applied to the input.
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Fig. 9. (Color online) Histogram of frequency difference for two
nMOSFET pass-gate configurations in the inhomogeneous stage. Frequency
difference represents the device mismatch of the two nMOSFET pass-gates.
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Fig. 10. (Color online) Histogram of frequency difference for two
pMOSFET pass-gate configurations in the inhomogeneous stage. Frequency
difference represents the device mismatch of the two pMOSFET pass-gates.
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�Vthn ¼
��fnffiffiffi
2

p
kn

: ð3.5Þ

pMOSFET threshold voltage variation can be calculated the
same way. Calculating kn for pass-gate using post-layout
simulation, the amounts of WID variability for nMOSFET
and pMOSFET threshold voltages are calculated to be 6.9
and 3.2%, respectively. nMOSFET variability is measured to
be larger than that of pMOSFETwhich agrees with the device
array based measurement results.18,30) Thus, area-efficient
device level measurement of static variation is performed
with our proposed reconfigurable RO.

3.3 RTN measurement
3.3.1 Device identification In order to measure RTN
effects, RO frequency for each inhomogeneous configuration
is measured for 22 s with an integration time of 1ms. In this
test chip, there are 126 stages of reconfigurable inverter
cells thus 252 configurations of inhomogeneous RO structure
for nMOFSET and 252 configurations of inhomogeneous
RO structure for pMOSFET can be measured. For each
inhomogeneous configuration measurement (Fig. 3), the
pass-gate configuration in the inhomogeneous stage is
swapped to identify devices with RTN. 67 inhomogeneous
configurations out of 252 configurations showed RTN
induced frequency fluctuation for nMOSFET. For pMOSFET,
the number of configurations showing RTN induced varia-
bility is 69. Figure 11 shows one example of frequency
fluctuations observed over time for an nMOSFET-sensitive
inhomogeneous configuration. Figure 11(a) shows the fre-
quency fluctuation when the C2 pass-gate is turned ON and
C3 pass-gate is turned OFF. Figure 11(b) shows the frequency
fluctuation for an opposite configuration (C2 OFF and C3
ON). C2 pass-gate ON configuration shows no binary
fluctuation whereas C3 pass-gate ON configuration shows
binary fluctuation which indicates that C3 pass-gate is RTN
affected. Figures 12(a) and 12(b) show two examples of
frequency fluctuation for an pMOSFET-sensitive inhomoge-
neous configuration. RTN is observed when C4 transistor is
turned OFF and C5 transistor is turned ON referring that C5
transistor is RTN affected. Thus, by changing the config-

uration of our reconfigurable RO, we can identify devices
with RTN induced variability which will help us characterize
the effects accurately.

3.3.2 Multiple RTN Now that we can identify transistors
with RTN occurring on it, we can further explore and
investigate devices with multiple RTN, different time
constants and frequency fluctuations which will help us to
build accurate models. In Fig. 13, we show one example of
an nMOSFET device showing multiple RTN. Several states
are being observed. Relatively larger frequency fluctuation
of 1.42% is observed in this case. Figure 14 shows the
histogram of the frequency fluctuation of Fig. 13. Four states
are clearly distinguishable. Device identification allows us
accurate characterization of RTN induced variability.

3.3.3 CDF We have measured frequency over time for
252 inhomogeneous configurations for nMOSFET and
pMOSFET characterization each. Figures 15 and 16 show
cumulative distribution function (CDF) of frequency fluctua-
tion for nMOSFET and pMOSFET, respectively. Frequency
fluctuations for RTN and static process variation are plotted.
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Fig. 12. (Color online) An example of pMOSFET identification with
RTN: (a) C4 pass-gate ON, C5 pass-gate OFF, and (b) C4 pass-gate OFF, C5
pass-gate ON. C5 pMOSFET pass-gate of the 23rd stage is identified with
RTN occurring.
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Fig. 13. (Color online) Frequency fluctuation over time showing complex
RTN occurring on an nMOSFET pass-gate.
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RTN induced frequency fluctuation is calculated by ¦ f/fmax

where ¦ f is the difference between the maximum and
minimum frequencies and fmax is the maximum frequency.
Process variation induced frequency fluctuation is calculated
by («®f ¹ f «)/®f ) where ®f is the average value of frequency
measurements. In the case of RTN induced frequency
fluctuation, long tails are observed for both the nMOSFET
and pMOSFET-sensitive frequency fluctuations. nMOSFET
variation is larger than that of pMOSFET. For nMOSFET,
maximum of 1.42% frequency fluctuation is observed.
Whereas for pMOSFET, maximum of 0.53% frequency
fluctuation is observed.

Next, we compare RTN induced frequency fluctuation
with static process variation induced frequency fluctuation.
With the proposed RO, frequency distribution for inhomoge-
neous configuration can be measured for nMOSFET and
pMOSFET separately. Figure 15 plots the CDF of RTN
induced frequency fluctuation and process variation induced
frequency fluctuation for nMOSFET. At 2· level, RTN
induced fluctuation is 0.62% whereas process variation
induced fluctuation is 10.9%. Thus, RTN induced fluctuation
is 5.7% of process variation induced fluctuation at 2· level.
Similarly, Fig. 16 plots the CDF of RTN and process
variation induced frequency fluctuation for pMOSFET. At 2·

level, RTN induced fluctuation is 0.29% and process
variation induced fluctuation is 3.3%. RTN induced fluctua-
tion is 8.8% of process variation induced fluctuation.
Measured data from multiple ROs will give 3·, 4· level
comparison. Implementing the proposed reconfigurable RO
with various device sizes will give us more information
on the relationship between device size and RTN effect.
For finer process, RTN variability is reported to be
increasing. Thus, RTN is a big concern for reliable operation
of future LSI.

4. Conclusion and future work

An area-efficient reconfigurable ring oscillator circuit struc-
ture is proposed for characterizing static and dynamic
variations at both device and circuit level. The proposed
circuit consists of inverter cells whose pull-up and pull-down
networks can be reconfigured. Device level variation
measurement is done using an inhomogeneous structure
and by reconfiguring the inhomogeneous stage. Measurement
results from a 65-nm test chip confirms the validity of the
proposed structure.

With the proposed circuit structure, transistor-by-transistor
characteristics of both static and dynamic variations can be
characterized. Thus, the proposed circuit enables to inves-
tigate and understand on the interactions between these
variations under dynamic switching condition. The proposed
structure can be used for transistor-by-transistor NBTI
characterization too. The proposed circuit can be used to
understand the complex relationships between different
device phenomena which will help circuit designers to
establish models and tools. Furthermore, the proposed RO
can be implemented with very small area thus can be used as
on-chip variation sensors.

Acknowledgments

The authors would like to express their thanks to Takashi
Matsumoto for his advises in RTN measurement and
analysis. The VLSI chip in this study was fabricated in the
chip fabrication program of the VLSI Design and Education
Center (VDEC), the University of Tokyo, in collaboration
with STARC. This work was partly supported by JSPS
KAKENHI Grant Numbers 22300016 and 2506432.

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 673  674 675  676 677  678 679  680 681  682 683

P
op

ul
at

io
n

Frequency [kHz]

1.4% fluctuation

Fig. 14. (Color online) Histogram of frequency fluctuation of Fig. 13.
Four states are clearly distinguishable showing possibility of two traps being
involved.

-3

-2

-1

 0

 1

 2

 3

 0.1  1  10

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y 

[σ
]

Frequency fluctuation [%]

WID

RTN
0.62%

10.9%

Fig. 15. (Color online) CDF of RTN induced frequency fluctuation and
static process variation induced frequency fluctuation for nMOSFET-
sensitive inhomogeneous configuration. Long tail exists for RTN induced
fluctuation.

-2

-1

 0

 1

 2

 3

 0.1  1  10

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y 

[σ
]

Frequency fluctuation [%]

WID

RTN 0.29%

3.3%

Fig. 16. (Color online) CDF of RTN-induced frequency fluctuation and
static process variation induced frequency fluctuation for pMOSFET-
sensitive inhomogeneous configuration. Long tail exists for RTN induced
fluctuation.

Jpn. J. Appl. Phys. 53, 04EE08 (2014) A. K. M. M. Islam and H. Onodera

04EE08-7 © 2014 The Japan Society of Applied Physics



1) K. Takeuchi, T. Fukai, T. Tsunomura, A. T. Putra, A. Nishida, S. Kamohara,
and T. Hiramoto, IEDM Tech. Dig., 2007, p. 1.

2) C. H. Liu, M. T. Lee, C.-Y. Lin, J. Chen, K. Schruefer, J. Brighten, N.
Rovedo, T. B. Hook, M. V. Khare, S.-F. Huang, C. Wann, T.-C. Chen, and
T. H. Ning, IEDM Tech. Dig., 2001, 39.2.1.

3) M. J. Kirton and M. J. Uren, Adv. Phys. 38, 367 (1989).
4) D. Blaauw, K. Chopra, A. Srivastava, and L. Scheffer, IEEE Trans.

Comput.-Aided Des. IC Syst. 27, 589 (2008).
5) C. Visweswariah, K. Ravindran, K. Kalafala, S. G. Walker, S. Narayan,

D. K. Beece, J. Piaget, N. Venkateswaran, and J. G. Hemmett, IEEE Trans.
Comput.-Aided Des. IC Syst. 25, 2170 (2006).

6) K. Takeuchi, T. Nagumo, S. Yokogawa, K. Imai, and Y. Hayashi, Proc.
Symp. VLSI Circuits and Technology, 2009, p. 54.

7) W. Wang, S. Yang, S. Bhardwaj, R. Vattikonda, S. Vrudhula, F. Liu, and Y.
Cao, ACM/IEEE Design Automation Conf., 2007, p. 364.

8) M. B. Ketchen, M. Bhushan, and R. Bolam, Proc. IEEE Int. Conf.
Microelectronic Test Structures, 2007, p. 42.

9) J. Keane, T.-H. Kim, and C. H. Kim, IEEE Trans. VLSI Syst. 18, 947
(2010).

10) T. Matsumoto, H. Makino, K. Kobayashi, and H. Onodera, Jpn. J. Appl.
Phys. 50, 04DE06 (2011).

11) T. Matsumoto, H. Makino, K. Kobayashi, and H. Onodera, Jpn. J. Appl.
Phys. 51, 04DE02 (2012).

12) H. Mostafa, M. Anis, and M. Elmasry, IEEE Trans. Semicond. Manuf. 25,
460 (2012).

13) N. Tega, H. Miki, and F. Pagette, IEEE Symp. VLSI Technology, 2009,
p. 50.

14) K. Takeuchi, T. Nagumo, K. Takeda, S. Asayama, S. Yokogawa, K. Imai,
and Y. Hayashi, IEEE Symp. VLSI Technology, 2010, p. 189.

15) H. Kurata, K. Otsuga, A. Kotabe, S. Kajiyama, T. Osabe, Y. Sasago, S.
Narumi, K. Tokami, S. Kamohara, and O. Tsuchiya, IEEE J. Solid-State
Circuits 42, 1362 (2007).

16) X. Wang, P. R. Rao, A. Mierop, and A. J. P. Theuwissen, IEDM Tech. Dig.,

2006, p. 115.
17) T. Matsumoto, K. Kobayashi, and H. Onodera, IEDM Tech. Dig., 2012,

25.6.1.
18) T. Tsunomura, A. Nishida, F. Yano, A. T. Putra, K. Takeuchi, S. Inaba, S.

Kamohara, K. Terada, T. Hiramoto, and T. Mogami, IEEE Symp. VLSI
Technology, 2008, p. 156.

19) T. Matsumoto, K. Kobayashi, and H. Onodera, Jpn. J. Appl. Phys. 52,
04CE05 (2013).

20) K. Ito, T. Matsumoto, S. Nishizawa, H. Sunagawa, K. Kobayashi, and H.
Onodera, Proc. IRPS, 2011, p. 710.

21) H. Onodera and H. Terada, Proc. IEEE Int. Conf. ASIC, 2009, p. 658.
22) K. Agarwal and S. Nassif, Proc. IEEE Conf. Design Automation, 2007,

p. 396.
23) K. J. Kuhn, M. D. Giles, D. Becher, P. Kolar, A. Kornfeld, R. Kotlyar, S. T.

Ma, A. Maheshwari, and S. Mudanai, IEEE Trans. Electron Devices 58,
2197 (2011).

24) K. Agarwal, J. Hayes, and S. Nassif, IEEE Trans. Semicond. Manuf. 21,
526 (2008).

25) T. Ansari, W. Imafuku, M. Yasuda, H. J. Mattausch, and T. Koide, Jpn. J.
Appl. Phys. 51, 04DE03 (2012).

26) M. Bhushan, A. Gattiker, M. B. Ketchen, and K. K. Das, IEEE Trans.
Semicond. Manuf. 19, 10 (2006).

27) M. Bhushan, M. B. B. Ketchen, S. Polonsky, and A. Gattiker, Proc. IEEE
Int. Conf. Microelectronic Test Structures, 2006, p. 87.

28) I. A. K. M. Mahfuzul, A. Tsuchiya, K. Kobayashi, and H. Onodera, IEEE
Trans. Semicond. Manuf. 25, 571 (2012).

29) S. Fujimoto, A. K. M. M. Islam, T. Matsumoto, and H. Onodera, IEEE
Trans. Semicond. Manuf. 26, 296 (2013).

30) T. Tsunomura, A. Nishida, and T. Hiramoto, Jpn. J. Appl. Phys. 49, 054101
(2010).

31) A. K. M. M. Islam and H. Onodera, IEICE Trans. Inf. Syst. E96-D, 1971
(2013).

Jpn. J. Appl. Phys. 53, 04EE08 (2014) A. K. M. M. Islam and H. Onodera

04EE08-8 © 2014 The Japan Society of Applied Physics

http://dx.doi.org/10.1109/IEDM.2007.4418975
http://dx.doi.org/10.1109/IEDM.2007.4418975
http://dx.doi.org/10.1109/IEDM.2001.979649
http://dx.doi.org/10.1080/00018738900101122
http://dx.doi.org/10.1109/TCAD.2007.907047
http://dx.doi.org/10.1109/TCAD.2007.907047
http://dx.doi.org/10.1109/TCAD.2005.862751
http://dx.doi.org/10.1109/TCAD.2005.862751
http://dx.doi.org/10.1109/TVLSI.2009.2017751
http://dx.doi.org/10.1109/TVLSI.2009.2017751
http://dx.doi.org/10.7567/JJAP.50.04DE06
http://dx.doi.org/10.7567/JJAP.50.04DE06
http://dx.doi.org/10.7567/JJAP.51.04DE02
http://dx.doi.org/10.7567/JJAP.51.04DE02
http://dx.doi.org/10.1109/TSM.2012.2192143
http://dx.doi.org/10.1109/TSM.2012.2192143
http://dx.doi.org/10.1109/VLSIT.2010.5556222
http://dx.doi.org/10.1109/VLSIT.2010.5556222
http://dx.doi.org/10.1109/JSSC.2007.897158
http://dx.doi.org/10.1109/JSSC.2007.897158
http://dx.doi.org/10.1109/IEDM.2006.346973
http://dx.doi.org/10.1109/IEDM.2006.346973
http://dx.doi.org/10.1109/IEDM.2006.346973
http://dx.doi.org/10.1109/IEDM.2012.6479104
http://dx.doi.org/10.1109/IEDM.2012.6479104
http://dx.doi.org/10.1109/VLSIT.2008.4588600
http://dx.doi.org/10.1109/VLSIT.2008.4588600
http://dx.doi.org/10.1109/VLSIT.2008.4588600
http://dx.doi.org/10.7567/JJAP.52.04CE05
http://dx.doi.org/10.7567/JJAP.52.04CE05
http://dx.doi.org/10.1109/IRPS.2011.5784563
http://dx.doi.org/10.1109/IRPS.2011.5784563
http://dx.doi.org/10.1109/TED.2011.2121913
http://dx.doi.org/10.1109/TED.2011.2121913
http://dx.doi.org/10.1109/TSM.2008.2004323
http://dx.doi.org/10.1109/TSM.2008.2004323
http://dx.doi.org/10.7567/JJAP.51.04DE03
http://dx.doi.org/10.7567/JJAP.51.04DE03
http://dx.doi.org/10.1109/TSM.2005.863244
http://dx.doi.org/10.1109/TSM.2005.863244
http://dx.doi.org/10.1109/TSM.2012.2198677
http://dx.doi.org/10.1109/TSM.2012.2198677
http://dx.doi.org/10.1109/TSM.2013.2265702
http://dx.doi.org/10.1109/TSM.2013.2265702
http://dx.doi.org/10.1143/JJAP.49.054101
http://dx.doi.org/10.1143/JJAP.49.054101
http://dx.doi.org/10.1587/transinf.E96.D.1971
http://dx.doi.org/10.1587/transinf.E96.D.1971

