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A B S T R A C T

Space radiation interacting with electronic components of on-board computing or navigation unit can bring to it's
malfunction. Using error tolerant electronic components is a key factor ensuring safety of Space missions. The
Muller C-element is one of the main part of the asynchronous circuits and also can be found in synchronous ones.
Being sequential by its nature, it is vulnerable to single event upsets. We propose three CMOS circuit imple-
mentations of a soft error tolerant Muller C-element, whose tolerance is achieved by using of the well-known
DICE-principle and is proved by SPICE simulations.

1. Introduction

The effect of Space radiation on flight programs safety were widely
discussed in the recent years [1,2]. The problem of Space flight safety
relies heavily on the reliability of on-board electronic devices and their
protection from radiation effects [3,4]. The present paper is aimed at
developing electronic components being tolerant to errors generated by
high energy particles.

Asynchronous circuits is a rapidly developing field in digital logic
design. The great interest to the asynchronous logic is caused by its po-
tential advantages in high-performance and low-power applications.
High-performance asynchronous pipelines have been used in commercial
chips of industry leaders such as IBM, Intel and Sun Microsystems [5].

Synchronous circuits have intrinsic drawbacks arisen from two major
assumptions they are based on: all signals are binary and time is discrete
[6]. Such an approach dramatically simplifies the designing process but
imposes constraints on the digital systems and leads to a some stubborn
timing problems when a circuit becomes large and complex. Asynchro-
nous techniques remove the second assumption, and therefore can
overcome the drawbacks referred to it.

Modern synchronous designs employ one or more clock signals to
control the data transfer. Such systems may contain hundreds of thou-
sands or even millions of clocked elements. With the technology scaling,
the clock distribution networks become extremely complicated, suffer

from large chip area, high power consumption and such timing problems
as skew and jitter. For example, in present-day synchronous VLSI the
consumption of the clock-related circuits may be up to 60% of the total
chip consumption [7]. Since the asynchronous circuits do not employ
clock signals, they are free from the clock related timing and power is-
sues, but they have their own disadvantages as well.

Asynchronous control logic uses the handshaking between the circuit
components to perform synchronization, communication, and proper
operation [8]. This technique normally represents an overhead in terms
of occupied area, performance and power consumption, and therefore
the asynchronous design style is not always better than synchronous one
in the sense of a circuit performance. Another major problem is a lack of
Computer Aided Design (CAD) tools and the absence of needed basic
components in a typical standard cell libraries. One of such components
is the Muller C-element [9], which is used by most handshake protocols
and is thereby a fundamental primitive for asynchronous circuits [10,
11]. This element is sequential by its nature and thus it is vulnerable to
single event upsets (SEU). SEU occurs when a charged particle (a proton,
alpha-particle, heavy ion, etc.) strikes a sensitive volume of the inte-
grated circuit. As the result, radiation-induced electron-hole pairs sepa-
rated by the electric field appear there and the excess charge induces a
current pulse, which can invert the state of the sequential element.

Increasing number of researches focuses on asynchronous circuits
and, specifically, on the Soft Error tolerance of C-elements [12–17].
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Furthermore, a Radiation Hardened by Design (RHBD) 8-bit microcon-
troller was presented in 2015 [18]. Our paper describes in details circuits
of three complementary metal-oxide semiconductor (CMOS) imple-
mentations of SEU tolerant Muller C-elements first presented in the
conference paper [19]. The tolerance is achieved by the application of a
well-known DICE principle [20] to the unhardened CMOS C-element
implementations. The DICE principle makes all circuits sensitive to SEU
only when a charged particle strikes two or more sensitive nodes. The
effectiveness of the proposed circuits is proved by SPICE simulations with
a commercial bulk 65 nm CMOS process design kit models.

Generally speaking as our work focuses on pure schematic approach,
which is independent of particular technology, SPICE models for verifi-
cation can be selected arbitrary. We choose bulk 65 nm CMOS process
design kit (PDK) just because we used it in our previous work [21] and
have well-tuned simulation environment.

This paper is organized as follows. Section 2 describes the Muller C-
element, its usage in asynchronous circuits and conventional CMOS
implementations. The DICE-principle and previously proposed DICE-
based solution for the C-element are described and discussed in Section
3. Three proposed soft error tolerant CMOS implementations of the C-
element are described in Section 4. The simulation method is discussed
and simulation results are presented in Section 5.

2. Muller C-element

TheMuller C-element is a state-holding gate, whose truth table for the
two input case is shown in Table 1. It is transparent when its inputs A and
B are equal, and otherwise it is hold the previous output state. The
importance of this gate for asynchronous circuits briefly illustrated
below.

Fig. 1 shows a circuit known as a Muller pipeline, or a Muller
distributor. The C-element in the figure denoted as gate with letter “C”.
Variations and extensions of this simple circuit form the control part of
almost all asynchronous circuits [8,22]. TheMuller pipeline function is to
relay handshakes. Ack and Req in Fig. 1 are for “acknowledge” and
“request” correspondingly, C[i] is the control signal for the i-th pipeline
stage and, at the same time, the request signal for the ðiþ 1Þth stage and

acknowledge signal for the ði� 1Þth stage. One could say that C[i] is a
local clock.

There are many possible handshake protocols, but most common are
the bundled data and the dual-rail protocols. Also the both protocols can

be implemented to realize the handshake in two or four phases. In the
bundled data protocol, separate request and acknowledge signals are
bundled with the data signals, which use normal boolean levels to encode
information. The Muller pipeline comprising C-elements on the figure
above is a simple example of the bundled data protocol (datapath not
shown). The dual-rail protocol encodes the request signal into the data
signals that use two wires per bit of information. In the dual-rail protocol,
C-elements are used to extract the request signal from the data.

Though the C-element can be build up by means of gates from stan-
dard cells library, it is poorly implementation in a sense of timing, power
and occupied area. Therefore CMOS implementation is always prefer-
able. Three conventional CMOS implementations are depicted in Fig. 2
[10,11,16,17]. The first CMOS implementation of the C-element shown
in the Fig. 2a uses an inverter latch. The second circuit shown in the Fig.
2b is a conventional pull-up/pull-down CMOS implementation of the
C-element. The third circuit of the C-element shown in the Fig. 2c is an
implementation with a symmetric topology. Similarly to [11,16] we will
use following abbreviations to refer them: SIL (Fig. 2a), SC (Fig. 2b) and
SS (Fig. 2c).

One can see that all the considered C-elements CMOS implementa-
tions use the standard memory cell for holding the state. The memory cell
in each circuit implemented with the cross-coupled inverter latchmarked
(MN1, MP1) and (MN2, MP2) in the sub-figures of Fig. 2. Let us consider
the circuits in more detail.

The SIL circuit (Fig. 2a) consists of a tri-state inverter (IN1, IN2, IP1,
IP2) and a memory cell (MN1, MP1, MN2, MP2). The (MN2, MP2) part of
the memory cell is usually designed “weak”, which means that it is
formed by the long channel devices. When the input signals A and B are
at the same logical state the tri-state inverter acts just as a normal inverter
and the inverter (MN2, MP2) does not affect the circuit functional
operation because it's drive strength is lower than the drive strength of
tri-state inverter, though it degrades the circuit performance. Thus the
whole circuit operate as a buffer. When the input signals A and B are in
the different logic states the tri-state inverter is in high-Z state and
inverter (MN2, MP2) is active. In this case the circuit transforms to the
memory cell which consist of cross-coupled inverters (MN1, MP1) and
(MN2, MP2). Thus the circuit operates as a memory cell and holds pre-
vious output value.

The SC circuit (Fig. 2b) consists of a memory cell (MN1, MP1, MN2,
MP2), a tri-state inverter (IN1, IN2, IP1, IP2) and switches SN1, SN2, SP1,
SP2. When the input signals A and B are at the same logical state the tri-
state inverter acts just as a normal inverter and the switches disconnect
the (MN2, MP2) part of the memory cell from power or ground rail
depending on the logical state of the input signals. Thus the circuit is
transparent. When the input signals A and B are in the different logic
states the tri-state inverter is in high-Z state and the switches connect the
(MN2, MP2) part of the memory cell to power and ground rails, thus
forms the memory cell (MN1, MP1, MN2, MP2). The circuit operates as
the state-holding gate. The sizes of (MN2, MP2) can be reduced to
decrease the capacitance of the circuit's output. It will increase the speed
of the SC circuit.

The SS circuit (Fig. 2c) consists of a memory cell (MN1, MP1, MN2,
MP2) and switches SN1-4, SP1-4. When the input signals A and B are at the
same logical state the (MN2, MP2) part of the memory cell don't affect
circuit operation because one of its transistor turned on but has zero drain-
source voltage and the other turned off. The (MN1, MP1) part of the
memory cell forms inverter which is driven by two parallel inverters
formed by the switches. The circuit acts as a buffer in this case. When the
input signals A and B are in the different logic states a half of the switches
are turned off and other half connects (MN2, MP2) transistors to the power
and ground rails as an inverter. In this case the circuit acts as a memory cell
formed by inverters (MN1, MP2) and (MN2, MP2). Similarly to the SC
circuit, one can reduce the sizes of (MN2, MP2) to increase the speed.

Since all considered CMOS implementations of the C-element use a
memory cell formed by two cross-coupled inverters, the approach of
increasing the soft error tolerance can be the same as for memory cells.

Abbreviations

CAD Computer-Aided Design
CMOS Complementary Metal-Oxide Semiconductor

(technology)
DICE Dual Interlocked CEll
PDK Process Design Kit
SEU Single Event Upset.
SPICE Simulation Program with Integrated Circuit Emphasis
RHBD Radiation Hardened By Design
TCAD Technology Computer-Aided Design
VLSI Very Large-Scale Integration (circuit)

Table 1
Muller C-element truth table.

A B Qi

0 0 0
0 1 Qi�1

1 0 Qi�1

1 1 1
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