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Abstract

This paper investigates the inherent totally self
checking (TSC) property of ome type of dynamic
asynchronous datapath based on Differential Cascode
Voltage Logic. (DCVSL). As a result, a totwlly self
checking dynamic-asynchronous datapath architecture is
proposed. It is simpler than other similar approaches and
represents a new approach to fault tolerant design.
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1. Introduction

A totally self-checking, TSC, circuit is a circuit that
has self-test and fault-secure property for a normal input
set N and faulty set F [1]. A TSC circuit should consist of
a TSC functional part and a TSC checker. The inputs and
outputs of the functional part are encoded using some
suitable codes. The checker checks for code words at the
outputs. If a non-code word is found, an error is indicated.
In addition, a fault produced by a checker itself should
also be detected. With the above characteristic, a TSC
circuit well meets the requirements of online testing,
where a fault, which is cither permanent or transient, can
be readily detected if the fault causes circuit malfunction.

It is known that delay insensitive circuits, one type of
asynchronous control circuits, have the inherent self-
check properties, that is all circuit activities cease (dead
lock) with respect to single and multiple stuck-at faults at
gate outputs [2,3,4). Some authors have also showed that
single stuck-at, stuckclosed, and stuck-open faults in
most transistors of any Differential Cascode Voltage
Logic (DCVSL) circuits result in either correct values or
in loss of complkmentarity at outputs [5).

Typically a concurrent error detection asynchronous
datapath with DCVSL computation block uses a TSC
dualrail code error indicator to check error from DCVSL
computation blocks, and a non TSC RC time -out counter
at cach computation stage to indicate any asynchronous
control deadlock error [6]. However this scheme is
inefficient because the use of non TSC RC time-out
counter in every pipeline stages will lead to (1) large
silicon. (2) TSC goal can not be achieved.
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This paper, on other hand, proposcs a highly efficient
TSC asynchronous datapath scheme with only one TSC
dualkrail code error indicator at its final stage. In other
words, according to the new scheme, a TSC asynchronous
datapath with DCVSL computation block can be achieved
simply by adding a dualrail code error indicator at its
final computation block.

2. TSC Dynamic Asynchronous Datapath

In a TSC synchronous circuit, input and output are
coded as code words. If there is effective fault exists in
the circuit, the circuit will output a non-code word that is
distinguishable from the fault free circuit that outputs a
code word.

Delay insensitive circuits have inherent TSC ability
because they will deadlock with respect to single and
multiple stuck-at faults at gate outputs. That is the
presence of stuck-at faults may cause the circuits leave
their normal cycle of states into a deadlock state. Here
the conventional code words and non-code words are
replaced by the circuits’ valid states and deadlock states.
Further studies on properties and relations among these
valid states and deadlock states, we found that the special
deadlock property of a Latch-Free Dynamic
Asynchronous Datapath (LFDAD) is well suited to
implement TSC design.

2.1. Latch-Free Dynamic Asynchronous
Datapath

DCVSL circuits have two interesting behaviors. (1)
During the precharge phase, input data has no effect on
the output value. That means, no matter what value of

data appears at the input lines, the outputs (F and F )
will be precharged to low. (2) During the evaluation
phase, DCVSL gate begins ¢valuation as soon as the
input data are valid (01 or 10). When the input data are
not valid (00), the DCVSL gate remains at the precharge
state.

These two behaviors lead to two advantages of -e
dynamic asynchronous pipeline over it static counterpart,
namely latch free and simpler handshake protocol, and
readiness to implement a TSC scheme.
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A LFDAD can work in the following fashion. First,
after initialization, a current stage is allowed to go into
the evaluation phase and remains in the evaluation phase
(Hold) until the next stage has finished evaluation.
Second, the current stage goes into the precharge phase
when the next stage finishes evaluation, and ends the
precharge phase when the second next stage finishes
evaluation.

The handshake cell is a domino-style logic cell, see
Figure 1. Figure 2 shows its timing diagram.
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Figure 2: Operation Phase of the Handshake Cell

In Figure 1 and Figure 2, C1, C2 and C3 are
completion signals from stagel, stage2 and stage3 of a
pipeline respectively, C3_N is the compliment of C3.

The operation of a pipeline stage is divided into 2
phase that include 3 steps: Evaluation phase, which
includes Enable & Evaluation and Evaluation Hold two
internal steps, and Precharge phase. In the Enable &
Evaluation step, the current stage processes the valid data
st the input. After the current stage has finished the
evaluation, it will enter the Evaluation Hold step. In this
step, the input data may become invalid but the output
should be held for the whole Enable & Evaluation step
for the next stage. Afier that, the current stage will enter
the precharge phase that is necessary for DCVSL. Up to

now the cumrent pipeline stage has completed one
complete cycle and goes into Enable and Evalustion step
of next cycle waiting for a new valid data to appear at the

Comparing with the handshake arrangement of
Williams [7), this handshake cell is faster due to its
protocol that allows he precharge signal be removed
before the arrival of a valid data. Comparing with the
handshake amrangement of Matsubara’s [8), although
both protocols allow the precharge signal be removed
before the arrival of a valid data, the handshake cell is
faster due to its simplicity. And more importantly, this
handshake protocol is robust because it has no timing
assumption that make it readiness to TSC implement,
while Matsubara’s pipeline has to satisfy the precharge
width requirement. i
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Figure 3: Signal Graphs of Different Handshake Cells

Figure 4 shows the implementation of a pipeline

using the handshake cell. Each pipeline stage

composed of a dynamic DCVSL function block,
completion detector and handshake cell. The completion
detector indicates validity or absence of data at the

outputs of the associated function. Each pair of data
checked by an XOR gate, and then uses a Celement
generate the final completion signal.
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Figure 4: Structure of the Pipeline
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2.2. Inherent TSC Abilities on LFDAD

To achicve concurrent error detection in a typical
asynchronous datapath with DCVSL computation block,
the most conventional method is treating them as two
parts, using 8 TSC duslrail code error indicator to check
error from DCVSL computation blocks, and a non TSC
RC time-out counter at handshake circuits of each
computation stage to indicate the asynchronous control
deadlock error-[6]. But the use of non TSC RC time-out
counter will lead to both large silicon and TSC goal can
not be achieved,

Each pipeline stage of the LFDAD showed in Figure
4 has the following special properties. (1) Work in cycles
consisting of three sequential steps, they are Enable &
Evaluation, Evaluation Hold and Precharge. Enable &
Evaluation carries out computation according to input,
Evalustion Hold keeps the output when next stage
carries out computation, and then it goes into the
precharge step. (2) A Fipeline stage is one step lagging
behind its former stage or one step in advance of its later
stage. (3) For each pipeline stage an effective error in its
completion signal has no influence on its later stages’
control signal, sec Figure 2.

The combinéd effect of these behaviors is: if a stage
has an effective error, its following stages will continue
to work until they reach the same phase as the error
stage. This is the very property to be used to simplify the
TSC scheme of LFDAD.

Explore in more detail, we found that: (1) If the error
stage is in the Precharge phase, because a DCVSL circuit
in the precharge phase does not respond to any input
data, its following stages will continue to work until they
also finish the precharge phase. (2) When the error stage
is in the Evaluation phase, its following stages will
continue going to the evaluation phase. Because in the
evaluation phase, DCVSL gate begin evaluation as soon
as the input data arc valid, if its former stage cannot
finish evaluation, the following stages remaining in the

precharge phases.

Thus we can conclude that for those effective errors
cither in the evaluation phase or in the precharge phase,
their ultimately effects are leaving its following stage in
the precharge phase. This conclusion applies to stuck-at,
stock-closed, and stuck-open faults in most transistors of
any DCVSL circuits and stuck-at fault handshake control

So, to implement 8 TSC LFDAD, the only thing we
need to do is adding a TSC dual-rail code checker at its
final stage.

2.3. A TSC Scheme for LFDAD

Figure 5 shows a proposed top-level structure of a
TSC LFDAD. The TSC dualrail checker can be a
multiple input dynamic dual-rail XOR gate. The circuit
works in this way: if the acquired output is correct, the
data-checker outputs a dual-rail signal, otherwise if the
acquired calculation output is not correct, data-checker
outputs either a 00 or 11 signals. Or, if the pipeline has
been stopped, the error-indicator pair will signal 00.

Figure S: Top Level Structure of the TSC FLDAD

2.4. TSC Analysis of other Similar Approaches

For dynamic asynchronous datapath design, two
approaches are popular. One is traditional latch based
design [6], and the other is latch free design [7,8,9].

An error detection scheme for a latch based design is
demonstrated in [6]. In this scheme the whole datapath is
treated as two parts, computation block and control
block. A TSC two-rail code error indicator is used to
check error from DCVSL computation blocks, and a non
TSC RC time-out counter at cach computation stage’s
handshake circuits is used to sjgnal the asynchronous
control deadlock error. But the use of non TSC RC time-
out counter will lead to both large silicon and TSC goal
cannot be achieved.

The TSC LFDAD design introduced in this paper
belongs to latch free type design. In this approach,
because of the exceptional indication of its deadlock
state, the TSC goal can be efficiently realized by adding
a TSC dual-rail code checker at its last stage.

]FFF“U‘@

COMPUTER
SOCIETY

Proceedings of the 11 th Asian Test Symposium(ATS’02)
1081-7735/02 $17.00 © 2002 IEEE



For other schemes of latch free approach, no TSC
schemes have been proposed. But for those schemes that
have made timing assumption in their handshake
protocol design, such as [9], the TSC goal may be hard to
realize.

3. A Design Case Study

This section presents a highly efficient 8bit TSC
asynchronous divider design. This design aims at
verifying the feasibility and the hardware efficiency of
the proposed TSE scheme.

Using the TSC scheme proposed, an 8&bit TSC
asynchronous divider has been designed. Figure 6 shows
the top-level structure of the TSC asynchronous divider
with a dual-rail code checker.

To check duakrail code, a dynamic dual-rail code
checker (DDCC) is added at the output of the last stage.
Its circuit is showed in Figure 7. The output (Z,Z ) are
complementary if all of the input pairs are
complementary, and if any input pair is 0,0 or 1,1 the
outputs (Z, Z ) take on that same value. If the circuits
have stop working, the outputs (Z, Z ) will be kept in 0,0.
Note that the DDCC itselfis TSC.
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Figure 6: Top Level Structure of the TSC Divider

I
,e =
o S BV s

Y T R ST

- — Ny -
&y ey ....."
[ ]

2 S
- lJ
Figure 7. Dynamic Dual-rail Data Checker
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The DDCC showed in Figure 7 is actually an 8bit
dynamic dual-rail XOR gate. In layout implementationn,
we can compose it by using seven 2-input dynamic dual-
rail XOR gates.

4. Results

We implemented an 8-bit TSC asynchronous divider
using AMS CMOS 0.6um technology. The chip size is
about 1.66mm x.1.70mm. The design was simulsted with
SPECTRA in typical conditions. Simulation result shows
that the TSC asynchronous divider works with a clock
period of 8.5ns, (about 117 MHz), and the latency for 8-
bit quoticnt-digit generation is sbout 1908 (sbout 52.6
MHZ). Figure 8 shows the simulation result of: (a)
Local clock signal from eight stages. (b) Completion
signal from eight stages. (c) Computation results of the
divider. (d) Results from DDCC.

The manufactured chip was tested with IMS X1-60
Logic Master. The test results show that if the acquired
quotient is correct, the DDCC outputs a dual-rail signal,
otherwise if the acquired quotient is not cosrect, DDOC
outputs cither a 00 signal or 11 signak. Or, if the TSC
divider has stopped, the dual-output pair will signal 00.

5. Fault Simulation

To perform fault simulation two tools are needed, one
is pattern generation tool, and another is fault simulation
tool. Right now, prevailing commercial simulator are
designed for static synchronous circuit under permanent
fault model, while we want a fault simulation tool used
for dynamic asynchronous circuit under transient crror
model. Because of this reason, this paper mainly relies
on the analysis to validate the TSC ability of the dynamic
asynchronous datapath, fault simulation is done manually
only on some sclected error. The selected errors are
chosen for their representativeness according to:

1. inserted errortype: Oor 1,

2. emror location: control signal or data signal,

3. error instances: before or afler completion signal
generation.

The error is added to an error point through a XOR
gate, showed in Figure 9.
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Figure 9: Error Insertion Point
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Error with 10ns duration time is inserted in &
simulation cycle operated for 45ns. The sclected
mimtmmgivefonrkinds of results. They are: (1)
Enorhasnoeffectroncimﬁt.a)!irmbewlanwdby
circuit. (3) Error leads 10 delay of signal, however the
circuits still work comrectly becausc they are delay-
insemitive.(-t)Brmbcdemted.

Withmeabq?ecxpetiment,weeonﬁmdmthe

TSC LFDAD scheme is sccure against delay
errors. It functions correctly under delayed signals
caused by the transient crrors, whereas in synchronous
circuits, the delay faults will lead to circuit malfunction.

6. Conclusion

This paper analyses the inherent TSC abilitics of
LFDAD, proposc & comresponding TSC scheme. In
addition, the proposed TSC structure is verified by a
TSC 8-bit asynchronous divider design.

The fact that there is no undetected errors be found in
the simulation and mecasurement indicate that the TSC
ability of this type of design approach is sound.

7.  Acknowledgement

Theworknpmdismpponedbylﬂongxong SAR
government RGC, carmarked grast no. CUHK
417297E.

8. Reference

(1] John Wakerly, “ Emor Detecting Codes, Self-
i Circuits and Applications”, Elsevier
North-Holland, Inc., 1978.

[2] P. Beerel and T.Y. Meng, “Semi-Modularity snd
Testability of speed-independent Circuits”,
Integration, TheVLSL., Vol. 13, Sept, 1992.

3] V1 Varshavky, editor, “ Self-timed Control of
Concurrent Processes, Kluwer Academic Publishers,

Dordrecht, The Netherlands, 1990.
(4] Michael J. Licbeit, and Neil Burgess, “Detecting
_ Exitory  Stuck-at Faults in  Semimodular

Asynchronous Circuits”, [EEE Transaction on
Computers, VOL.48. NO.4. April 1999.

(5] Nick Kanopoulos and Nagesh Vasanthavada,

“Testing of Differential Cascode Voltage Switch
S) Circuits”, IEEE Journal of Solid-State
Circuits, Vol. 25, No. 3, June 1990.

[6) Divid A. Rennels and Hyeongil Kim, “Concurrent
Emor Detection in Selftimed VLSI”, FTCS-24,
Austin, Texas, June 15-17,1994.

[7] Jing-Ling Yang . Chiu-Sing Choy, Cheong-Fat
Cheong, “A Self-Timed Divider Using a New Fast
and Robust Pipeline Scheme”, IEEE journal of Solid
State Circuits. Vol. 36, No. 6, JUNE 2001.

(8] Ted E. Willams, Mark A. Horowiz, “A Zero-
Overhead Sclf-Timed 160-nas 54-b CMOS Divider”,
IEEE Joumal of Solid-State Circuits, VOL.26,
No.11, pp. 1651-1661, November 1991.

[9] Gensoh Matsubara, Nobuhiro Ide, “A Low Power

Zewo-Overhead  Self-Timed Division and Square

Root Unrit Combining a Single-Rail Static with a

DualRail Dynamic Circuits”, Proceedings of the

Third International Symposium on Advanced

Research in  Asynchronous Circuits and

System,1997, pp.198-209 ,

Tronsient Respores [ ]
an 3 AVl
A
o o AtVe? . .
d‘! U 3 A u u - u e u 5
s ot AnApS

e AL AN

Py hsm

(v)

. (v}

(v)

:wll VAT AT
‘_..nnwo

S Wl A\
‘-“uw .
S W ALCALCACAL AL
. e SAveR |
TG AL AL AL
-‘.nm‘ .
--...W%C}QQ

(s) Clock Signal of each of the Eight Stages
& N AVEe

“ AN g

o st ATVIBRTY

(v)

()

s o Alvias

> Wb AL A AL LM,
a9 o AVEAS
2 0 S 0 W O o gy

Dol S e 1 o W o W e T

(v
1)
<
E “

(vy (v
[ )
s &

(v}

”.&-(-)”'

(b) Compietion Signal from Eight Stages

nfr,r

COMPUTER
SOCIETY

Proceedings of the 11 th Asian Test Symposium(ATS’02)
1081-7735/02 $17.00 © 2002 IEEE



. ottt Rusperae [ ] -~ ‘%
ot AN N b K
s 0 [ M. r “
- At >
s o N g S oy >
=< "
- ARN .
: : [ - [ - : R — :
e T . B = e
- - N 8
vz RN .
s 4 B S o WY "
- - - 9
el B B iy [ cw
- - »
. amem =t AL . . (Y] -
..-1.-""' =iz * R XSt e
‘ Douiodt Roponms : ] - C Tem(e)
ap : ARN :
2 1 -
: -
s 0 I L () Outputs from DDCC
s T h A i imulation Result of SPECTRA (on}
2 = b4 FVLIUSR AT ST . - Figure 8: The Simulation Result o (only part
- M AT . of waveform is showed)
s o B oy O o O O o
amn .
s v N IR s B
~
s 2L 1 » [
o mmeAr 1 -l
LASFSSY sovvrovorn Lo A LS 9
Y o AP »
e (o) :
(c) Computation Results of the Divider
Proceedings of the 11 th Asian Test Symposium(ATS’02) C(]SFIL/IP‘UQTER
1081-7735/02 $17.00 © 2002 IEEE SOCIETY



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


