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Abstract— Control circuit in an asynchronous design is The rest of the paper is organized as follows: Section 2 reviews
comprised mostly of Muller C-elements. Previous work has related work; Section 3 introduces the asynchronous circuits
concentrated on power, performance, and area issues of various and Muller C-element and their soft error vulnerability is

CMOS implementations of the C-element. In this paper we ined in Section 4° Section 5 id . thods t
carried out a thorough soft error analysis of four popular CMOS examined In Section 4; Section 5 provides various me 9 Sto
implementations of the Muller C-element. It shows that SIL €nhance the soft error tolerance of Muller C-element. Finally

implementation has the best soft error resilience. Optimization we summarize our work in section 6.
techniques to improve the soft error resilience of C-elements are
proposed. Results show 2x improvements in critical charge by
using our techniques. Finally, analysis of power, performance, Il. RELATED WORK

and area tradeoff is carried out for the optimized C-element. Work in [7], [8] has dealt with the unidirectional and
asymmetric errors occurring in the asynchronous buses. They
use Error Detection and Correction (EDC) codes to de-
tect transmission completion, error occurrences and correct
W ITH technology scaling the clock signal reach-abilit¢hem. [6] shows the VLSI implementation of asynchronous
across the chip and clock power have become maj@écoder for unordered codes for DI communication. A more
issues in synchronous design. Asynchronous designs opefgisust EDC codes for DI and Semi Delay Insensitive (SDI)
without global clocks, and they display several advantages oygicuits is provided in [9]. The work presented in [5] deals
the synchronous design: there are no clock related skew@ith converting circuit errors and invalid tokens to deadlock
power issues; they offer average case performance; there argn@ also presents layout techniques to mitigate delay faults
global timing issues; they are less affected by technology apdQDI circuits. In [4] transient fault sensitivity of the QDI
process [1]. Currently, asynchronous designs are adoptedciftuits is analyzed using logic level fault models and circuit
various small and large circuits [2]. Asynchronous circuits aguplication is proposed to eliminate single transient faults.
broadly classified as Delay insensitive (DI), Quasi Delay Inn [5] the authors have used duplicated nodes along with
sensitive (QDI) and Speed Independent (SI) circuits [1]. ThegBuble checking to prevent Single Event Upset (SEU) in
Asynchronous circuits have unbounded gate delay assumptiQb|. Apart from the asynchronous design, Muller C-elements
which provides them with inherent tolerance to a broad clagge also proposed in synchronous design to protect flip flops
of delay faults. However, in certain cases, faults occurring gyainst soft errors by efficient usage of scan flip flops [23].
asynchronous circuits can have catastrophic effects due to fngvever, the Muller C-element itself is not protected against
event ordering constraints and might cause circuit failure aggft error in this design.
can sometimes lead to deadlock [3]. While all of the previous work has achieved fault tolerance
Another issue with technology scaling is the increasesl encoding the transmission channel or using circuit duplica-
vulnerability of the CMOS circuits to soft errors due tajon, we provide here with QDI circuit hardening techniques

particle strike [19] attributed to the decreasing voltage, nodadainst soft errors without any duplication or encoding.
capacitance, and high density of devices. Soft error toler-

ance schemes at device, circuit, architecture and algorithm

levels have been extensively researched for clocked systems ) ] o
[22], [23]. In comparison, transient fault sensitivity of asyn- “ccording to the underlying timing models, asynchronous
chronous circuits has been sparingly researched. circuits can be classified as Huffman Circuits where the

Control circuit in an asynchronous circuit is comprised€!2y of gates and wires are bounded, delay insensitive cir-
mostly of Muller C-elements [11]. In this paper, we present @it where the delay of gates and wires are unbounded,
soft error analysis of C-elements in asynchronous circuits ange€d-independent circuits where gate delays are unbounded

propose methods to harden these circuits against soft errG2d wires delays are negligible compared with gate delays,
and quasi-delay insensitive (QDI) circuits which assume un-

This work was supported in parts by grants from NSF career 0454123.bounded gate and wire delays with isochronic forks. Among

I. INTRODUCTION

IIl. ASYNCHRONOUSCIRCUITS



these design styles, QDI circuits have unique advantages ir

that they make the least timing assumptions (no gate and wire

delay assumptions) on the implementation while the circuits 4
b

function correctly in a wide range of operating environment

with variations [10]. 8
Since there is no clock in asynchronous designs, the syn- .

chronization between the sender and receiver is controllec

by some handshaking protocol [11] as shown in Figure 1a.”

The handshaking protocol can be implemented in either two-

phase or four-phase. A timing diagram for the four-phase

handshaking protocol is shown in Figure 1b. @) (b)
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Fig. 1. (a) Asynchronous communication. (b) 4-Phase handshake protocol.b ﬁ b ﬁ 2 ® F b
The Muller C-element [11] is a fundamental circuit element ° % * T =

widely used for control synchronization in asynchronous de-
signs. In general, a C-element is a state holding circuit which is
transparent when all its inputs are equal, and holds the previou. =

output otherwise. Table | shows the truth table for a 2-input (© (d)
Muller-C element. Fig. 2. (a) SC, (b) SIL, (c) MSIL, (d) SS.
Input 1 Input 2 | Output
0 0 0
0 1 Prev-output Figure 3 shows a snapshot of the C-element with injection of
1 2 i’re"'OUtp“t the negative spike at node 'c’ and the transient voltage caused
by this current spike. By varying the peak of this waveform
TABLE | we try to find the minimum height for an error to appear at
TRUTH TABLE FOR MULLER-C ELEMENT the output of the C-element.
vdd
Since C-elements are so important in asynchronous design, 1 —
we study their sensitivity to particle strike, and discuss the > \
optimization techniques to increase their soft error tolerance. a % @ 2
e

In this paper, four static single rail C-element implementations . %
referred in [13] are taken for analysis as shown in Figure 2.

Figure 2a shows one of the C-element implementation
with conventional pull-up and pull-down circuit followed in
[16]. Figure 2b shows the C-element implementation with an
inverter latch [15], and Figure 2c with a modified inverter
latch. Finally Figure 2d shows a C-element implementation
with a symmetric topology as in [14].
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IV. SOFT ERRORANALYSIS AND RESULTS Fig. 3. Soft Error Injection.

The nodes which are taken for soft error analysis A€ he minimal amount of charge necessary to create a bit flip

numbered as shown in Figure 2. The patrticle strikes at these, . . e
. : he output is called critical charge or Q-critical @F; ).
nodes is modeled as a double exponential current source | e
re we observe bit flip at the output of the C-element namely

with a fast rise and a slow decay characterized by equatlonC when itis in state zero and a = high and b = low. Tie .,

as shown in Figure 3. for SC, SIL, MSIL and SS are measured at 45, 70, 100, 130
() = « ( =t ?Tt) 1) and 180nm technology using Berkeley Predictive Technology
= fpeak X (€70 T € ), Model [20]. Figure 4a shows th@...;; at node 1 when the C-

Where I,eqr = TL_R, and @ is the charge collected dueelement is in state zero. Drastic reduction@q,;; evinces a
to particle strike.r, andr, are ion-track establishment timeneed for higher SEU tolerant design in the future technologies.

constants respectively. We observe bit flip at the output of the C-element namely
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Fig. 4. (a)Qcri+ at node one, ()..;; for C-element when node c is in
state zero, and (c) and node c is in state one.

'c’ when it is at state zero and one. We compare only the
Q¢ at nodes 1, 2, 3, and c, since they are common to all
implementations. Figure 4b ( 4c) shows the,.;; for each of Fig.5. (a) SIL with modified keeper circuit, (b) SIL with explicit capacitance
the nodes when the C-element stores a zero (one) in 70nrat ode 3, (c) SIL with explicit capacitance and stack nodes.

We observe that for all the nodes except the output node
'c’, the Qi for SIL is more than 1.5 times as other imple-

mentation. This analysis gives a relative comparisoof;; normalized over the un-optimized SIL. Figure 5a shows the

for different implementations of the C-element, and helps Vesults for SIL circuit with modified keeper circuit. THg.,.;;

p.'Ckmg up a'des',lgn which will obtain maximum benefits frorr\1/aIues are doubled at all nodes except at the output node 'c’
circuit optimization for soft errors.

as expected. Thé)..;; at node ¢ decreases by 10% when it
is at high. Improvement id)...;; at Nodes 1 and 2 are due to
V. OPTIMIZATION TECHNIQUES sized up transistor as mentioned before. Improvement at node
3 is attributed to sizing up of the transistors and also due to

This section presents 3 optimization techniques applied §o, pcg memory cell which adds four gate-capacitances to
the SIL circuit. The SIL circuit contains a keeper circuit afoqa 3

the output to hold the previous value. The first technique is to
modify the keeper circuit in this C-element in a way as shown 250
in Figure 5a. This new keeper circuit implementation is similar 200
to that in a SER tolerant SRAM called DICE memory cell [17].
Here the transistors taking inputs 'a’ and 'b’ are sized up to
twice the normal size to drive the DICE cell.

The second and the third techniques are inserting explicit node 1 node2 node 3 node o
capacitor at the sensitive node to increase the resilience to ()
SEU. A capacitor is formed by connecting both the drain % Bnode =0
and the source of the NMOS (PMOS) to GND (VDD), as £i% srode et
explained in [21]. This capacitor can be connected to the it
SER susceptible node to increase the node capacitance. Ce@ﬂgf
level explicit capacitance insertion technique has been studie31§§
in [21]. Node capacitance is formed by connecting NMOS and node 1 node2 node3 nodec node1 node2 node3 nodec
PMOS capacitance in parallel to the SER susceptible node as (b) (©)
will be explained in techniques two and three. Fig. 6. Qcrit for (a) SIL with modified keeper circuit, (b) SIL with explicit

In the second technique we implement SIL with an explictpacitance at ode 3, (c) SIL with explicit capacitance and stack nodes.
capacitance introduced at node 3 which is the most critical
node, since it has the leagt.,; among other nodes as seen Results for the SIL circuit with the explicit capacitance
from Figure 4b and 4c. Figure 5b shows the SIL with thinsertion are shown in Figure 5b and 5c. Figure 5b shows
explicit capacitance enclosed in circle. a 3-8% improvement in th@...;;. Figure 5¢c shows the results

In the third technique we implement SIL with the stacketbr the SIL circuit with the stacked nodes and the explicit
nodes in the feedback inverter in the latch along with theapacitance. Here we actually observe that@hg,; at nodes
explicit capacitance in the stacked nodes and node 3 as shdw? and 3 decreases.
in Figure 5c. This decrease i)..;; at nodes 1, 2 and 3 is due to the

Figure 6 shows th&).,.;; for nodes in the optimized SIL
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increase in the sensitivity of the latch to writing 0/1. Weédardening techniques to improve the soft error resilience of
observe that the 0/1 writing time for the latch in this CC-elements were analyzed. SIL implementation with DICE
element decreases 50-66% compared to 0/1 writing time fmemory cell was shown to have higher soft error resilience.
the SIL implementation in Figure 2b. The node 'c’ shows 20%esults show 2x improvements iQ..;; for our proposed
improvement due to additional 2 gate capacitance at the outpathniques with 1.5X power and 2.15X area overhead and 10%
compared to SIL implementation in Figure Zb.,.;; for nodes performance overhead on average.

4 and 5 (for the SIL circuit with the stacked nodes and the

explicit capacitance) are not shown in Figure 5c as they aren't REFERENCES
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