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Abstract—In this paper, detailed analysis is given on the
design of metastable-hardened and soft-error tolerant flip-flops
while maintaining the basic characteristics of low-power and
high-performance. We also propose two new flip-flop designs:
pre-discharge soft-error tolerant flip-flop (PDFF-SE) and sense-
amplifier transmission-gate soft-error tolerant flip-flop (SATG-
SE). Following our main design approach, both PDFF-SE and
SATG-SE use a cross-coupled inverter on the critical path in
the master-stage to achieve good metastability while generating
differential signals to facilitate the usage of the Quatro cell in the
slave-stage to protect against soft-errors. PDFF-SE is designed
to achieve very high performance with good metastability while
SATG-SE is a low-power design also with good metastability. We
also introduce two new design metrics, namely the metastability-
delay-product (MDP) and the metastability-power-delay-product
(MPDP), to analyze the design tradeoffs between metastability,
power, and performance. Simulation results in 65nm CMOS
technology have shown that both proposed designs achieve
significant reduction in MDP and MPDP when compared to
other flip-flop architectures analyzed in this work. Monte Carlo
simulation results also show that these flip-flops are very robust
and reliable against process variations and mismatches.

I. INTRODUCTION

Pipelining is a common technique that is often used to
achieve high-performance datapaths in digital processors. Tim-
ing elements such as flip-flops and latches are an important
part of such technique since they synchronize the flow of data
from one stage to next. As size and complexity of chip design
are rapidly growing, reliability is becoming an important factor
to consider when designing nanometer circuits and systems.
Two of the main reliability concerns associated with flip-flop
design are metastability and soft-errors.
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Fig. 1. Illustration of Metastability in Flip-Flop

Metastability is a phenomenon where a bi-stable element

enters an undesirable third state in which the output is at
an intermediate level between logic “0” and “1”. It typically
occurs during the synchronization of two signals, in particular
the data (D) and the clock (CLK) signal in the case of latches
and flip-flops. If the data changes during the aperture between
the setup and hold time restriction period of the flip-flop, the
output may become unpredictable and takes an unbounded
amount of time to settle to a stable level (Fig. 1). Hence,
it is important to maintain a reliable system by avoiding
metastable output that may propagate from stage to stage in
the pipeline systems and ultimately results in system failures.
As the CMOS technology continues to scale, factors such
as process, voltage, and temperature (PVT) variations, rapid
increasing in clock frequencies, as well as shorter intrinsic
delay all contribute to the increasing probability of flip-flops
producing metastable outputs [1].
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Fig. 2. Illustration of Soft-Error in Flip-Flop

Cosmic radiation-induced single-event transient (SET), also
known as soft-error, has become a major reliability concern
in today’s integrated circuits (Fig. 2). Consequently, factors
such as increasing clock frequencies and decreasing node
capacitances and supply voltage all contribute to a drastic
increase in the soft-error susceptibility of both combinational
and sequential circuits to alpha particle and cosmic neutron
strikes. In combinational circuits, phenomenon such as logical
masking, electrical masking, and latch-window masking can
all mask the glitches caused by soft-errors [2]. Such masking,
however, does not exist in sequential elements such as latches
and flip-flops, which contribute to approximately 50% of
the soft-errors observed in various processors [3]. Recently,
the usage of tolerant cells [4][5][6] has emerged as a more
popular technique for soft-error protection in flip-flops over
other techniques such as error-correction code (ECC) and
redundancy due to more design robustness along with less
delay, power, and area overhead. For example, more than 99%
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of the latches in the system interface are soft-error-hardened
in the state-of-the-art microprocessor design [7].

In this work, we will analyze the techniques involved
in designing high-performance and low-power flip-flops that
also address the reliability issues of metastability and soft-
error. Detailed analysis and simulation results will be given
on the techniques and issues involved in designing reliable
and robust flip-flops. We will apply the idea of using cross-
coupled inverter and soft-error tolerant cells on various past
flip-flop architectures as well as the two proposed designs.
Two new design metrics, metastability-delay-product (MDP)
and metastability-power-delay-product (MPDP), are also intro-
duced to analyze and characterize the design tradeoffs between
metastability, performance, and power.

The rest of this paper is organized in the following manner.
Section II reviews some background information on metasta-
bility and soft-error tolerant designs as well as introducing the
new design metrics of MDP and MPDP. Section III describes
the past and the proposed flip-flop architectures as well as the
experimental setup and procedures for simulation. Extensive
simulation results will be provided in Section IV comparing
different flip-flop designs. Section V concludes with some final
remarks and comments.

II. BACKGROUND INFORMATION

A. Metastability Analysis

Fig. 3 shows an ideal plot of CLK-Q delay vs. data arrival
time for a typical flip-flop. When data arrives at or near 𝑡𝑚𝑒𝑡𝑎,
the flip-flop enters the metastable region and requires the
longest time to resolve the output. Past studies have shown

Fig. 3. Extraction of Flip-Flop Metastability Parameters

that the flip-flop delay in the metastable region is exponential
in nature where two exponential parameters (𝜏 and 𝑇0) can be
extracted from simulation to model the behavior of the delay
in the metastable region [8]. Metastability window, 𝛿, can be
defined as the period where data transition will not be resolved
within a given resolution time (𝑡𝑟). The metastability window
can then be calculated using Equation (1).

𝛿 = 𝑇0𝑒
−𝑡𝑟/𝜏 (1)

where 𝑇0 is the asymptotic width of the metastability window
with no resolution time, and 𝜏 is the resolution time constant

that represents the inverse of the gain-bandwidth product of
the feedback element in the flip-flop. If the data transitions
at a frequency of 𝑓𝐷 with respect to the clock which has a
frequency of 𝑓𝐶𝐿𝐾 , the mean time between failures (MTBF)
is then given in Equation (2).

𝑀𝑇𝐵𝐹 =
1

𝑓𝐷𝑓𝐶𝐿𝐾𝑇0𝑒−𝑡𝑟/𝜏
(2)

As seen from Equation (1), 𝜏 has the greatest impact on
the metastability window due to the exponential relationship.
A small 𝜏 value results in fast flip-flop resolution time from
the metastable region and thus increases the MTBF [9]. For
an MTBF of five years, Fig. 4 plots the required 𝜏 value
as a function of clock frequency assuming the following
parameters: 𝑓𝐷 = 0.5𝑓𝐶𝐿𝐾 , 𝑡𝑟 = 1/(0.5𝑓𝐶𝐿𝐾), 𝑇0 = 25𝑝𝑠.
It is clear that for reliable multi-GHz pipeline systems, a 𝜏
value of less than 50ps is highly desirable.

Fig. 4. Relationship between 𝜏 and Clock Frequency

The analysis of a cross-coupled inverter (Fig. 5) can be in-
corporated and extended to the design of metastable-hardened
flip-flops because all the dynamic and critical nodes in flip-
flops are stabilized by some form of a cross-coupled inverter
pair. Using small-signal analysis, 𝜏 of a cross-coupled inverter
can be modeled by Equation (3) based on the parasitic ca-
pacitances 𝐶𝐿, Miller Capacitance 𝐶𝑚, loop transconductance
𝐺𝑚, and output resistance 𝑅 [10][11].
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Fig. 5. Metastability Modeling using Cross-Coupled Inverter

𝜏 =
𝐶𝐿 + 4𝐶𝑚

𝐺𝑚 − 1
𝑅

(3)

From this equation, it is clear that 𝜏 can be minimized by
either reducing the parasitic and the Miller capacitances or



increasing the overall transconductance in the inverter loop.
Past work have shown that the value of 𝜏 can be reduced if
the cross-coupled inverter is on the critical path of the flip-flop
architecture because larger inverter size can be used to achieve
both good-performance and higher transconductance [12].

The common figure of merits (FOM) for comparing flip-
flop designs include delay, power, power-delay-product (PDP)
and area considerations. As the size of the cross-coupled
inverter increases (Fig. 5), the power consumption is linearly
increasing while the delay initially decreases then increases
due to the self-loading effects (Fig. 6(a)). This type of power-
delay behavior has resulted in an optimum point for PDP (Fig.
6(b)). In terms of 𝜏 , initial increasing in inverter size will
reduce its value because the increase in the transconductance
𝐺𝑚 dominates over the increase in the parasitic capacitances
(𝐶𝐿 and 𝐶𝑚), as modeled in Equation (3) and illustrated in
Fig. 6(a). As the inverter size continues to increase, 𝜏 tends
to saturate to a constant value as further increase in 𝐺𝑚 is
offset by the increase in 𝐶𝐿 and 𝐶𝑚. From Fig. 6(a), it
is clear that a design tradeoff exists between 𝜏 , delay, and
power. Hence, we introduce two new FOMs in designing reli-
able, high-performance, and low-power flip-flops, namely the
metastability-delay-product (MDP) and metastability-power-
delay-product (MPDP). MDP is simply the product of the
resolution time constant 𝜏 and the propagation delay (𝜏 ⋅delay),
and it is a measure of the optimum design tradeoff between
metastability and performance. MPDP, which is the product
of 𝜏 and PDP (𝜏 ⋅PDP), extends the traditional metric of PDP
by introducing the element of metastability into the flip-flop
designs. Fig. 6(b) plots the PDP, MDP, and MPDP values as a
function of inverter size. Depending on the design objectives,
different inverter sizes could be chosen for optimum PDP,
MDP, or MPDP designs.

B. Soft-Error Tolerant Cells

A number of soft-error tolerant cells have been proposed
in the past. In this work, we will focus on two particular
cells: DICE [13] and Quatro [14]. The Dual-Interlocked Cell
(DICE) (Fig. 7(a)) stores a logic “0” or “1” as a combination
of four node voltages: two nodes holding the original data and
two nodes retain the complement of the data. When the value
stored at any node (i.e. X1) is modified due to SET, other
unaffected nodes (X2, X3, and X4) will help to restore the
correct value of the affected node because one transistor of
each inverter driving one of the affected nodes is driven by
one unaffected node. The Quatro cell (Fig. 7(b)) also has four
storage nodes. Each of these nodes is driven by an NMOS and
a PMOS transistor with their gates connected to two different
nodes. If an SET upsets a node voltage, the affected node is
restored by the corresponding “ON” PMOS (NMOS) transistor
connected to the node and driven by an unaffected node. A
detailed operation and simulation waveforms on the usage of
Quatro cell in flip-flop design is given in [15].

In soft-error tolerant flip-flops, the critical internal nodes
are protected by being written into the tolerant cells. When
writing into the DICE cell, the two nodes must have the same

(a) Delay, Power, 𝜏

(b) PDP, MDP, MPDP

Fig. 6. Flip-Flop FOM Analysis

phase and written into cell location of either X1 and X2 or
X3 and X4 (Fig. 7(a)). Hence, the usage of the DICE cell
requires the flip-flop architecture to produce identical signals,
which is typically accomplished by using duplicated datapath
[4]. Quatro cell, on the other hand, facilitates many differential
flip-flop architectures because it requires differential signals to
be written into the cell location of either X1 and X2 or X3
and X4 (Fig. 7(b)). In master-slave configuration flip-flops,
both DICE and Quatro cells can be added at the critical nodes
in both the master and slave stage or just simply the slave
stage to protect the output nodes.

While the addition of the tolerant cells increases the im-
munity of the flip-flops against soft-errors, it also impacts its
performance by adding more resistivity in terms of changing
the values stored at the critical nodes during the normal oper-
ation of the flip-flops. Hence, two additional CLK-controlled
transistors are added to the DICE (M5 and M8) and the Quatro
(M7 and M8) cell respectively in order to maintain high-
performance. Depending on the location of these cells, these
transistors are controlled either by CLK in the master-stage or
CLKB in the slave-stage. Assuming the flip-flop is positive-
edge triggered, for example, during the evaluation period in
the slave stage, CLKB cuts off the NMOS path that holds a
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Fig. 7. Soft-Error Tolerant Cells

logic “0” in the hardened cell, which allows the node to be
flipped to logic “1”. If these two transistors are not present,
contention exists between the flip-flop and the hardened cell in
changing the node value from 0-1, which results in significant
performance degradation. Alternatively, two more clocked-
transistors can be added in the PMOS paths that holds a logic
“1”, however the amount of performance degradation without
these two transistors is not as significant when changing the
node value from 1-0 due to the relative weaker strength
of PMOS transistors when compared to NMOS transistors.
Although the critical nodes are protected for only half of the
clock cycle using this approach, the likelihood of these nodes
being upset by SET is reduced significantly because either
the master or the slave-stage is transparent and evaluating
during that time period. Simulation results have shown that
the presence of these transistors in the tolerant cells improve
the performance by at least 10% depending on the flip-flop
architecture.

The power consumption of the DICE and Quatro cell is
also analyzed in this work. Ideally, there is no phase offset
between the signals being written into the DICE cell. Due

to PVT variations and transistor mismatches, it is possible
that the two signals can have a small static offset of Δ (i.e.
X1 arrives earlier than X3 or vice versa) and consequently
results in a few static power dissipation paths in the cell for a
given data transition. In Quatro cell, a static offset of Δ exists
even without the presence of PVT variations and mismatches
due to the inverter delay required to generate the differential
signal such that the signal transition of X2 will always arrive
later than that of X1. If X1 makes a 0-1 transition, X2 will
make a 1-0 transition after an inverter delay. During this
period, however, four potential paths in the Quatro cell could
potentially result in static power dissipation by simultaneously
turning on both the PMOS and NMOS transistors. The same
scenario does not occur when X1 is making a 1-0 transition
and X2 is making a 0-1 transition because all the NMOS
transistors are turned off.

Fig. 8. Power Consumption of Soft-Error Tolerant Cells

A simple test bench was setup to measure the power
consumption (Fig. 8) of the DICE and the Quatro cell using
a data activity of 25% with equal number of 0-1 and 1-
0 data transitions for input signal (X1 and X2) having two
sets of rise/fall time: 50ps and 100ps. +Δ indicates signal
X2 arrives later than X1 in both the DICE and the Quatro
cell respectively, and vice versa for −Δ. From the figure,
it is evident that the power consumption in the DICE cell
is symmetrical about the point where the static phase offset
Δ is 0, which means power consumption only depends on
the absolute value of the phase offset and indifferent to the
arrival order of the input signals. In the Quatro cell, the power
consumption for a rise/fall time of 50ps is symmetrical about
the Δ=10ps point, which is roughly equivalent to an inverter
delay for the corresponding signal rise/fall time. The symmetry
point moves to 40ps when the rise/fall time is 100ps, which
suggests the inverter delay degrades with input signals having
a higher rise/fall time. Once again, the power consumption is
irrelevant to the arrival of the input signals in the Quatro cell as
long as the number of 0-1 and 1-0 data transitions is equal. If
the input data vector has more 0-1 transitions, then the power
dissipated will be significantly higher than when there is more
1-0 transitions. Under such scenario, the power consumption
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Fig. 9. Metastable-Hardened, Soft-Error Tolerant Flip-Flop Designs

will no longer be symmetrical for +Δ and −Δ offset. Finally,
a faster rise/fall time will result in significant power saving in
both the DICE and the Quatro cell, as evident by the data
comparison between 50ps and 100ps rise/fall time shown in
Fig. 8. The effect of higher rise/fall time is more prominent in
the Quatro cell where both the short-circuit and static power
dissipation contribute to the overall power consumption. Based
on the above analysis, it is clear that the power consumption

of the Quatro cell is generally higher than that of the DICE
cell.

III. DESIGN AND ANALYSIS

A. Flip-Flops Analyzed

In this work, we have analyzed the usage of the DICE and
Quatro cells along with the cross-coupled inverter structure
on various flip-flops architectures in order to simultaneously



achieve good metastability and soft-error protection while
maintaining the characteristic of high-performance and low-
power. The main approach is to resolve metastability in the
master-stage with a cross-coupled inverter pair while adding
the soft-error tolerant cell in the slave stage to protect the
output nodes against possible SET. For this reason, high-
performance flip-flops such as TSPC and impulse flip-flop are
not included in this work due to extremely poor metastability
because their architecture is not feasible to use the cross-
coupled inverter to stabilize the critical nodes.

Two C2MOS-based architectures are analyzed in this work
(Fig. 9(a) and (b)). In the Quatro-C2MOS configuration, a
cross-coupled inverter pair is used to stabilize the dynamic
nodes of T1 and T2 while improving the metastability. The
DICE-C2MOS configuration does not produce differential sig-
nals, and hence separate inverter pair is used on each datapath
to improve the metastability in the master stage. The value
of 𝜏 is limited by the size of the feedback inverter, which
must be kept close to minimum size to reduce the amount
of parasitic capacitance at critical nodes in order to maintain
good performance and functionality.

A special soft-error robust latch based on transmission-gate
and DICE cell was proposed in [6]. In this work, we modify
the design slightly to create a Hazucha flip-flop (Fig. 9(c) and
(d)) using both the DICE and Quatro tolerant cell by cascading
two identical latches. Instead of using the traditional cross-
coupled inverter in the master-stage to improve metastability,
DICE and Quatro cell are used in each respective design
because the cross-coupled inverter structure still exists in
these cells except for a different configuration to improve the
immunity against soft-errors.

Two new differential flip-flops are proposed in this work: (i)
pre-discharge soft-error tolerant flip-flop (PDFF-SE, Fig. 9(e))
(ii) sense-amplifier transmission-gate soft-error tolerant flip-
flop (SATG-SE, Fig. 9(f)). Both designs have good metasta-
bility with a cross-coupled inverter in the master-stage and
soft-error protected by using the Quatro cell in the slave-
stage. The cross-coupled inverter structure in the master-stage
can be sized up to simultaneously achieve good performance
and metastability while the differential nature facilitates the
usage of the Quatro cell in the slave-stage. The design of
PDFF-SE is targeted towards very high-performance with
good metastability while SATG is designed to have low-power
consumption also with good metastability. The master-stage of
the PDFF-SE is identical to the flip-flop previously proposed
in [16]. Its slave-stage is modified in order to minimize the
power consumption by balancing the arrival time of the input
signals written into the Quatro cell. In SATG-SE, the master-
stage utilizes a cross-coupled inverter structure similar to the
sense-amplifier flip-flop. Differential data is being written into
the flip-flop through two NMOS-pass transistors plus two
additional discharge paths to improve the overall performance.
The slave-stage of SATG-SE composes of a differential path
using transmission-gate switches to facilitate the usage of the
Quatro cell. With careful design considerations, the power
consumption of SATG-SE can be reduced significantly with

reasonable performance despite the usage of the Quatro cell.

B. Analysis Procedure and Experimental Setup

All the flip-flops analyzed in this work are designed to be
positive-edge triggered. Iterative process was used in transistor
sizing in order to achieve the optimum MPDP flip-flop design
for the best possible combination between delay, power, and
metastability of 𝜏 . Minimum-sized transistors are used in all
the DICE and Quatro cells. All simulation runs are performed
in Cadence environment using 65nm CMOS bulk technology
with 1V as the nominal supply voltage at 27∘C.

The simulation test bench shown in Fig. 10 is used to
measure delay, power, 𝜏 of the flip-flops. Both the data (D)
and the CLK signals have been buffered to ensure realistic
waveforms of 50ps rise/fall time are being fed into the flip-
flops. For fair comparison, the output buffer of each flip-flop
architecture is sized identically to drive an output load of 20fF.
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Fig. 10. Simulation Test Bench

The performance of the flip-flops in this work is charac-
terized by the D-Q delay measured at 50% delay points. The
power consumption is measured at two different data activity
factors of 10% and 50%. The power measurement of the flip-
flops includes the total power dissipated in the flip-flop as well
as the local data and clock power dissipated in the shaded
inverters shown in Fig. 10 [17]. PDP is calculated as the
product of the D-Q delay and the total power dissipation for
a given data activity. The extraction of 𝜏 from the simulation
results is identical to the method described in [12][18][19].
Metastability-delay-product (MDP) is calculated as the prod-
uct of 𝜏 and the D-Q delay while metastability-power-delay-
product (MPDP) is the product of 𝜏 and PDP. The values of
all the D-Q delay, 𝜏 , PDP, MDP, and MPDP given in this work
are the worst case value of either the 0-1 or 1-0 data transition.

IV. SIMULATION RESULTS

TABLE I summarizes the simulation results for all the
metastable-hardened and soft-error tolerant flip-flops analyzed
in this work.

The addition of the minimum-sized cross-coupled inverter
on the dynamic nodes of the C2MOS flip-flops to enhance
metastability significantly degrade its performance. Without
these inverters, however, the value of 𝜏 can be as much as 40
times higher. The performance of Quatro-Hazucha is worse
than DICE-Hazucha because the Quatro cell is more resistant
in writing data for 1-0 transition which consequently results in
higher setup time when it is used in the master-stage. Based on
the reasonings from earlier analysis, the power consumption of



TABLE I
SIMULATION RESULTS OF METASTABLE-HARDENED, SOFT-ERROR TOLERANT FLIP-FLOPS

Delay 10% Power 50% Power 𝜏 MDP 10% PDP 50% PDP 10% MPDP 50% MPDP
(ps) (𝜇W) 100% (𝜇W) (ps) (ps2) (fJ) (fJ) (fJ⋅ps) (fJ⋅ps)

DICE-C2MOS 79.34 3.61 6.95 24.26 1614.97 0.286 0.551 5.829 13.367
Quatro-C2MOS 73.55 3.88 7.95 27.49 1865.13 0.285 0.584 7.239 16.054
DICE-Hazucha 52.57 3.89 6.88 25.2 1324.76 0.204 0.362 5.153 9.114
Quatro-Hazucha 89.58 4.19 8.32 28.12 1605.09 0.375 0.745 6.720 20.949

PDFF-SE 39.68 5.66 8.05 19.2 761.86 0.225 0.319 4.312 6.133
SATG-SE 56.29 2.97 6.48 20.86 1174.10 0.167 0.365 3.488 7.609

Quatro-C2MOS and Quatro-Hazucha are shown to be higher,
especially at higher data activity, than the same flip-flop archi-
tectures when DICE cell is used. Minimum transistor sizing
is used on the cross-coupled inverter structure in the C2MOS
and Hazucha architectures, and therefore their respective 𝜏 is
very similar with the difference due to the parasitic capacitance
surrounding the critical node. The proposed PDFF-SE results
in at least 17% performance improvement over the other flip-
flop architectures, but the pre-discharging of the internal nodes
during every clock cycle makes its power consumption higher
than the other flip-flops, especially at low data activity. The
proposed SATG-SE maintains a very comparable performance
to the other analyzed flip-flops while achieving a minimum
18% and 6% power reduction for 10% and 50% data activity
respectively. The size of the cross-coupled inverter in both
PDFF-SE and SATG-SE can be sized up significantly higher
than minimum size because they are on the critical path, and
thus results in a lower value of 𝜏 . The 𝜏 of PDFF-SE and
SATG-SE is at least 21% and 14% lower than the other flip-
flops respectively.

The PDP of SATG-SE and PDFF-SE is the lowest among
all flip-flops for data activity of 10% and 50% respectively.
The PDP value of DICE-Hazucha is also small for both
data activity factors. Since PDFF-SE exhibits both the best
performance and metastability, its MDP value is significantly
lower than the other flip-flops such as a 43% reduction than
DICE-Hazucha, and thus indicating a well-balanced design
tradeoff between performance and metastability. While higher
than PDFF-SE, the MDP of SATG-SE is still at least 12%
lower than the other flip-flops. For 10% data activity, the
MPDP of PDFF-SE and SATG-SE is 16% and 32% lower
than the DICE-Hazucha flip-flop. At 50% data activity, the
minimum MPDP reduction of PDFF-SE and SATG-SE from
other flip-flops is 33% and 17% respectively.

In this work, we also analyze the robustness of each flip-flop
architecture against process variations and mismatches when it
is operating near the metastable region. For each flip-flop, the
data arrival time in which the flip-flop first fails to capture the
correct data was determined and will be referred to as 𝑡𝑚𝑒𝑡𝑎,
the point where the flip-flop is operating at the metastable
region. A Monte Carlo simulation of 2000 iterations with
both process variations and mismatches was performed to
determine the number of clock cycles where the correct data
was sampled. Then the data arrival time of the flip-flop is
relaxed from 𝑡𝑚𝑒𝑡𝑎 by a certain value, and another set of

Monte Carlo simulation is performed. This procedure (Fig.
11) is repeated for a number of data arrival time values until
the sampled data is 100% correct. Based on previous studies
and simulation results, a 20ps flip-flop metastable region from
𝑡𝑚𝑒𝑡𝑎 is assumed.

CLK

Data tmeta
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Data Arrival Time

Q
Logic “1” Correctly 
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Logic “1” Incorrectly 

Sampled as Logic “0”

Metastable Region
(20ps)

Fig. 11. Waveform for Monte Carlo Simulation

Fig. 12 shows the Monte Carlo simulation results of each
flip-flop architecture for both 0-1 and 1-0 data transition at
various data arrival times. At 𝑡𝑚𝑒𝑡𝑎 for each respective flip-
flop, the percentage of correctness is approximately 50%,
which suggests total randomness when the flip-flop is going
under metastability [20]. As the data arrival time is relaxed,
the percentage gradually increases at various rates for different
flip-flops depending on their resolving time constant. It is
interesting to note that the flip-flops with a lower 𝜏 value
have an overall higher percentage of correctness, and thus are
more robust against process variations and mismatches. For
example, the PDFF-SE and SATG-SE have an overall 83%
and 81% correctness respectively in the metastable region for
0-1 data transition and 81% and 78% for 1-0 data transition.
Quatro-C2MOS and Quatro-Hazucha, on the other hand, have
the highest 𝜏 values and consequently yield the lowest overall
percentage of 75% and 74% for 0-1 data transition and 75%
and 71% for 1-0 data transition respectively.

V. CONCLUSIONS

In this work, we have analyzed the design of metastable-
hardened and soft-error tolerant master-slave flip-flops as well
as proposing two new flip-flop designs. The main approach
is to resolve metastability in the master-stage with a cross-
coupled inverter pair while adding the soft-error tolerant cell
in the slave-stage to protect the output nodes against possible
soft-errors.



(a) 0-1 Data Transition

(b) 1-0 Data Transition

Fig. 12. Flip-Flop Robustness against Process Variations and Mismatches

To achieve good metastability, it is desirable to have the
cross-coupled inverter on the critical path of the flip-flops in
order to increase the overall loop gain and lower the value
of 𝜏 , the resolving time constant. Two new design metrics
of MDP and MPDP are introduced to characterize the design
tradeoff between performance, power, and metastability.

The DICE and the Quatro cell are the two soft-error tolerant
cells used in the flip-flop design to provide protection against
soft-errors. The former requires the flip-flop to generate in-
phase signals to be written into the cell while a differential sig-
nal is needed in the latter cell. Additional clocked-transistors
are added to both cells in this work when compared to the
traditional design in order to maintain high-performance. The
power dissipation of the Quatro cell is higher than the DICE
cell due to an inverter delay that generates the differential path
as well as more leakage paths.

The design of the proposed flip-flop PDFF-SE and SATG-
SE uses a cross-coupled inverter on the critical path in the
master-stage to achieve good metastability while generat-
ing differential signals to facilitate the usage of the Quatro
cell in the slave-stage to protect against soft-error. PDFF-
SE is designed to achieve very high-performance with good
metastability while SATG-SE is a low-power design also with

good metastability. Simulation results have shown that both
designs achieve significant reduction in MDP and MPDP
when compared to other flip-flop architectures analyzed in this
work. Monte Carlo simulation results demonstrate that the two
proposed flip-flops are very robust against process variations
and mismatches.
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