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Abstract-Ring Oscillators are used for variety of purposes to
enhance reliability on LSIs or FPGAs. This paper introduces
an aging-tolerant design structure of ring oscillators that are
used in FPGAs. The structure is able to reduce NBTI-
induced degradation in a ring oscillator’s frequency by
setting PMOS transistors of look-up tables in an off-state
when the oscillator is not working. The evaluation of a
variety of ring oscillators using Altera Cyclone IV device
(60nm technology) shows that the proposed structure is
capable of controlling degradation level as well as reducing
more than 37% performance degradation compared to the
conventional oscillators.
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L INTRODUCTION

The FPGA is widely used for various applications
including highly reliable systems because of its easiness in
system debugging due to its re-configurability. For
achieving high reliability, a variety of application-
dependent test technologies including logic tests,
interconnect tests or path delay tests have been proposed
[1-9]. These test methods achieve 100% test coverage in
each focused parts utilizing re-configuration capability.

High precision sensors are also important to enhance
reliability of a chip by monitoring various physical
features. Especially, the ring oscillator is a soft sensor that
can be easily implemented and has a lower power than a
hard sensor such as diode sensors [10-11]. It is widely
applied for monitoring various items such as process
variation [12-16], temperature [17], IR-drop [18] or aging
effects [19-23]. The authors also presented a field test
technology that measures delay margin accurately by
monitoring temperature and voltage by a ring-oscillator-
based sensor [24].

These technologies should also be applied to FPGA
applications. Though there are some technological issues
for developing ring oscillators in FPGA due to its inherent
logic and layout structures [25-28], many papers already
have been published. Ring oscillators for monitoring
process variations are introduced in [29-31]. Frequency
variation of ring oscillators is measured and utilized to
improve yield or to characterize a design. Ring oscillators
as a reference clock are presented in [32-34], and are used
for Time to Digital Converters (TDC). Thermal sensors
using ring oscillators are discussed in [35-37]. They are
also used for thermal testing in production test or in field
test to improve reliability [38-39].

These many techniques have been used in FPGA;
however, aging phenomena such as NBTI (Negative Bias

Temperature Instability), PBTI (Positive Bias Temperature
Instability) or HCI (Hot Carrier Injection) are becoming
serious issues in the latest process technologies [40-41].
NBTI has become serious in less than 90nm processes,
PBTI is going to be not negligible in less than 45nm
processes, and HCI is known to be accelerated at rather
high voltages such as in 10 cells. The effect on MTTF
(Mean Time to Failure) by several aging phenomena was
evaluated in [40], and NBTI degradation was measured in
[41]. Therefore, many aging monitors have been proposed
[42-45]. They monitor critical paths or other critical parts
of a chip in field. For avoiding malfunction in field, some
on-line testing techniques also have been proposed [46-48].

Regarding aging impact on ring oscillators in FPGAs,
few papers have addressed the problem as far as the
authors know. The oscillators will be placed at plural
locations on a chip to monitor various variables; therefore,
a degraded ring oscillator will operate as an inaccurate
sensor. It will worsen system reliability. As each transistor
on a chip is prone to degrade, frequent characterizations in
field will be needed to guarantee its accuracy. The authors
proposed a NBTI-tolerant ring oscillator for ASIC/SoC in
[24, 49]. The oscillator reduces NBTI-induced degradation
by setting PMOS transistors of CMOS in an off-state when
the oscillators are not working. Although it looks
beneficial, the method cannot be applied for FPGA
because of its distinctive logic structure. If the power
supply for ring oscillators will be cut off when they are not
working, the degradation will be prevented; however, it
requires hardware overhead and it is not feasible for the
current architectures of FPGAs.

The purpose of this paper is introducing an aging-
tolerant design structure for ring oscillators that are used in
FPGA. The structure is able to reduce NBTI-induced
degradation in a ring oscillator’s frequency by setting
PMOS transistors of look-up tables in an off-state when
the oscillators are not working. The evaluation of a variety
of ring oscillators using Altera Cyclone IV device (60nm
technology) shows that the proposed structure is capable
of controlling degradation level as well as reducing more
than 37% performance degradation compared to the
conventional oscillators.

This paper is organized as follows. Section 2 describes
the background and basic idea of our research. Section 3
describes the proposed structure of ring oscillators.
Section 4 explains experimental results using various ring
oscillators. Section 5 concludes the paper.



II. BACKGROUND

A. NBTI Degradation

NBTI is a well-known phenomenon, which degrades
PMOS transistor performance. The performance of a chip
gradually degrades as time elapses. The aging speed is
estimated by the reaction diffusion (RD) model [50] or the
trapping/de-trapping (TD) model [51]. Although there are
some differences in regard to physical behavior and
degradation speed, both models claim that the degradation
progresses when the PMOS is active (in an on-state), and
its speed is rather fast at an early stage and becomes
slower as time passes (or quasi-saturates) because it is

proportional to n™ power of time #, where # is less than one.

The speed also depends on temperature and on-state ratio
of each transistor. Therefore, it is hard to predict its
degradation amount [52].

The degradation of transistors in FPGAs will be more
serious than that in ASICs/SoCs because wire-routing
requires a large number of transistor switches in FPGAs.
Therefore, a design method to reduce NBTI-induced
degradation is strongly required. Fig. 1 provides an
evaluation of a ring oscillator in FPGA, which shows
steady degradation in only one hour. The oscillator was
implemented in a FPGA of Altera Cyclone IV (60nm
technology) and heated at 40 degree in a constant
temperature reservoir, and its oscillation frequency was
measured at every minute with special care to reduce
measuring noise (careful manual layout and isolated
placement).

It is known that NBTI is caused when a transistor is
stable, whereas HCI is caused when a transistor is transient
[52]. As the oscillation time is only 82 u seconds per a
minute, the main cause of degradation was supposed to be
NBTI. Even though the amount of degradation is very
small, it will become non-negligible in several years. The
data implies seriousness of degradation in FPGA.
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Figure 1 Degradation of Ring Oscillator in 1 Hour

B. FPGA Structure

Fig. 2 (a) shows a top-level logic structure of Altera
Cyclone IV FPGA [25], which was used in our experiment.
A FPGA consists of plural logic blocks, which are
connected with re-configurable wires with transistor
switch boxes. A logic block consists of plural logic array
blocks (LABs), each of which includes 16 logic elements
(LEs) (Fig. 2 (b)). A LE includes a look-up table (LUT)
with 4 input pins and a flip-flop.

Fig. 3 is an example of a logic structure of a LUT. 16
SRAM cells are located on the left side and their outputs
are selected by 4-level hierarchical selectors with 4 input
control pins. When 4 values of control pins are given, a
value of identified SRAM cell will be transferred to the
output. For instance, when (4, B, C, D) is (0, 1, 1, 0), the
value of 7th SRAM is selected as shown in the figure.
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Figure 2 Logic Structure of FPGA
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Figure 3 Logic Structure of LUT (Look-Up Table)

C. Basic Idea

Fig. 4 and 5 show typical circuit implementations of a
selector in a LUT. The selector in Fig. 4 is a pair of
transmission transistors [53]. When an input value of 4 is



1, the NMOS transistor will be opened and the PMOS
transistor will be closed; consequently, the upper SRAM
cell will be selected. When an input value of 4 is 0, the
NMOS transistor will be closed and the PMOS transistor
will be opened; consequently, the lower SRAM cell will
be selected. Therefore, if the input value of 4 is kept at 1,
the degradation due to NBTI should be prevented or be
reduced very much.

The selector in Fig. 5 consists of a pair of transfer gates
[54, 55]. When an input value is 1, the upper gate G/ will
be opened as the value 1 is input to the NMOS transistor
of G1 and the value 0 is input to the PMOS transistor of
G1 through the inverter gate //; consequently, the SRAM
cell S7 will be selected and its value will propagate to the
output. When an input value is 0, the lower gate G2 will be
opened as the value 1 is input to the NMOS transistor of
G2 and the value 0 is input to the PMOS transistor of G2
through the inverter gate //; consequently, the SRAM cell
S2 will be selected and its value will propagate to the
output. In both cases, it seems that either PMOS will
degrade regardless the input value is 1 or 0; however, the
PMOS transistor in the inverter // will degrade when its
input value is 0. This concludes that the amount of selector
degradation should be larger when the input value is 0 than
that when the input value is 1. It is essential that the
number of PMOS transistors that are in an on-state is not
the same as that when the input values are on the opposite.

As ring oscillator sensing requires only tens of micro
seconds, it will be reasonable in many cases to assume that
the sensing will be performed at a low frequency and the
oscillators will not be working most of the time. This
suggests that keeping PMOS transistors in an off-state in
non-oscillating time will be effective to reduce NBTI
degradation.

In this paper, the selector model in Fig. 4 is used for
the explanation of the proposed structure for simplicity;
however, the model in Fig. 5 can be easily applied in the
same way.
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Figure 4 Example of Selector in LUT [53]
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Figure 5 Example of Selector in LUT [54, 55]

III. PROPOSED STRUCTURE

A. Problem of Conventional Ring Oscillator

A conventional ring oscillator consists of an odd
number of inverters in a chain as shown in Fig. 6, where
enable signal is input to the first inverter (or an additional
AND gate is inserted into a chain). When the enable signal
is 1 (an oscillation mode), each output node is at 0/1
alternately (Fig. 6 (a)). As the number of inverter is odd,
each LUT will toggle after the first transition has gone
round the chain and the ring oscillator will continue to
oscillate. When the enable signal is 0 (a sleep mode), each
output node will be at 0/1 alternately and be kept stable
(Fig. 6 (b)). This means almost the half of gates’ outputs
will be at 0.

enable 0

(b) Sleeping Mode

Figure 6 Conventional Ring Oscillator
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Figure 7 LUT Logic Structure (Oscillation Mode)



>O
wo
o
-
o

v

A

%

[

LUT1
Figure 8 LUT Logic Structure (Sleep Mode)

Fig. 7 and 8 are the corresponding LUT logic structure.
Here, LUTI is combined with the AND gate in Fig. 6.
Unused pins (4 and B in LUT1, 4, B and C in LUT2 and
3) are set to 0 as defaults. The circles in the figures
highlight the selectors that are in an on-state in each mode.
In an oscillation mode, pin D is assigned as an oscillation
pin. The outputs of LUTs (P1, P2 and P3) are respectively
connected to the oscillation pins of the adjacent LUTs. In
Fig. 8, each output node is at 0/1 alternately and is kept
stable, and the values of P/ and P3 are 0. In a longer chain,
almost half of LUTs’ outputs will be at 0. This means that
PMOS transistors where their gate values are 0 will
degrade due to NBTI as described in Section 2.C. In this
case, there are 3 or 4 PMOS transistors in each path in a
LUT that are related to the oscillation and are in an on-
state in a sleep mode.

B. Proposed Ring Oscillator

Fig. 9 shows a proposed structure of a ring oscillator.
LUTs consists a chain by connecting each output to the
adjacent LUT’s pin (for example, pin A). The difference
from a conventional ring oscillator in Fig. 6 is that the
input pins (B, C and D) other than the oscillation pins (4)
are differently controlled in a sleep mode from that in an
oscillation mode so that degradation of PMOS transistors
related to the oscillation paths are prevented.

Fig. 10 is an example of LUT design, where pin B, C
and/or D are assigned differently in each mode. The circles
in the figure highlight selectors that are in an on-state. The
input values of (B, C, D) are set to (0, 0, 0) in an
oscillation mode (Fig. 10 (a)). As 15" and 16™ SRAM
cells store the opposite values to the input values at pin 4,
the LUT oscillates. On the other hand, the input values of
(B, C, D) are set to (1, 1, 1) in a sleep mode (Fig. 10 (b)).
The 1% SRAM value activated in a sleep mode is set to 1
so as it will be the same value of pin 4. As seen in the
figure, all the PMOS transistors in the oscillation path are
set to 1 in a sleep mode. Therefore, their degradation will
be prevented or be reduced. It should be notified that this
is an example and not the only case that satisfies the upper
conditions. Some other examples will be demonstrated in
Section 4.
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Figure 10 Proposed LUT Design
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C. Design Flow

Fig. 11 is a design flow for the proposed ring
oscillators. The design proceeds as follows:

Step 1 (S1): RO Structure Design.

The structure of a ring oscillator is planned on selector-
basis as described in Section 3.B. A logic path in an
oscillation mode and a path in a sleep mode are designed
with corresponding input values, which make PMOS
transistors at off-state in a sleep mode (Fig. 10). The
number of LUTs is less than 15 (i.e. more than 1 vacant
LUT remaining) so that all LUTs will be placed in a LAB
without global wirings in a later step.

Step 2 (S2): Function Design.

The logic function that satisfies the function designed in
Step 1 is decided using Karnaugh map (Fig. 12). In Fig. 9,
the function will be OUT=!INI+IN2+IN3+IN4,
where !OUT is an inverse of OUT. It should be noted that
a pin assignment of LUT cannot be specified at this design
step, and only its function is specified.

Step 3 (S3): Logic Entry.

A RTL description of the ring oscillator designed in
Step 2 is written in Verilog-HDL code. (Non-reduction
option is specified so that the original LUTs are remained
after compilation.) Then, it is compiled and simulated
(Quartus™ and Modelsim™ were used).

Step 4 (S4): Logic Synthesis.
Step 5 (S5): Logic Simulation.
Step 6 (S6): Place, Route.

Before executing placement and routing, specify an
option so that all the LUTs are placed in a LAB, and serial
placement order of LUTs in a LAB (Fig. 13). Then,
automated placement and routing are performed.

Step 7 (S7): LUT Pin Assignment

As only function of LUT was specified in Step 2, assign
the correspondence between functional and physical pins.
This procedure is executed manually using GUI interface
of Quartus™™ so that the result will be the same as Fig. 10.

Step 8 (S8): Down Load.

The result of Step 7 is written (downloaded) in FPGA
and executed.
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Figure 13 LUT placements in a LAB

IV. EXPERIMENTAL RESULT

A. Ring Oscillator Menu

7 types of ring oscillators in Table I were designed for
the experiment. Each one intended to have different
sensitivity for NBTI or PBTI. The first column shows a
name of ring oscillator types, the second column is an
operation mode of a ring oscillator, and the third column
shows pin assignments. For instance, in RO_4, “P/N” of
pin 4 in an oscillation mode means that the pin is used as
an oscillation input and its value is 0 (PMOS selector) or 1
(NMOS selector) respectively. Other pins’ values “P” in
an oscillation mode means that their values are 0 (PMOS
selector). Their “N” in a sleep mode means that their
values are 1 (NMOS selector). The fourth column (“#of
Degrade”) shows a number of cases where PMOS
selectors or NMOS selectors share an on-state between in
an oscillation mode and in a sleep mode. In RO 4, no
PMOS selectors at pin B, C or D, are in an on-state both in
an oscillation mode and in a sleep mode, but a NMOS
selector at pin 4 will be a chance to be in an on-state. The
last column shows the function of the ring oscillator by the
description of pin assignments.

As described in Section 3.2, “# of Degrade” of PMOS
indicates the number of PMOS selectors that might
degrade by NBTI. In the same way, “# of Degrade” of
NMOS indicates the number of NMOS selectors that
might degrade by PBTI. Therefore, Table I shows that a
variety of degradation levels are prepared for the
experiment. RO 7 is a ring oscillator generated from an
inverter chain in Verilog-HDL with a specification of
placing all LUTs in a LAB. This one corresponds to a
conventional ring oscillator. Checking the LUT pin



assignment, it was known that 2 oscillation pins are
assigned to pin C, and others are assigned to pin D.

TABLE L RING OSCILLATOR MENU
Pin Assign # of Degrade .
Type | Mode Function
A B C D | PMOS | NMOS
Osc. | P P P | PN
RO_1 3 0 FIABCQD
Sleep | N P P P
Osc. N N N | PN
RO_2 0 3 F=I(ABCD)
Sleep | P N N N
Osc. | PIN| P P P
RO_3 3 0 F=\(A+B+C+D)
Sleep | P N P P
Osc. | PIN| P P B
RO_4 0 1 F=IA+B+C+D
Sleep| N | N N N
Osc. | PIN| N N N
RO_5 0 3 F=\(ABCD)
Sleep | N P N N
Osc. | PIN| N N N
RO_6 1 0 F=1A(BCD)
Sleep | P P P P
Osc. * * | PN | PN
RO_7 0.5 0.5 FUN
Sleep | * * | PN)| PN

B. Experimental Setup

Trasic DE2-115 development board with Altera
Cyclone IV (60nm technology) was used for the
experiment. A set of 7 ring oscillators in Table 1 were
placed at two locations on a FPGA, and the board had
been set into an Espec SU-241 constant temperature
reservoir. It was powered on and was heated at 85 °C in
day time (nearly 8hours). It was powered off at night for
seeing NBTI recovery feature and also for a safety reason
(nearly 16 hours). The frequency of the ring oscillators
were measured at every minute when the FPGA is
powered on. The oscillators operated for 85 u seconds in
each oscillation mode. The measurement was performed
keeping the other circuit quiet to reduce power/ground
noise.

C. Degradation Ratio

Fig. 14 shows the frequency degradation ratio of each
ring oscillator. The powered on time is plotted on X-axis.
Degradation ratio is plotted on Y-axis. The moving
average of successive 21 measured values are plotted to
reduce randomness in measurement. As seen in the figure,
the degradation speed differs very much according the
structure of each ring oscillator. It is rather fast at an early
stage and gradually become slower as described in
literatures [19-23]. It is also seen that degradation recovers
somewhat but not all during the powered-off times.

Table IT shows the initial frequency of each oscillator
in the meaning of moving average, and the last 21th
average degradation ratio. The last column is the order that

shows smaller degradation. It shows that RO 4 is the best
ring oscillator with the smallest degradation, and RO 2
and RO_5 follow it. RO_2, 4 and 5 are ring oscillators that
have 0 degrading PMOS selectors as shown in Table I.
The worst is RO 1 or 3, which has the most number of
degrading PMOS selectors in Table 1. The conventional
ring oscillator RO 7 is located in the middle. RO 4 shows
37% reduction to RO_7 (conventional ring oscillator), and
51% to RO _1 and 3 (the worst ones).

There are several discussions.

1. RO_4 is the best: however, it still shows 0.156%
degradation. There is possibility that the selector structure
might not be Fig. 4 but might be something like Fig. 5,
which shows some amount of NBTI degradation for both
input values, and/or other degradations such as PBTI and
HCI are not negligible.

2. RO 2 and RO _5 also have 0 degrading PMOS selectors,
but their degradation ratio is worse than RO 4. The
difference is they have 3 degrading NMOS selectors (i.e.
NMOS selectors are in an on-state during a sleep mode).
This indicates that there is some NMOS-induced
degradation such as PBTIL.

3. The oscillation pin is D in RO_2 and 4 in RO_5.
Therefore, their frequencies are quite different, and the
degradation ratio is worse in RO_2 than in RO 5.

4. RO 1 and RO _3 are the worst. The oscillation pin is D
in RO 1 and 4 in RO 3. Therefore, their frequencies are
quite different, but the degradation ratio is almost the same.

These are not big amount of differences, but Fig. 14
shows that these features are very steady. More detail
experiments including reduction of measuring noise is
remained for future work.

TABLE II. COMPARISON OF DEGRADATION
Initial | Last 20% Ave. Reg:ﬁcgm
Type | Frequenc Degr:eldatlon to Best Order
y (MHz) Ratio (%) (RO_5)

RO_1 168 -0.235% 1.51 6
RO_2 156 -0.205% 1.31 3
RO_3 91 -0.236% 1.51 7
RO_4 90 -0.156% | |
RO_5 87 -0.167% 1.07 2
RO_6 95 -0.217% 1.39 5
RO_7 107 -0.213% 1.37 4
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Figure 14 Frequency Degradation of 7 Ring Oscillators

D. Numerical Analysis

A multiple regression technique was applied to analyze
the contribution of parameters that define the ring
oscillators’ structure. As the number of sample ring
oscillators is 7, it is required that the structures should be
defined with smallest parameters less than 7.

Table I is a data for a multiple regression. The table
shows names of ring oscillators in the 1% column,
degradation ratios in the 2™ column, properties
(parameters) of ring oscillators in 3™, 4" 5" and 6"
columns, respectively. These 4 properties are defined as
follows:

“Osc. Sel.” = 1: Oscillation pin is 0 in a sleep mode,
“Osc. Sel.” = 0: Oscillation pin is 1 in a sleep mode,
“Osc. Loc.” = 1: Oscillation pin uses pin D (output-side).
“Osc. Loc.” = 0: Oscillation pin uses pin 4 (SRAM-side).

“Deg. P-Sel.” = 1: A number of P-selectors that degrade
in a sleep mode other than the oscillation pin.

“Deg. N-Sel.” = 1: A number of N-selectors that degrade
in a sleep mode other than the oscillation pin.

A multiple regression (i.e. least squares method) was
performed where Deg. Ratio is an objective variable, and 4
parameters are descriptive variables. Equation (1) shows
the extracted relationship between the degradation ratio
and 4 properties. The multiple-correlation coefficient was
0.96641, which proofs strong relationship. Table IV is the
errors of estimation using Equation (1).

Deg.Ratio = 0.155 + 0.064 X Osc.Sel + 0.018 x
Osc.Loc + 0.003 x Deg.P_Sel + 0.011 X Deg.N_Sel

(1)

Equation (1) shows that the minimum degradation is
0.155. The degradation of the oscillation pin affects mostly
the ring oscillator’s degradation. The case in which the
oscillation pin used pin D shows larger degradation than

the case of pin 4. This might be because the degradation
ratio when pin A is used for an oscillation will be
alleviated by the other delays on selector B, C and D.
Degradation on the other P/N selectors other than the
oscillation pin also affects the ring oscillator’s degradation
although their effects are smaller than the oscillation pin’s.
The fact that the number of N-selectors affects the
degradation ratio indicates that some degradation
phenomena other than NBTI might also exist. Although
the physical analysis was not performed, the experiment
shows the controllability and reduction of degradation.

TABLE IIL. DATA FOR MULTIPLE REGRESSION
RO. Propert
Deg. pery
Ring Ratio Osc. Osc. Deg. Deg.
Osc. (%) Sel. Loc. P-Sel. | N-Sel.
RO1 0.235 1 1 2 0
RO2 0.205 0 1 0 2
RO3 0.236 1 0 2 0
RO4 0.156 0 0 0 0
ROS5 0.167 0 0 0 2
RO6 0.217 1 0 0 0
RO7 0.213 0.5 1 3 0
TABLE IV. ERROR OF ESTIMATION
RO No. Estimation (%) Error (%) Standard Error
1 0.2433 -0.0083 -1.023
2 0.1950 0.0100 1.235
3 0.2252 0.0108 1.341
4 0.1551 0.0009 0.106
5 0.1770 -0.0100 -1.235
6 0.2187 -0.0017 -0.212
7 0.2147 -0.0017 -0.212




V. CONCLUSIONS

An aging-tolerant design structure for ring oscillators
that reduces NBTI-induced degradation on FPGA is
introduced. The structure is able to reduce NBTI-induced
degradation in a ring oscillator’s frequency by setting
PMOS transistors of look-up tables in an off-state during
the oscillators are not working. The proposed ring
oscillator shows 37% reduction to the conventional ring
oscillator, and 51% to the worst structure. The main cause
of degradation will be NBTI; however, the data indicates
that there might be other mechanism of degradation such
as PBTI. The experimental evaluation of a variety of ring
oscillators using Altera Cyclone IV device (60nm
technology) shows that the proposed structure achieves
controlling degradation level as well as reducing
performance degradation. The numerical analysis has
shown each property’s effect on a ring oscillator’s
degradation. The proposed method will contribute to
enhancing reliability and also to analyzing degradation
mechanism.

ACKNOWLEDGMENT

Many other people helped with our project, and the
authors would particularly like to thank Mr. Matsuura, Mr.
Arakawa and Mr. Abe in Kyushu Institute of Technology
for their cooperation in this research. We also thank Mr.
Shimamura in Hitachi Ltd. and Prof. Miura in Tokyo
Metropolitan University for their valuable discussion about
degradation-tolerant ring oscillators.

REFERENCES

[1] M. B. Tahoori and S. Mitra, “Automatic Configuration Generation
for FPGA Interconnect Testing,” Proc. of VLSI Test Symp., pp.134-
139, 2003.

[2] C. Stroud, J. Nall, M. Lashinsky and M. Abramovici, “BIST-Based
Diagnosis of FPGA Interconnect,” Proc. of Int’l Test Conf., pp.618-
627, 2002.

[3] 1. G. Harris, P. R. Menon and R. Tessier, “BIST-Based Delay Path
Testing in FPGA Architectures,” Proc. of Int’l Test Conf., pp.932-
938, 2001.

[4] M. B. Tahoori, “Application-Dependent Diagnosis of FPGAs,”
Proc. of Int’l Test Conf., pp.645-654, 2004.

[5] M. B. Tahoori and S. Mitra, “Interconnect Delay Testing of Designs
on Programmable Logic Devices,” Proc. of Int’l Test Conf., pp.635-
644, 2004.

[6] FE. G. de L. Kastensmidt, G. Neuberger, R. F. Hentschke, L. Carro
and R. Reis, “Designing Fault-Tolerant Techniques for SRAM-
Based FPGAs,” IEEE Design & Test of Computers, Vol. 21, Issue 6,
pp. 552-562, Nov.-Dec. 2004.

[71 M. B. Tahoori, “Application-Dependent Testing of FPGAs,” [EEE
Trans. on Very Large Scale Integration (VLSI) Systems, Vol. 14,
No.9, pp. 1024-1033, Sept. 2006.

[8] M. B. Tahoori and S. Mitra, “Test Compression for FPGAs,” Proc.
of Int’l Test Conf., pp.1-6, 2006.

[91 M. B. Tahoori and S. Mitra, “Application-Dependent Delay Testing
of FPGAs,” IEEE Trans. on Computer-Aided Design if Integrated
Circuits and Systems, Vol. 26, No.3, pp. 553-563, March 2007.

[10] S. Remarsu and S. Kundu, “On Process Variation Tolerant Low

Cost Thermal Sensor Design in 32nm CMOS Technology,” Proc. of

Great Lakes Symp. on VLSI, pp. 487-492, 20009.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

N. Dutt and J. Henkel, “Temperature and Process Variation-Aware
Dependable Embedded Systems,” Proc. of Asia and South Pacific
Design Automation Conf. (ASP-DAC), Tutorial2, 2013.

1. A.K.M Mahfuzul and H. Onodera, “On-chip Detection of Process
Shift and Process Spread for Silicon Debugging and Model-
Hardware Correlation,” Proc. of Asian Test Symp., pp. 350-354,
2012.

M. Nourani and A. Radhakrishnan, “Modeling and Testing Process
Variation in Nanometer CMOS,” Proc. of Int’l Test Conf., Paper 7.2,
pp. 1-10, 2006.

W.-J. Li, S.-J. Chang and Y.-Z. Lin, “A Current Compensated
Reference Oscillator,” Proc. of VLSI Design, Automation and Test
(VLSI-DAT), pp. 130-133, 2009.

A. Gattiker, M. Bhushan and M. B. Ketchen, “Data Analysis
Technique for CMOS Technology Characterization and Product
Impact Assessment,” Proc. of Int’l Test Conf., Lecture 3.3, pp. 1-10,
2006.

A. Gattiker, “Unraveling Variability for Process/Product
Improvement,” Proc. of Int’l Test Conf., Paper 1.3, pp. 1-9, 2008.

G. M. QUENOT, N. PARIS and B. ZAVIDOVIQUE, “A
Temperature and Voltage Measurement Cell for VLSI
Circuits,” Proc. of Euro ASIC, pp. 334-338, 1991.

Z. Abuhamdeh, V. D’Alassandro, R. Pico, D. Montrone, A. Crouch
and A. Tracy, “Separating Temperature Effects from Ring-
Oscillator Readings to Measure True IR-Drop on a Chip,” Proc. of
Int’l Test Conf., paper 11.2, pp. 1-10, 2007.

J. P. Keane, Q. Liu, C. H. Kim and S. S. Sapatnekar, “Process and
Reliability Sensors for Nanoscale CMOS,” IEEE Design & Test of
Computers, Vol. 28, Issue 5, pp. 8-17, Sep.-Oct. 2012.

T.-H. Kim, R. Persaud and C. H. Kim, “Silicon Odometer: An On-
Chip Reliability Monitor for Measuring Frequency Degradation of
Digital Circuits,” IEEE Journal of Solid-State Circuits, Vol. 43,
No.4, pp. 874-880, April 2008.

J. Keane, X. Wang, D. Persaud and C. H. Kim, “An All-In-One
Silicon Odometer for Separately Monitoring HCI, BTL, and TDDB,”
IEEE Journal of Solid-State Circuits, Vol. 45, No.4, pp. 817-829,
April 2010.

M. Chen, V. Reddy, S. Krishnan, V. Srinivasan and Y. Cao,
“Asymmetric Aging and Workload Sensitive Bias Temperature
Instability Sensors,” IEEE Design & Test of Computers, Vol. 28,
Issue 5, pp. 18-26, Sep.-Oct. 2012.

J. Pachito, C. V. Martins, B. Jacinto, I. C. Teixeira, J. P. Teixeira, J.
Semiao, J. C. Vazquez, V. Champac and M. B. Santos, “Aging-
Aware Power or Frequency Tuning With Predictive Fault Detection,”
IEEE Design & Test of Computers, Vol. 28, Issue 5, pp. 27-36,
Sep.-Oct. 2012.

Y. Sato, S. Kajihara, T. Yoneda, K. Hatayama, M. Inoue, Y. Miura,
S. Ohtake, T. Hasegawa, M. Sato, and K. Shimamura, “DART:
Dependable VLSI Test Architecture and Its Implementation,” Proc.
of Int'l Test Conf., paper 15.2,2012.

Altera, “Cyclone IV Device Handbook,”
http://www.altera.com/devices/fpga/.

J. Huang, M. B. Tahoori, and F. Lombardi, “Routability and Fault
Tolerance of FPGA Interconnect Architectures,” Proc. of Int'l Test
Conf., pp. 479-488, 2004.

S. Brown, "FPGA architectural research: a survey." IEEE Design &
Test of Computers, Vol. 13. Issue 4, pp.9-15, 1996.

I. Kuon, R. Tessier and J. Rose. "FPGA architecture: Survey and
challenges." Foundations and Trends in Electronic Design
Automation, Vol. 2, No. 2, pp.135-253, 2008.

M. Kotani, K. Katsuki, K. Kobayashi and H. Onodera, “A 90nm
8x16 LUT-based FPGA Enhancing Speed and Yield Utilizing
Within-Die Variations,” Proc. of European Solid-State Circuits
Conference, pp. 110-113, 2006.

Y. Sugihara, M. Kotani, K. Katsuki, K. Kobayashi and H. Onodera,
“A 90nm 8x16 FPGA Enhancing Speed and Yield Utilizing Within-



(311

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

Die Variations,” Proc. of Asia and South Pacific Design Automation
Conf. (ASP-DAC), pp. 122-123, 2013.

Y. Haile, X. Qiang and P. H. W. Leong, “Fine-grained
characterization of process variation in FPGAs,” Proc. of Int’l Conf.
on Field-Programmable Technology (FPT), pp. 138-145, 2010.

Y. Zafar and M. M. Ahmad, “Adaptive on-chip oscillator for FPGA
based synchronous designs,” Proc. of IEEE Symp. on Emerging
Technologies, pp. 295-300, 2005.

M. P. Mattada and H. Guhilot, “Area efficient vernier Time to
Digital Converter (TDC) with improved resolution using identical
ring oscillators on FPGA,” Proc. of IEEE Int’l Conf. on Smart
Structures and Systems (ICSSS), pp. 125-130, 2013.

S. S. Junnarkar, P. O'Connor and R. Fontaine, “FPGA based self-
calibrating 40 picosecond resolution, wide range Time to Digital
Converter,” IEEE Nuclear Science Symp. Conf. Record, NSS '08, pp.
3434-3439, 2008.

J. J. Ledn, E. Boemo, E. Castillo and L. Parrilla, “RING
OSCILLATORS AS THERMAL SENSORS IN FPGAS:
EXPERIMENTS IN LOW VOLTAGE,” Proc. of Programmable
Logic Conf. (SPL), pp. 133-137, 2010.

C. Ruething, A. Agne, M. Happe and C. Plessl, “Exploration of ring
oscillator design space for temperature measurements on FPGAs,”
Proc. of Int’l Conf. on Field Programmable Logic and Applications
(FPL), pp. 559-562, 2012.

S. Lopez-Buedo, J. Garrido and E. I. Boemo, “Dynamically
inserting, operating, and eliminating thermal sensors of FPGA-
based systems,” [EEE Trans. on Components and Packaging
Technologies, Vol. 25, Issue 4, pp. 561-566, 2002.

S. Lopez-Buedo, J. Garrido and E. Boemo, “Thermal testing on
programmable logic devices,” Proc. of IEEE Int’l Symp. on Circuits
and Systems (ISCAS), pp. 240-243 Vol.2, 1998.

P. Mangalagiri, B. Sungmin, R. Krishnan, X. Yuan and V.
Narayanan, “Thermal-aware reliability analysis for Platform
FPGAs,” Proc. of IEEE/ACM Int’l Conf. on Computer-Aided
Design (ICCAD), pp. 722-727, 2008.

S. Srinivasan, P. Mangalagiri, X. Yuan, N. Viiaykrishnan and K.
Sarpatwari, “FLAW: FPGA lifetime awareness,” Proc. of
ACM/IEEE Design Automation Conf., pp. 630-635, 2006.

S. Ishii and K. Kobayashi, “Degradation of Oscillation Frequency of
Ring Oscillators Placed on a 90nm FPGA,” Proc. of Workshop on
Synthesis and  System  Integration of Mixed Information
Technologies (SASIMI), pp. 217-221, 2012.

M. D. Valdes-Pena, J. F. Freijedo, M. J. M. Rodriguez, J. J.
Rodriguez-Andina, J. Semiao, I. M. Cacho Teixeira, J. P. C.
Teixeira and F. Vargas, “Design and Validation of Configurable
Online Aging Sensors in Nanometer-Scale FPGAs,” IEEE Trans. on
Nanotechnology, Vol. 12, Issue 4, pp. 508-517, July 2013.

M. Valdes, J. Freijedo, M. J. Moure, J. J. Rodriguez-Andina, J.
Semiao, F. Vargas, I. C. Teixeira and J. P. Teixeira, “Programmable
sensor for on-line checking of signal integrity in FPGA-based
systems subject to aging effects,” Proc. of Latin American Test
Workshop (LATW), pp. 1-7,2011.

A. Amouri and M. Tahoori, “A Low-Cost Sensor for Aging and
Late Transitions Detection in Modern FPGAs,” Proc. of Int’l Conf-
on Field Programmable Logic and Applications (FPL), pp. 329-335,
2011.

C. Leong, J. Semiao, I. C. Teixeira, M. B. Santos, J. P. Teixeira, M.
Valdes, J. Freijedo, J. J. Rodriguez-Andina and F. Vargas, “Aging
monitoring with local sensors in FPGA-based designs,” Proc. of
Int’l Conf. on Field Programmable Logic and Applications (FPL),
pp. 1-4, 2013.

L. Bauer, C. Braun, M. E. Imhof, M.A. Kochte, H. Zhang, H.
Waunderlich and J. Henkel, “OTERA: Online test strategies for
reliable reconfigurable architectures (Invited Paper),” Proc. of
NASA/ESA Conf. on Adaptive Hardware and Systems (AHS), pp.
38-45,2012.

[47]

(48]

[49]

[50]

[51]

[32]

(53]

[54]
[55]

M. S. Abdelfattah, L. Bauer, C. Braun, M. E. Imhof, M.A. Kochte,
H. Zhang, J. Henkel and H. Wunderlich, “Transparent structural
online test for reconfigurable systems,” Proc. of IEEE Int’l On-Line
Testing Symp. (IOLTS), pp. 37-42, 2012.

V. Bexiga, C. Leong, J. Semiao, I. C. Teixeira, J. P. Teixeira, M.
Valdes, J. Freijedo, J. J. Rodriguez-Andina and F. Vargas,
“Performance Failure Prediction Using Built-In Delay Sensors in
FPGAS,” Proc. of Int’l Conf. on Field Programmable Logic and
Applications (FPL), pp. 301-304, 2011.

Y. Miura, Y. Sato, Y. Miyake and S. Kajihara, “On-chip
Temperature and Voltage Measurement for Field Testing,” Proc. of
European Test Symp., p. 204, 2012.

W. Wang, V. Reddy, A. T. Krishnan, R. Vattikonda, S. Krishnan
and Y. Cao, “Compact Modeling and Simulation of Circuit
Reliability for 65-nm CMOS Technology,” IEEE Trans. on Device
and Material Reliability, Vol. 7, No. 4, pp. 509-517, 2007.

J. B. Velamala, K. Sutaria, T. Sato and Y. Cao, “Physics Matters:
Statistical Aging Prediction under Trapping/Detrapping,” Proc. of
Design Automation Conf., pp. 139-144,2012.

V. Reddy, J. Carulli, A. Krishnan, W. Bosch and B. Burgess,
“Impact of Negative Bias Temperature Instability on Product
Parametric Drift,” Proc. of Int'l Test Conf., pp. 148-155,2004.

F. Gusmdo, G. Neuberger, R. F. Hentschke, L. Carro and R. Reis,
“Designing Fault-Tolerant Techniques for SRAM-Based FPGAs,”
IEEE Design & Test of Computers, Vol. 21, Issue 6, pp. 552-562,
2004.

Xilinx Inc, US Patent, US 6,667,635, 2003.

Altera Cooperation, US Patent, US7598769.



