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Abstract

As technology scales down, it has become one of the most critical issues in aging-tolerant nanoscale MOSFET circuit design
to monitor the performance degradation of the circuits under aging stress conditions such as Negative-Bias-Temperature
Instability (NBTI) and Hot-Carrier-Injection (HCI). Hence, this paper proposes a novel on-chip circuit to measure the delay
degradation of stressed MOSFET digital circuits and digitalize the degradation for aging compensation. A 0.11pm CMOS
technology has been used to implement and evaluate the proposed circuits.
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1. Introduction

It has become ever harder to design reliable circuits with
each nanometer technology node. Under normal opera-
tion conditions, a transistor device can be affected by
various aging effects by Hot Carrier Injection (HCI),
Bias Temperature Instability (BTI), and Time Dependent
Dielectric Breakdown (TDDB) resulting in performance
degradation and eventually design failure. Among the
aging phenomena, the NBTI impact on PMOSFETs and
the HCI impact on NMOSFETs have become the most
critical reliability issue. Hence, accurate NBTI/HCI sen-
sors are imperative for the reliable digital circuit design:
the outputs of the sensor circuits can be used as control
signals for the post-silicon tuning system.

NBTI degradation affects PMOS transistors when
a negative bias is applied to the gate or, equivalently,
when the gate is grounded and a positive bias is applied
to source/drain as shown in Figure 1. The presence of
hydrogenated Si-bonds (Si-H) at the interface between
Si and gate oxide, boron penetration into the gate oxide,
and presence of impurities in the oxide originate inter-
face and oxide charge traps. In inversion mode, holes can
be injected into these traps which lead to V, increase
and I, decrease. An increase in V, reduces the volt-
age overdrive (V -V, ), decreasing the circuit stability
and margins. NBTI degrades performance and yield of
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PMOS devices. PBTI is seen for NMOS when a positive
bias stress is applied across the gate oxide for the NMOS
device. Although the impact of NBTT is higher than that
of PBTI, PBTI has become increasingly important with
the use of Hf-based dielectrics in the gate-oxide for leak-
age reduction’”’.

HCI describes a degradation of the electrical param-
eters of MOSFETs under a dynamic stress mode. If a
channel hot carrier collides with a crystal atom near the
drain region, it may produce an electron-hole pair by
impact ionization also called avalanche pair production
as shown in Figure 2. Electrons from impact ioniza-
tion could have enough energy to be injected into gate
oxide region and charge existing oxide traps or generate
new oxide-interface traps. The end result of hot carrier
injection into gate oxide is a degradation of transistor
parameters such as saturation current (I, ) and threshold
voltage (V, )*".

The above mentioned reliability problems can
severely degrade the performance and in the worst case
can cause system failure. A conventional method han-
dling such problems is to provide more safety margins
(called guardband) in the circuit design phase. That is,
these reliability mechanisms should be considered in the
early design stages to make sure that MOSFET circuits
are operated with enough margins to function correctly
over their entire lifetime. However, since this solution
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Figure 2. HCI stress on a NMOSFET device in a nanometer technology.

excessively increases the circuit size and power dissipa-
tion of a system, an adaptive compensation technique is
required to reduce the increased area and power as well as
to compensate for the performance loss due to device. For
a good adaptive technique, accurate reliability monitor-
ing circuits are imperative: the output of each monitoring
circuit can be used as control signals of the post-silicon
tuning system. The novelty of the proposed work is the
development of the delay degradation measurement for
the aging compensation (post-silicon tuning system). For
a good adaptive technique, the self-adaptive system has
to include an on-chip aging prediction circuits whose
outputs are strongly correlated with threshold-voltage
degradation caused by aging stresses.

In this paper, we propose a new on-chip circuit to
measure the delay degradation detecting a guardband
violation of sequential logics. The novel on-chip circuit is
inserted between a combinational logic and a flip-flop in
a sequential digital system. The monitoring circuit block
is based on the concept of stability checking during the
guardband interval T as shown in Figure 3 by detecting
signal transitions during the guardband interval. If one or
more paths of the combinational logic circuit have aged
enough, the output of the combinational logic circuit will
enter the guardband interval, which means the circuit is
very close to failure. By detecting signal transitions within
the guardband interval, the circuit failure due to the aging
effects can be predicted.

Recently, a circuit failure prediction circuit has been
proposed in Reference '* which deploys distributed aging
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Figure 3. Guardband violation due to transistor
aging.

sensors locally measuring the time degradation of a criti-
cal or near-critical path. The prediction circuit can detect
the moment when the signals of a critical path arrive
within a predefined guardband interval. However, the
scheme in Reference '? consists of a complicated Delay
Element (DE) with large area and has only 1-bit output
of Stability Checker (SC). Another circuit failure predic-
tion sensor proposed in Reference '* has an improved
programmable DE with low area overhead, but it has still
1-bit SC. It is not possible to predict the accurate status of
aging phenomena using only 1-bit SC, so it is not easy to
apply the scheme to a self-adaptive system.

In this paper, we propose a novel on-chip circuit to
measure the delay degradation with a simple program-
mable delay element using a 0.11 um CMOS technology
where 3-bit outputs are strongly correlated with the V-
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degradation caused by BTT and HCI stress. The proposed
circuits can be easily applied to a self-adaptive system for
a reliable operation. The new fully digital on-chip circuit
has been evaluated by a 4x4 multiplier.

2. On-Chip Delay Degradation
Measurement

This section presents a new on-chip circuit to measure
the delay degradation due to aging effects. The proposed
on-chip circuit deploys a flip-flop based delay detector
for monitoring a guardband violation of sequential log-
ics. The proposed circuit detects the moment when the
critical path delay of a combinational logic in a sequential
design exceeds a normal value which guarantees a correct
circuit operation.

The proposed circuit has four blocks as shown in
Figure 4: a Guardband Generator (GG) to create three
guardband windows, a Path Delay Monitor (PDM) to
detect data signal transition, a bit decision circuits, and
a pulse generator block. In Figure 4, a “Measure” signal

(meas) is asserted to the aging measurement circuit to turn
the circuit on or off. In order to reduce a power overhead,
the prediction circuit will be periodically worked for a
short time and will be turned off for the most time. PDM
is place on each flip-flop, while GG and “Bit Decision” cir-
cuit are shared for all the flip-flops, which leads to smaller
area overhead.

PDM block includes edge detectors consisting of a
XOR gate, an AND gate, and a Pulse Generator, where
the XOR gate detects the moment when the input D and
the output Q of each flip-flop have a different digital value
(that is, when a new data signal passes through combina-
tional logics and arrives at the input D of a flip-flop). The
AND gate makes the PDM operated only at the low state
of the CLK signal, and the pulse generator using a schmitt
trigger circuit as shown in Figure 5 generates a pulse with
a small width to present the transition time of each data
signal. The NOR gate merges the outputs of all the edge
detectors in time order.

GG block consists of a buffer chain, programmable
two skewed inverters, and an inverter chain. This block
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The proposed circuit to measure the delay degradation.
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plays an important role to delay the CLK signal, and the
falling transition of the delayed CLK signal is placed in the
guardband region, where the delay time of CLK is con-
trolled by the control input signal CO~C5. The Invl~Inv4
generate three guardband region, and DO~D2 are the final
delayed CLK signals to make the gardband region.

The delay time f3 in Figure 4 is the propagation time
from a XOR gate to an inverter of PDM, so the generated
pulse from PDM is arrived after time f3 from the real tran-
sition time of the data signal. In order to compensate the
delay time f3, a buffer chain in GG block with the 3 delay
time is deployed. The output DO~D2 will be pulses with a
small width if each pulse reaches one of three guardband
regions.

Finally, the bit decision circuits as shown in Figure
6 generate the 3-bit outputs depending on the outputs
of PDM during the measurement mode, where NM2 is
used to reset the node Na. The final output Z0~Z2 present
guardband regions to warn a circuit failure. For example,
(Z0Z1Z2 = 000) is a normal operation, (Z0Z1Z2 = 100) is
the first warning step, (Z0Z1Z2 = 110) is the second warn-
ing step, and (Z0Z1Z2 = 111) is the circuit failure. When
the outputs of the bit decision circuits are 111, a Failure
signal will be generated. In the unmeasurement mode,
NM?2 will be off which the proposed system will be acted
as only a monitoring circuit. The pulse generators of the
pulse generator block in Figure 5 generate pulses with a
small width to present the transition times of Z0~Z2, and
an OR gate merges the outputs of all the edge detectors in
time order.

Figure 7 shows a timing diagram for the proposed cir-
cuit. In this timing diagram, a data transition occurs at
the first guardband region, so the primary output Z0~Z2
is “100” Ref_CLK signal is delayed by f time behind CLK
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Figure 5. Pulse generator circuit using a schmitt
trigger.
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signal to compensate the delay of PDM block. D0~D2,
the final delayed CLK signals, are generated to make a
gardband region, where the rising edge of DO signal, the
falling edge of D1, and the rising edge of D2 mean the
guardband region 1,2, and 3. The transitions of PG1 and
PG2 come from the difference between the input and out-
put of the flip-flop, which means a new data signal passes
through combinational logics and arrives at the input D of
a flip-flop. BO~B2 signals can be generated depending on
the DO~D2 and PG1~2 signals. In this diagram, B0 signal
has a pulse due to a transition of DO signal and PG2 sig-
nal, which indicates the guardband violation. As a result,
Z0~Z2 change from 000 to 100 in the measurement mod,
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Figure 7. Timg diagram for the proposed circuit.
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and the output (CP) of the proposed measurement circuit
can be used as control signals in a self-adaptive system
using effective methods such as adaptive body biasing,
supply voltage scaling, frequency scaling, and etc.

Figure 8 shows a flowchart of a self-tuning system
using a power gating structure and a forward biasing.
Based on the output (CP) of the proposed measurement
circuit, the self-tuning system can decides the number of
turn-on power switches of a power gating structure and
the forward biasing voltage in active mode. If a failure
signal is generated, an Adaptive Frequency Scaling (AFS)
system will be changed the clock frequency for sequential
circuits to satisfy with the timing requirement.

3. Simulation Result

The proposed circuits have been designed and evalu-
ated using a 0.11 pm MOSFET technology model
(VDD=1.1V). The number of cycles in the stressed
input-signal with 0.5 duty cycle and 2 GHz frequency is
increased for a long term NBTI-stress simulation, and the
HCIT stress time (switching time) for these experiments
is 400 psec. A 4x4 multiplier has been used as a bench-
mark circuit in our simulation. The simulation result has
been compared with the result of Reference '? as shown
in Table 1.

In the case of delay overhead, the penalty is very
small because the proposed circuit does not have

no
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Figure 8. Flowchart of a self-tuning system using a
power gating structure and a forward biasing.
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Table 1. Simulation results
Overhead Reference > Proposed
# of outputs 1 output 3-outputs
Technology 65 nm PTM 0.11 um
Test benchmark circuit OpenRISC 4x4 Multiplier
processor

Delay Overhead <1% <1%
Power overhead 0.1%

. ~1%
(in no-measurement mode)
Power Overhead 7.5%

. ~50 %
(in measurement mode)
Programmable delay buffer No Yes

influence on the multiplier delay time. The power over-
head in the no-measurement mode is also very small
because the measurement signal is used to turn off the
proposed circuit. In the measurement mode, the mul-
tiplier with the modified flip-flop consumes 50% more
power than that of the multiplier with a normal flip-flop.
Therefore, all the simulation results show that all the over-
head impact on the multiplier is small.

On the other hand, all the overheads in Reference 2
are smaller than the overheads of our proposed circuits,
but the prediction circuit proposed in Reference '* has
only 1-bit output to present a guardband window. Also,
the technology used in Reference '* is a PTM (Predictive
Technology Model) model which is not a real technol-
ogy model, and the buffer delay cannot be changed after
chip fabrication. Our proposed measurement circuit has
a programmable buffer to change the buffer delay, so the
guardband window can be changed depending control
signals depending on the clock cycle and technology
model of digital systems even after chip fabrication.

4. Conclusion

This paper proposes novel on-chip circuit in a 0.11 pum
technology to measure the delay degradation caused by
aging effects of sequential logics. The simulation results
show that the proposed circuits achieve a good aging fail-
ure measurement and low overhead. For a good adaptive
design technique for overcoming the performance deg-
radation due to aging phenomena, our accurate aging
prediction circuit would be a practicable solution in
nanoscale CMOS circuits. In a nanometer digital circuit
operated in the ultra-low voltage region, even the smallest
of variations can slow down a transistor’s switching speed,
and an aging device may not perform adequately at the
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very low voltage. Until now, the reliability (aging) effect
has traditionally been the area of process engineers, but
in the future circuit-designers need to consider these reli-
ability effects in the early stages of design to make sure
there are enough margins for circuits to function cor-
rectly over their entire lifetime. Therefore, this paper for
resilient circuits will cause a design paradigm shift in all
aspects of VLSI design.
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