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Abstract

In this paper, an asynchronous TSC 1-out-of-3 (1/3) code
error indicator is introduced that memorises erroneous
1/3 code inputs {000, 011, 101, 110, 111} with time
duration greater than a discrimination time T. Such an
error indicator is wused to discriminate transient
erroneous 1/3 code inputs from real ones as well as to
detect not only faults that cause logical errors but also
delay faults (short or long) that alter the circuit delay
outside its specified limits (upper or lower bounds)
without causing logical errors. To our knowledge, our
error indicator is the first TSC 1/3 code error indicator
proposed in the open literature.

1. Introduction

Due to the high complexity and density of VLSI chips the
vast majority of errors arc transient or intermittent.
Concurrent error detection is mandatory for detecting
such errors, mainly in critical applications (e.g. spatial,
avionics, nuclear, industrial, military) since it provides
fast detection and location of the fault preventing further
corruption of the system. Thus, in designing highly
reliable, available and maintainable systems the Totally
Self-Checking (TSC) checkers play an important role as
they are used for concurrent detection of errors caused by
faults either in the functional circuit they monitor or in
their circuitry.

The concept of the TSC checkers has been formally
defined in [1] and [2] as the circuits which satisfy the
self-testing, fault secure and code disjoint properties and
usually generate a two-rail output with values 01 or 10 for
normal indication and 00 or 11 for error indication.
Therefore, during error-free operation, a TSC checker
theoretically generates only normal indication states
either 01 or 10. Unfortunately, in practice, the two-rail
output (x1,Xz) of a TSC checker may transiently become
either 00 or 11 during one normal indication transition
(either 0110 or 10—01) due to different propagation
delays of the paths associated with the outputs x; and x,.
Therefore, in the design of TSC systems, there is the
requirement to discriminate franmsient error indication
states from real error indication states caused by faults.
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Apart from this, in the design of TSC systems, there is
also the requirement to reduce the hard core in the alarm
system that eclaborates error indications, as well as, to
maintain the brief appearance of an error indication once
such an indication is reached.

The mentioned above requirements for TSC systems
are satisfied by placing a TSC two-rail code error
indicator appended to the outputs of a TSC checker. Such
a TSC error indicator memorises error indications (00 or
11) generated by TSC checkers with time duration greater
than a discrimination time T [3].

Apart from this, the most common failure mechanisms
in digital VLSI circuits first manifest themselves as small
delay faults which become progressively larger until a
logical error appears [4]. Hence, during normal
operation, a prompt detection of even small delay faults,
sometimes before causing critical paths to fail, gain
importance in critical applications. This is achieved by
using TSC error indicators appended to TSC checkers
[5]. Therefore, by using TSC error indicators in TSC
systems we can detect concurrently either faults that
cause logical errors or delay faults (short or long) that
alter the circuit delay outside its specified limits (upper or
lower bounds) without causing logical errors.

The paper deals with the design of an asynchronous
TSC 1/3 code error indicator for first time in the open
literature. The introduced TSC error indicator memorises
erroncous 1/3 code inputs {000, 011, 101, 110, 111} with
time duration greater than a discrimination time T and
generates a two-rail output with values 01 or 10 for
normal indication and 00 or 11 for error indication. Such
an error indicator can be used to satisfy the mentioned
above requirements for TSC systems, as well as, to detect
faults that cause either logical errors or transitions (fast
or late) that violate the discrimination time T.

Considering that a combinational TSC 1/3 code
checker does not exist in gate level, (since the only three
1/3 code words can not detect all single stuck-at faults
[6]), we conclude that the presented here circuit is not
only a TSC 1/3 code checker in gate level, for first time,
but also it is a fail-safe circuit since it maintains an error
state once such a state is reached. Such a TSC error
indicator can be designed with existing library cells.
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We remark that a TSC 1/3 code checker is alternatively
implemented in gate level with two ways, that is, as a
sequential circuit [7] or as a combinational circuit that
combines the 1/3 code with a two-rail output belonging to
an other TSC checker existing in the same circuit [8,9].
Apart from this, transistor level implementations with
specific layout requirements have been proposed in n-
MOS [10,11] and CMOS technology [12,13,14]. Such
checkers can not be designed with existing library cells.

II. On asynchronous 1/3 code error indicators

Let us consider a sequential machine M=<I, S, £>, where
I is the set of the 1/3 code inputs, S is the sct of internal
states and f is the next state function (i.e. £ I x S — S).
The set of the 1/3 code inputs I is partitioned in the set of
normal 1/3 code inputs Iny ={001, 010, 100} and the set
of erroneous 1/3 code inputs I ={000, 011, 101, 110,
111}. The set of internal states S is partitioned in the set
of normal states Spy ={01, 10} and the set of error states
Sg = {00, 11}. A normal next state function fjy is defined
for the error-free circuit while error next state functions
f are defined for every error appearing after the
occurrence of a fault in the circuit.

Definition I: The sequential machine M=<I, S, £> is a
1/3 code error indicator when the following three
conditions are satisfied:

C1. For every normal 1/3 code input of set Iy and for
both normal states of set Sy, the next state, derived from
the function fy, is also a specific normal state (01 or 10)
so that the error indicator passes through both normal
states {01, 10} during error-free operation after a specific
number of 1/3 code input transitions.

C2. For every erroneous 1/3 code input of set I and for
both normal states of set Sy, the next state, derived from
the function fy, is an error state of set Sg.

C3. For every either normal or erroneous 1/3 code input
and for both error states of set Sp, the next state, derived
from the function fjy, is also an error state of set S.

In what follows we concentrate our discussion in the
asynchronous 1/3 code error indicator shown in Fig. 1.
Such an error indicator consists of a combinational circuit
C that realises the normal next state function fjy and a
RESET circuit which is used to reset the error indicator
in a normal state. C receives the 1/3 code input
(x1.X9.x3) and the current state two-rail input (yi.y2)
which is the feedback of the next state two-rail output
(v1'.y2") through the linear delay element LD. LD delays
the next state output (v1'.y2") by D4 and determines the
discrimination time T.

A fault-free asynchronous 1/3 code error indicator with
discrimination time T operates as follows:

x1 x2 x3

C LD

r I_L—L‘
reset

yI’ yZ'
Fig. 1: The general structure of the asynchronous 1/3 code
error indicator

e  When cither a normal 1/3 code input (of set Iy) or an
erroncous 1/3 code input (of set Iy) with maximum
time duration <T (classified as fransient) appears at
the inputs (x1,x9.x3) of the error indicator being in a
normal state (of set Syy), it is stabilised in a normal
state (set Syp).

e When an erroncous 1/3 code input (of set Iy) with
maximum time duration >T (classified as real)
appears at the inputs of the error indicator being in a
normal state (of set Syp), it is stabilised in an error
state (set Sp).

¢ Once the error indicator is stabilised in an error state
(of set Sp), it maintains an error state independently
of the values at the inputs (x7.xp.x3) until a reset
signal is issued.

We can sce easily that in case that T=0 conditions Cl1,
C2 and C3 are satisfied.

An asynchronous 1/3 code error indicator is a TSC
sequential circuit when it satisfies both the self-testing
and fault-secure properties defined as follows:

Definition 2: An asynchronous 1/3 code error indicator
is self-testing for a set of faults F if, for every fault in F,
the circuit starting from any normal state in Sy is finally
stabilised in an error state in Sp after at most k normal
1/3 code input transitions.

Definition 3: An asynchronous 1/3 code error indicator
is fault-secure for a set of faults F if, for every fault in F,
the circuit starting from any normal state of Sy is
stabilised either in the correct normal state or in an error
state of Sg, for every normal 1/3 code input transition.

We remark that the asynchronous TSC 1/3 code error
indicator is a jail-safe sequential circuit [2] since it
maintains an error state once such a state is reached.

An asynchronous TSC 1/3 code error indicator is
evaluated from the following characteristics:

Sensitivity. It is derived from the
discrimination time that can be achieved.

minimum



Flexibility. Tt is derived from the capability to change
casily the value of T by changing the delay element.

Testability. 1t is derived from the maximum number of
normal 1/3 code transitions which detect every fault in F
so that the self-testing property is satisfied.

Stability. It is derived from the stabilisation time D
which is defined as follows.

Definition 4: In an asynchronous 1/3 code error
indicator the stabilisation time D is the time needed for
all internal signals to be stabilised.

In order to design an asynchronous 1/3 code error
indicator we have to design the combinational circuit C
that satisfies conditions C1, C2 and C3 and couple it
with the linear delay element LD that satisfies the
required discrimination time T. The design of C is based
on Table 1 which shows a state table that satisfies
conditions C1, C2 and C3.

Table 1: The state table of the 1/3 code error indicator
X1X7X3 In Ig

yiy2 001 010 100 000 011 101 110 111
Sy 01 JOI [10]01 |00 |11 |11 ] 11|11
10 o1 (10|01 OO |11 (11 | 11| 11
Sg 00 ] 00 | 00 ] 00|00 |00 | 00|00/ 00
11 |11 (11| 1100 |11 (11 | 11| 11

From Table 1 the following irredundant normal next
state function fiy is derived:

V1 =(Xp +X1X3)(V] +¥2)+H(X] +X3)¥1Y2

V2 = (X +X3)(y +¥2) (X2 +X1X3)¥1Y

We can easily see that the combinational circuit C that
realises straightforwardly the irredundant normal next
state function is not testable for all single stuck-at faults
during normal operation. Thus, we can not design a TSC
asynchronous 1/3 code error indicator with respect to
single stuck-at faults by using such a circuit C.

II1. Design method

In order to design an asynchronous TSC 1/3 code error
indicator with respect to all single stuck-at faults we have
to find a new combinational circuit C* equivalent to the
straightforward circuit C, which is testable for single
stuck-at faults.

The introduced asynchronous TSC 1/3 code error
indicator is shown in Fig. 2. The circuit C* of Fig. 2
consists of a translator from the 1/3 code into an
incomplete two-variable two-rail code {(a;,a,), (b;,by)}
[9]. as it is shown in Table 2, and three TSC two-rail
code checkers (termed TRC1, TRC2 and TRC3,
respectively).

Translator

2l | a2 bl b2

ey 2l ]

TRC1 TRC2

=il

TRC 3

D r—>| reset
]

yUy ¥2

Fig. 2: The asynchronous TSC 1/3 code error indicator

TRC1 monitors the pair of two-rail outputs (a;,a;) and
(v1'.y2") and generates the two-rail output (c;,c;). TRC2
monitors the pair of two-rail outputs (by,by) and (v2'.y1")
and generates the two-rail output (d;,d>). TRC3 monitors
the pair of two-rail outputs (c.c;) and (d;.d>) and
generates the next state output (v1'y2). The two-rail
outputs functions realised by circuit C* of Fig. 2 are:

- Transl.: 31:X1+X2 32:X3 b1:X2 +X3 b2:X1
Cr =yia Ty
d; =yiby +y2by
¥, =c¢dy tepdy

- TRCI: C1 =Yz +y231
- TRC2: dl = Y1b1 +y2b2
- TRC3: y‘1 =cydy +erdy

First, we prove in Lemma 1 that circuit C* is
equivalent to circuit C and thus circuit C* is an
asynchronous 1/3 code error indicator.

Lemma 1: The proposed circuit C* of Fig. 2 is
equivalent to circuit C of Fig. 1.

Proof: Function y,' realised by the circuit of Fig. 2 is
equivalent to the non-redundant form of the next state
output y;'. We have:

vy =cydy +oyd; =
=(y182 +¥221 (¥1b2 +¥2b1) +(¥181 + Y282 X(¥101 +Y2b2) =
=yiazbs +y1y2a5b; +y1ysaby +yjarby +
+yja;by +y1y2a1by +y1ysasby tysashy =
=(y1 +y2)asby +(y1 +y2)ajby +y1yz(asby +ajby) =
=(y1 +y2)(aib; +asby)+yjyz(asby +ajby) =
=(y1 ty2)(xXp +x1X3 X5 +XpX3 +X1X3) +

+ty1y2(x) +X1Xp +X5X3 +X3) <

V1 =(¥1 +¥2)(Xy +X1X3) +¥1¥, (X +X3)



Also, function y,' realised by the circuit of Fig. 2 is
equivalent to the non-redundant form of the next state
output y,'. We have:

vy =¢d; +cyd, =
=(V1ag +y2a1)(y1by +yobo) +(yiag +y2a2)(y1by +y2by) =
=yiazby ty1y2a2by +y1¥oaiby +yjarby +
+y1a1by +y1¥221by +y1yoasby +ysa5by =
=(y; +y2)azb; +(y; +yz)ajby +yya(ah; +azby) =
=(y1 ty2)(azby +ajby) +yrya(aby +azby) =
= (¥ T y2)(xg XXy T Xpx3 +X3) +
+y1¥2(X1Xy +X1X3 + X5 +X5X3 +X1X3) <
Y2 = (V1 +Y2)(X; +X3) +Y1¥2(X; +X1X3) .
Then we prove that the proposed asynchronous 1/3

code error indicator is a TSC circuit. Let us consider the
truth table of the proposed circuit for normal operation.

Table 2: The truth table of the asynchronous TSC error
indicator for normal operation (s=stable, t=transient)

(x1,%2,%3) | (@1,82) | (Y1.¥2) [ (b1.b2) [ (v2,y1) | (€1,€2) | (d1,d2) | (¥1',¥2)

001 01 01 10 10 01 01 01

001 01 10 10 01 10 10 01

010 10 10 10 01 01 10 10

010 10 01 10 10 10 01 10

100 10 01 01 10 10 10 01

100 10 10 01 01 01 01 01

- | = | e |,

Based on Table 2 the following corollaries are derived.

Corollary 1. Circuit C* has three stable and three
transient input combinations of (x1,X,,X3) and (v1.¥»), as it
is denoted in Table 2. Let us assume that the error
indicator after receiving the normal 1/3 code input 001 is
stabilised in the normal state 01. When the 1/3 code input
transition 001—010 appears at the inputs, first the error
indicator receives the transient input combination of
(X1,X2.X3)=010 and (y,,y2)=01 and it generates the other
normal state 10, and then it receives the stable input
combination of (X;,X,,x3)=010 and (y1,y2)=10 and it is
stabilised in the other normal state 10. Following this
reasoning the maximum stabilisation time D is about D =
2D, + Dy+ T, where D, is the propagation delay of circuit
C*. This formula is also verified by experimental results
(see Table 3).

Corollary 2: Circuit C* is testable for all single stuck-
at faults when it receives all the six combinations of
(x1.X2.X3) and (v1,y2) shown in Table 2. When all the six
combinations are applied during normal operation: a) the
OR gates of the translator receive their test set (00,01,10)
and b) all the three TSC two-rail code checkers receive
all the four code inputs.

Corollary 3: Circuit C* is self-testing with respect to
single stuck-at faults after three normal 1/3 code input
transitions (k=3), for example, 010—001—010—100.
During such a sequence of transitions TRC1 receives one
transient code input (01,10) and three stable code inputs
(01,01), (10,01) and (10,10); TRC2 receives one transient
code input (01,01) and three stable code inputs (01,10),
(10,01) and (10,10); TRC3 receives one transient code
input (10,01) and three stable code inputs (01,01),
(01,10) and (10,10). Note that the time duration of the
transient code inputs increases when the value of the
delay clement Dy increases and is enough for fault
detection, even for small values of Dg.

Also, circuit C* is fault-secure with respect to single
stuck-at faults since such a fault either does not affect the
correct operation of the circuit or causes the circuit to be
stabilised in an error state {00, 11}.

Based on the above discussion we conclude that the
circuit of Fig. 2 is an asynchronous TSC 1/3 code error
indicator with respect to all single stuck-at faults.

Apart from this, according to [15,16], asynchronous
TSC 1/3 code error indicators with respect to non-
classical faults (bridging, transition and stuck-open faults
inside TRCs) may be implemented in CMOS technology
following specific rules in the design of TRCs. Moreover,
all path delay faults that cause two-rail skew time greater
than the discrimination time T at the next state two-rail
output (y1°,y2’) are detected.

IV. VLSI implementation results

The error indicator was designed and simulated using the
COMPASS Design Automation Framework and the lim
CMOS standard cells library [17]. The simulation results
for the proposed error indicator are summarised in Table
3. In this table we can sec for a range of delays Dy caused
by the delay element LD, the corresponding
discrimination time T and stabilisation time D. Circuit
C* has a propagation delay of about 4 nsec.

Table 3: Simulation Results

Delay Element | Discrim. Time Stabil. Time
Dy (nsec) T (nsec) D (nsec)
3 0 13
4 1 14
5 2 15
6 2 16
7 3 17
3 4 18
9 5 19
10 5 20




From Table 3 we conclude the following:

Our TSC error indicator can be designed with
discrimination time T near O nsec. Thus, it has the
greatest possible sensitivity.

Our TSC error indicator is flexible by using a delay
element at the feedback path with delay D4 > 3 nsec.

Let us consider that the asynchronous TSC 1/3 code
error indicator is used to monitor the outputs of a TSC
functional unit that generates a 1/3 code output in order
to detect faults that cause logical errors as well as delay
faults (short or long). Let us assume that all paths of the
time-optimised functional unit have about the same
propagation delay P, which determines the TSC system
clock period. The gate delay variations within a chip are
between 5% and 10% [18]. Taking into account gate
delay variations of 10% due to manufacturing process
variations, we classify as transient (not real) erroncous
1/3 code outputs the outputs with maximum time
duration about P/10. Thus, for both manufacturing testing
and concurrent delay testing of this functional unit we use
our TSC error indicator with T = P/10. Thus, the
stabilisation time D of our error indicator is small
enough so that it does not conflict with the TSC system
clock period. For example, if P=50 nsec we use a TSC
error indicator with T=5 nsec and D=19 nsec.

V. Conclusions

We have introduced the design of an asynchronous TSC
1/3 code error indicator in gate level for first time in the
literature. This error indicator is not only a TSC 1/3 code
checker that can be ecasily implemented by using any
existing library of standard gate cells, but also a fail-safe
circuit that memorises erroncous 1/3 code with time
duration greater than a discrimination time T. Such a
design can be used additionally to discriminate transient
erroncous 1/3 code inputs from real ones and to detect
faults that cause either logical errors or transitions (fast
or late) that violate the discrimination time T.

The existence of such a TSC error indicator opens new
horizons in the design of fast TSC checkers with outputs
encoded in the 1/3 code instead of the two-rail code.

Note that we can not design a TSC 1/3 code error
indicator in gate level using the TSC 1/3 code checkers of
[8,9] coupled with the TSC two-rail code error indicator
of [3] since the 1/3 code output is combined with a two-
rail output belonging to an other checker existing in the
same circuit. Additionally, either the sequential TSC 1/3
code checker of [7] or the transistor level implementation
dependent solutions of [10-14], coupled with the TSC
error indicator of [3] require more hardware cost and
have doubtful quality with regard to the characteristics of
the TSC 1/3 code error indicator namely sensitivity,
stability, flexibility and testability.
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