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Abstract—C-elements are non-standard sequential logic gates
employed in the design of e.g. asynchronous circuits, clock gen-
erators and radiation-hardened circuits. Like any other bistable
component as flip-flops and latches, C-elements are susceptible to
the metastability phenomenon if marginal triggering conditions
are satisfied. However, unlike flip-flops and latches, little research
has specifically addressed C-elements metastability issues in the
past. This work proposes for the first time an investigation of the
susceptibility to metastability of four distinct C-element circuit
architectures. Three of these are classical topologies and the last
is one recently proposed. The paper also suggests optimizations to
enhance the robustness to metastability of the studied structures,
showing the effects of these changes in the mean time between
failures (MTBF), considering implementations in a 65nm tech-
nology. Results show improvements in τ ranging from around
two to four times, when comparing baseline C-elements to their
hardened versions.

Index Terms—C-element, metastability, asynchronous design.

I. INTRODUCTION AND RELATED WORK

C-elements are simple sequential components proposed a
long time ago by Muller [1]. They display a straightforward
behavior: in their simplest form, an n-input C-element forces
0 in its output when all inputs are 0, forces 1 in its output
when all inputs are 1, and keeps its output with the previous
value for any other input combination. This enables their use
to construct several types of event synchronization circuits.
Due to their main characteristic, they have been extensively
employed in asynchronous design to build local handshake
controllers [2]. Besides, they are also useful e.g. in syn-
chronous design to detect single event transients (SETs) [3],
in clock generation [4], in data synchronization between
clock domains [5] and in timing error indication for resilient
synchronous and asynchronous architectures [6].

As any other sequential component, C-elements are suscep-
tible to metastability, which is the inability to decide between
the two discrete voltage levels associated to the 0 and 1 logic
values in bounded time [7]. This occurs when nodes on internal
feedback loops of the device reach and remain for some time
in voltage levels between those that define the logic values.
The propagation of metastability from the internal component
nodes through its outputs has unpredictable effects, potentially
leading to system level failure and/or deadlock. For example, if
a C-element in a clock generation circuit becomes metastable,
violation of the circuit expected behavior may occur and even
damaging the circuit is possible.

From the previous discussion, there is a clear need to make
C-elements robust against such effects. The current literature
reports various analyses on electrical metrics for C-elements.
For example, the works conducted in [8]–[11] explore the
design space of different C-element implementations, assess-
ing power, area and delay trade-offs. In another work, Bastos
et al. [12] evaluate transient-fault effects on these imple-
mentations, and a more recent work by Moreira et al. [13]

explores the effects of voltage scaling on C-elements. Albeit
these references perform extensive design space exploration,
none of them addresses metastability effects, which can have
irreversible effects in circuits, if overlooked. Accordingly,
this paper evaluates the behavior of C-elements, proposes
metastability-aware design modifications to their design and
evaluate these through simulation.

The rest of this article comprises five sections. Section II
presents the C-element topologies selected for this study,
which are among the most frequently employed ones in the lit-
erature. Next, Section III analyzes the conditions under which
C-elements enter metastability. Then, Section IV presents
suggestions for hardening C-elements against metastability
and details the experiments. Finally, Section V and VI provide
a discussion and a set of conclusions for the work.

II. C-ELEMENT TOPOLOGIES

This paper investigates four 2-input C-elements topologies
for CMOS technologies. Figure 1 depicts the schematics
for each topology. Of these, three are the classical schemes
discussed by Shams et al. in [8], and the fourth is a more
recent proposal [14]. They are designated herein as the C-
elements of: i) Martin (CMA), ii) Sutherland (CSU), iii) van
Berkel (CVB), and iv) Moreira et al. (CMO) [14].

The CMA, in Figure 1(a), performs better for high-density
designs and is reported to be the more robust to radiation
effects. This design needs careful transistor sizing to avoid
the possible conflict due to the multiple drive characteristic
of node P. The CSU, in Figure 1(b), is useful in low-
power applications and scales better than the other classical
topologies with regard to the number of inputs. It has a
transistor scheme (m5, m6, m9 and m10) that disables the
feedback inverter when it is switching, avoiding the conflicts
reported for the CMA topology. Figure 1(c) shows the CVB,
used in low-power and high speed designs. This topology does
not scale easily for more than two inputs. Figure 1(d) depicts
CMO, reported as best for voltage scaling applications [14].

III. METASTABILITY ON C-ELEMENTS

Figure 2 presents the functionality of a two-input C-element
using an extended state transition graph that considers the pos-
sibility of metastable transient states. A state is a combination
of input and output values. White circles represent states with
a stable output. Gray circles are transitory states, where the
output is going to change after some expected propagation
time tpd, even without any input change taking place. Finally,
black circles represent transitory metastable states, where the
component can remain for an unbounded time duration. In
both metastable transitory states the output is not at a defined
logic value. In fact, the output in these states remains around
a given (metastable) equilibrium voltage Vms. Lines without
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Fig. 1. The schematics for each of the analyzed two-input C-elements: (a) Martin, (b) Sutherland, (c) Van Berkel and (d) Moreira et al. Transistors have
minimum length (60 nm) and the widths are indicated in the picture.

a label in the graph of Figure 2 represent a possible change in
the output without a change on any input. In the analyzed C-
elements, stable states where inputs are equal (000 and 111)
are also called driven states because inputs force the output to
remain at a determined value. States where the inputs differ
(resp. 10- and 01-) are also called memory states, since the
output value depends on the value stored on the component
feedback loop, independent on the input values.
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Fig. 2. Extended state transition graph for a two-input conventional C-
element. A state is a combination of values for inputs A and B and for
the output Q. Input transitions are signaled as rising (↑), falling (↓) and
toggling (∼).

Starting from a stable state, two scenarios can lead to
metastability generation. These occur when either: i) two
inputs change in a short period of time; or ii) when a single
input glitches. For example, from state 010, if A switches, the
next state is transitory state 110, followed by stable state 111.
Assume however that while the component is in transitory
state 110, B switches. Then, the next state can be metastable
state 10M. Similarly, if during the same transitory state A
switches back to 0, the next state can be metastable state 01M.
These scenarios may occur due to the cross-coupled inverters
or similar structures used to generate memory states, present
in all evaluated C-element designs. Cross-coupled inverters
are explicit in the CMA design (see Figure 1(a)), formed
by inverters u1 and u2. The equivalent structures are not
evident in the other topologies, due to the interposition of
control transistors. In CSU, the u2 inverter is formed by m5-
m10 transistors and in CVB by m1-m10. In CMO, transistors
m11-m14 form inverter u1. As transistors which compose the
memory scheme of CSU, CVB and CMO are merged with
those that implement the C-element logic function, hardening
the component for metastability can impact the whole design.
In addition, the key idea to hardening a bistable element is to
keep its metastability resolution time constant τ small [15], to

reduce the time required to resolve the voltage uncertainty. The
next Section proposes modifications to harden the addressed
C-elements against metastability.

IV. HARDENING C-ELEMENTS FOR METASTABILITY

There is an agreement that it is possible to characterize the
susceptibility to metastability of a system using the mean time
between failures (MTBF) concept, often specified in millions
of years or more. In addition, the MTBF of a system considers
the MTBFs of all its component devices. The system MTBF
is typically smaller than the MTBF of any metastability-
susceptible device it contains.

A. Relevant Metastability Parameters
Computing the MTBF of a C-element can be challenging.

To address MTBF calculations in practice, this work relies
on MetaAce [16], a commercial tool from Blendics that can
measure metastability-related circuit characteristics. Note that
this is a professional tool that automatically generates a large
number of Spice-level descriptions with very small incre-
ments on metastability-related inputs, based on the bisection
method [17]–[19]. This guarantees a tight correlation with the
circuit finally fabricated and we can thus consider its results
highly reliable, as attested by industrial uses of MetaAce.

Equation (1) allows computing the MTBF of a synchro-
nizer [19]. Here, the MTBF of a C-element is calculated by
the same equation. tw represents the vulnerable window where
changes on the inputs can lead to some metastability scenario.
MetaAce replaces this term by an approximation that can
be computed deterministically. This approximation is defined
by the voltage-time gain gtv and the voltage to escape from
metastability ve which is ≈ 0.3V considering a 1V supply.

MTBF =
e(ts/τ)

twfcfd
, where tw =

gtv
2ve

(1)

All remaining parameters, on the other hand, are application
specific and must be provided by the designer. Accordingly,
fc is the sampling frequency, fd is the data frequency and ts
is the settling time, i.e. the time left for metastability resolve
to a defined logic level. Here, fc and fd represent the average
switching ratio of the C-element inputs. The τ parameter value
computation is particularly relevant, because changes in this
have an exponential influence in the MTBF.
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Fig. 3. Modifications including addition of the output inverter (inverter in black), transistor sizing (blue labels) and devices with low Vth (red labels).

B. C-elements Enhancement Proposal
As Equation 1 shows, the main way to enhance C-elements

against metastability is reducing the τ of the circuit. Keep-
ing it small basically involves the isolation of the cross-
coupled inverters from the rest of the circuit and reducing
the propagation delay of the component. For isolation, it is
possible to add an extra inverter to the standard circuit version
(named STD), which is responsible for driving the output load
connected to node P in any of the C-element schematics of
Figure 1. The transistors of the added inverter can be sized
properly, given the drive strength of the C-element, and its
output node can be called Q, while the previous Q node can
be renamed Q’. This paper calls this the INV modification.
Starting with the INV modification, it is possible to apply two
other methods to increase the cross-coupled inverters speed. In
the first method, called 2xW, the width of all transistors which
compose the cross-coupled inverters are increased by a factor
of 2 to boost the current through the transistor, leading to faster
switching. Also, this modification is problematic to CMA
during the occurrence of conflict in node P. The u2 inverter
must be weaker than the input transistors. In this way, for 2xW
modification it was necessary to increase W for transistors m1-
m4 by 1.4×, to make the new CMA work properly. In the
second method, called the LVt modification, all cross-coupled
inverter transistors are changed from standard Vt to their low
Vt version. Note that optimizations 2xW and LVt are applied
separately to evaluate their individual effects on the design.
A fifth version of modified C-elements is finally produced by
combining the last two versions (2xW and LVt), which is
accordingly named the ALL modification. Note that 2xW and
LVt started from the INV modification. Thus, ALL obviously
includes the INV modification.

C. Simulation Environment
All circuits were designed to the layout level using an STM

Bulk CMOS 65 nm technology. The ROGen tool, part of the
ASCEnD-A standard cell library design flow [20] automates
the process of cell sizing, while the Astran [21] tool of
the same flow enables the automatic layout generation for
each C-element topology. Layouts with LVt transistors were
manually edited, because Astran does not generate layouts
with mixed threshold voltages. Parasitic capacitances were
extracted with Cadence Virtuoso and the resulting circuit was
used to evaluate performance, power and susceptibility to

metastability figures. Area was collected from the layouts and,
since the layout generation is not a fully deterministic task, it
can vary a bit along the distinct modifications of the same
circuit. Performance and power figures were analyzed through
analog simulation using Cadence Spectre and metastability
was analyzed by the Blendics MetaAce tool, which internally
calls Synopsys HSpice and Matlab. In all experiments, circuits
had a fixed output capacitance load equivalent to a fan-out of
four (FO4). Note that metastability characterization needs to
be made with post-extracted Spice to yield accurate figures,
since delays related to the capacitance of the interconnections
are crucial when simulating metastability. Furthermore, we
evaluated metastability occurring from the item i) situation
described in Section III, where two inputs change in a short
period of time, because the tool currently does not allow
to model glitches. This limitation does not jeopardize the
generality of the analysis as these scenarios are just different
conditions to enter metastability states and do not interfere in
the recovery of the circuits from such states.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Table I presents the obtained figures, including metastability
parameters τ and gtv . It also shows the average values for
propagation and transition delays resp. tpd and tslew), energy
per operation edyn, leakage power pleak and layout area.
Considering the INV modification, it is observed a minimum
improvement of 21.7% in τ for the CVB design and a maxi-
mum improvement of 55.5% for CMO. Such improvements
come with a small cost in CMA, CVB and CSU, where
performance, power and area overheads are typically below
10%. In some cases, there are even small improvements. Still
considering the INV modification, the CMO design shows
significant overhead in terms of propagation delay. This is due
to the architectural modification done to ensure the output is
driven by a separate inverter, which added an extra level of
logic to the circuit. However, the loss of performance after the
INV modification can be reduced for all designs by running
ROGen again to resize the involved transistors.

The LVt design reduces τ around 17% compared to the INV.
In addition, it increases overheads due to the fact that adding
LVt devices increase the internal capacitances, compromising
tpd, edyn and pleak. Still comparing to INV, 2xW reduces
τ almost the same as LVt, except in the case of CMO. In

316



TABLE I
C-ELEMENT COMPARISONS.

C-Element τ gtv tpd tslew edyn pleak Area

Ref. Mod. (ps) (V/s) (ps) (ps) (fJ) (μW) (μm2)

CMA STD 25.71 12.0 53.35 30.96 7.90 0.52 4.16

CMA INV 14.83 23.0 51.70 27.44 10.70 0.51 5.20

CMA LVt 12.36 15.0 54.46 26.44 6.67 0.52 5.77

CMA 2xW 11.49 20.0 90.05 30.65 7.92 0.52 5.01

CMA ALL 9.63 21.5 88.49 30.34 6.26 0.55 5.64

CSU STD 28.99 22.0 44.82 26.83 8.37 0.47 5.72

CSU INV 18.70 26.0 47.79 27.11 6.70 0.50 6.76

CSU LVt 15.57 26.0 46.82 26.22 7.33 0.48 7.72

CSU 2xW 14.23 21.0 53.83 27.67 7.20 0.50 6.24

CSU ALL 12.06 24.0 52.01 26.31 6.98 0.50 7.08

CVB STD 30.07 11.0 37.15 25.95 9.36 0.49 6.76

CVB INV 21.19 22.0 40.36 26.73 12.20 0.53 8.32

CVB LVt 17.86 29.0 40.62 26.74 12.49 0.53 8.60

CVB 2xW 17.80 20.0 43.13 28.04 8.42 0.48 7.80

CVB ALL 16.68 15.0 43.66 28.09 9.87 0.47 8.63

CMO STD 40.86 13.0 40.09 27.79 7.94 0.48 7.28

CMO INV 18.20 8.9 73.25 26.38 7.22 0.48 8.32

CMO LVt 15.01 15.0 64.31 24.93 6.95 0.48 8.32

CMO 2xW 11.94 12.0 66.54 23.62 7.46 0.46 7.80

CMO ALL 9.96 14.0 59.13 22.85 7.92 0.45 8.22

this case overheads were also typically below 10% for the
evaluated designs.

The obtained results indicate a clear trade-off between
performance, power and area figures and the susceptibility
of C-elements to become metastable. Considering the dif-
ferent topologies without any optimization, it is possible to
infer that the CMA topology arises naturally as the most
suited C-element for metastability-sensitive applications, as
it provides the best τ values overall. Indeed, CMA always
presents a τ smaller than the other topologies for any of the
optimization options proposed here. However, it is important
to highlight that CMA is not the best choice for low power
applications [14] regardless its design simplicity. CMA is
substantially slower than e.g. the CVB design, the fastest
C-element topology [14]. Designers can explore the use of
topologies like INV, LVt and 2xW optimizations based on
their requirements.

VI. CONCLUSIONS

The article proposes a set of optimizations to reduce
susceptibility of typical and modern C-elements to enter in
metastable states. Results indicate that over 2× improvements
in τ are achievable in these designs, by adopting the pro-
posed optimizations individually, which have as consequence
improved MTBF values for C-elements. Moreover, as they are
independent from one another, the suggested optimizations
can be employed jointly to further optimize designs. The
paper advances the state-of-the-art in C-elements, and adds
possibilities to effectuate design space exploration of these
in real designs. This is of relevant to the electronics design
community, as C-elements are gaining relevance and being
employed in a variety of applications as reported in [3]–[5].
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