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Abstract – Metastability is a widespread phenomenon and
errors may occur in any synchronous circuit where an input
signal can change randomly with respect to a reference
signal. The reference signal may be either a voltage based
reference, such as a bias voltage, or a time based reference,
such as a clock signal. Circuits in which metastability can
occur include analog-to-digital converters, memories, time
digitizers, and bus controllers etc.. During the sampling
phase, flip-flop accepts input data (D) at an arbitrary time
and produces output (Q) that aligns to the clock signal
(CLK). It has an aperture defined by the setup and hold time
around the rising/falling edge of the clock. If the data
transitions outside of the aperture, Q (Q_Stable) should
equal D. If the data changes during the aperture, the value of
Q (Q_Metastable) may enter the metastable region resulting
in a long time for Q to resolve to a stable value and therefore
an unpredictable final value of Q. Whenever there are setup
and hold time violations in any flip-flop, it enters a state
where its output is unpredictable: this state is known as
metastable state (quasi stable state); at the end of metastable
state, the flip-flop settles down to either '1' or '0'. This whole
process is known as metastability.
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I. INTRODUCTION

It is shown that flip-flop base module will have the best
metastability performance. This indicates the differential
feedback paths in the flip flop are a beneficial feature in
improving metastability and offering soft-error protection.
While the power and delay penalties are non-trivial, for
robust application the flip-flop base module is attractive in
terms of both soft-error protection and metastability
performance.

"Data in" is present at the D pin of a type D FF is
transferred from D to output Q at clock time (Fig 1.1a and
b). Since in the example shift register uses positive edge
sensitive storage elements, the output Q follows the D
input when the clock transitions from low to high as
shown by the up arrows on the diagram above. There is no
doubt what logic level is present at clock time because the
data is stable well before and after the clock edge. This is
seldom the case in multi-stage shift registers. But, this was
an easy example to start with. The only concern is with the
positive, low to high, clock edge. The falling edge can be
ignored. It is very easy to see Q follow D at clock time
above. Compare this to the diagram below where the "data
in" appears to change with the positive clock edge [3].

Fig.1.1 a. D flip flop

Fig.1.1 b. Schematic For master slave flip flop

Fig.1.2. CMOS Layout of flip flop

Fig.1.3. CMOS Layout waveform of flip flop

Fig.1.4. Output current through flip flop
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Since "data in" appears to changes at clock time t1

above, what does the type D FF see at clock time? The
short over simplified answer is that it sees the data that
was present at D prior to the clock. That is what is
transferred to Q at clock time t1. The correct waveform is
QC. At t1 Q goes to a zero if it is not already zero. The D
register does not see a one until time t2, at which time Q
goes high.

II. RELIABILITY ISSUES IN FLIP FLOPS

2.1 Metastability
Metastability is a widespread phenomenon and errors

may occur in any synchronous circuit where an input
signal can change randomly with respect to a reference
signal. In a synchronizer, if the data input goes high
sufficiently far in advance of the clock edge, the
synchronizer output will always go high and if it is
significantly after the clock it will always go low. If the
two edges are close enough, the high or low outcome is
affected by circuit noise and is non-deterministic. We can
only observe metastability if the D input is different on
successive clock edges and even then, only if it changes very
close to the second clock edge causing metastability to occur.
The reference signal may be either a voltage based
reference, such as a bias voltage, or a time based reference,
such as a clock signal. Circuits in which metastability can
occur include analog-to-digital converters, memories, time
digitizers, and bus controllers etc.. Whenever there are
setup and hold time violations in any flip-flop, it enters a
state where its output is unpredictable: this state is known
as metastable state (Fig 1.4 quasi stable state); at the end
of metastable state, the flip-flop settles down to either '1'
or '0'. This whole process is known as metastability.

Fig.1.4 Metastable output of flip flop

During the sampling phase, flip-flop accepts input data
(D) at an arbitrary time and produces output (Q) that
aligns to the clock signal (CLK). It has an aperture defined
by the setup and hold time around the rising/falling edge
of the clock. If the data transitions outside of the aperture,
Q (Q_Stable) should equal D. If the data changes during
the aperture, the value of Q (Q_Metastable) may enter the
metastable region resulting in a long time for Q to resolve
to a stable value and therefore an unpredictable final value
of Q.

2.2 Soft Errors
An electronic circuit, that bears no permanent hardware

fault, may display unexplained events resulting in
spontaneous single bit changes in the system such that
there is no way to repeat such failures. In the computer
industry such phenomenon is known as a “soft fail”, to
differentiate from the “hard or permanent fail”, which may
be repairable.

After observing a soft error, there is no implication that
the system hardware is any less reliable than before
because the soft fail is completely random. These soft fails
may be caused by either well-known electronic noise
sources such as a power supply fluctuations, lightning, and
electrostatic discharge (ESD), or the thermal radiation
from the galaxy, such as radiation-emitting stars and
atmospheric gases. A soft or non-permanent fault is a non-
destructive fault and falls into two categories:-
2.2.1 Transient faults: These are caused by
environmental conditions like temperature, humidity,
pressure, voltage, power supply, vibrations, fluctuations,
electromagnetic interference, ground loops, cosmic rays
and alpha particles.
2.2.2 Intermittent faults: These are caused by non-
environmental conditions like loose connections, aging
components, critical timing, power supply noise, resistive
or capacitive variations or couplings, and noise in the
system.

The impact of variations, such as variations in device
parameters caused by static process variations, dynamic
variations in power supply, temperature and slow
degradation of individual devices due to phenomena like
hot carrier injection (HCI) and negative bias temperature
instability (NBTI) on soft error vulnerability for
nanometer VLSI circuits is studied in. The increasing
variability not only affects the behavior of contemporary
ICs but also their vulnerability to transient error
phenomena, especially radiation induced soft errors. The
device threshold voltage can also play a significant role in
soft error rate estimation.

III. METHODOLOGY

Synchronize any asynchronous input through one path
that has at least one and preferably two flip-flops in series.
The flip-flops should be running on the same edge of your
system clock as the rest of the circuit. This will limit the
area of potential problems to one path instead of several,
and minimize the possibility of metastability entering the
main part of the circuit. In the simplest case, designers can
tolerate metastability by making sure the clock period is
long enough to allow for the resolution of quasi-stable
states and for the delay of whatever logic may be in the
path to the next flip-flop. This approach, while simple, is
rarely practical given the performance requirements of
most modern designs.

The most common way to tolerate metastability is to add
one or more successive synchronizing flip-flops to the
synchronizer. This approach allows for an entire clock
period (except for the setup time of the second flip-flop)
for metastable events in the first synchronizing flip-flop to
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resolve themselves. This does, however, increase the
latency in the synchronous logic's observation of input
changes. Using faster flip flops decreases the setup and
hold times of the flip flop, which in turn decreases the
time window that the flip flop is vulnerable to
metastability. When the input frequency is decreased, the
chances of the input changing during the setup and hold
time also decreases.

In this paper, from this standpoint, several design
aspects of the CMOS latch/flip-flop are studied for their
optimization using the ac small-signal frequency-domain
analysis. To date, simulations and ensuring analyses for
the metastable problem have been performed mostly in the
time domain. To retain data, latches and flip-flops provide
a regenerative configuration which has positive feedback,
usually consisting of back-to-back inverters. In the
time-domain approach, the latch or flip-flop is set at a
marginal triggering condition for the metastable state by
adjusting the setup time for both inputs such as “set”2nd

“reset.” Then, the voltage difference between Q and Q is
observed as time changes. The voltage difference grows
exponentially with respect to the time, and the exponential
slope coefficient defines a resolving capability of the latch
or flip-flop. However, this approach has some difficulties
when adjusting the marginal setup time because the output
voltage difference changes are too sensitive with respect to
this marginal setup time, so that the process is not easy to
control. Hence, the motivation is to use the ac small-signal
approach so that the analysis and measurements more
accurately predict the resolving capability. In this work the
ac frequency-domain analysis is shown to be as effective
in design as the time domain. It is verified by comparing
results with ones previously investigated analytically and
by time-domain simulation. By adopting this new
approach, further considerations for optimal design of the
CMOS latch/flip-flop against the metastable state can be
presented. In the ac frequency domain, the Miller effect
plays an important role in limiting the gain-bandwidth
product, which is a measure of how quickly the
regenerative configurations, which latches and flip-flops
belong to, recover from the metastable state.
3.1 Metastability Parameter Estimation:

If the data signal transitions at a frequency of with
respect to a clock signal with a frequency of, a common
metric used to characterize metastability is the mean-time-
between failure (MTBF),

MTBF =1/fD fCLK To e-ts/T

Where,
T0 is the width of the aperture window where a transition

in the input data may result in metastability,
T is the resolution time constant that represents the

inverse of the gain-bandwidth product of the feedback
element in the flip-flop.
fD is the data signal transitions frequency.
f CLK is a clock signal frequency.

Due to the exponential relationship of MTBF, a lower T
value corresponds to a faster resolution time, which
increases the MTBF, resulting in a more metastable-
hardened flip-flop.

The improvement in metastability will comes at the
expense of additional power consumption and an increase
in delay. The metastability-power-delay product (MPDP)
is a useful merit to illustrate the inherent trade-off
between, power, and delay.

MPDP = T x power x delay

IV. CONCLUSION

The data changes during the setup and hold time violets
the value of Q (Q Metastable) may enter the metastable
region resulting in a long time for Q to resolve to a stable
value and therefore an unpredictable final value of Q. Flip
flop is a high gain circuit, it will amplify the input voltage
and output becomes at stable state. Due to the setup and
hold time violation the latch may have no initial voltage to
amplify and thus the output of the flip-flop may become
unpredictable and take an unbounded amount of time to
settle to a stable level. The problem of metastability in
analysis of latch and flip-flop designs was addressed. A set
of consistent analysis approaches and simulation
conditions has been introduced. It is strongly felt that any
research on latch and flip-flop design techniques for high-
performance systems should take these metastability
parameters into account.
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