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This paper presents a novel method for designing Totally Self-Checking (TSC) m-
out-of-n code checkers taking into account a realistic fault model including stuck-
al. transistor stuck-on, transistor stuck-open, resistive bridging faults and breaks. The
proposed design method is the first method in the open literature that takes into account
a realistic fault model and can be applied for most practical values of m and n. Apart
from the above the proposed checkers are very compact and very fast. The single out-
put checkers are near optimal with respect to the number of transistors required for
their implementation. Another benefit of the proposed TSC checkers is that all faults
are tested by a very small set of single pattern tests, thus the probability of achieving
the TSC goal is greater than in checkers requiring two-pattern tests. The single output

TSC checkers proposed in this paper are the first known single output TSC checkers
for m-cut-of-n codes.

Kevwords: Self-Checking Circuits, Totally Self-Checking circuits, unidirectional errors, m-out-of-n
codes

L. INTRODUCTION

A variety of error control codes has been proposed
and many of them have been used to enhance the
reliability of computer systems [1-3]. A circuit
consisting of a functional circuit, whose output
words belong to a certain code, and a checker that

monitors the output of the functional circuit and
indicates if it is a code or a non-code word is called
Self-Checking Circuit (SCC) [4]. These circuits can
provide concurrent error detection and thus can
detect transient, intermittent as well as permanent
faults. Since transient faults have become in-
creasingly dominant in VLSI circuits, providing
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protection against them has become very impor-
tant. The reliability of a SCC depends on the abi-
lity of its checker to behave correctly despite the
possible occurrence of internal faults. It has been
shown that this is achieved when the checker sat-
isfies either the Totally Self-Checking (TSC) [5]
or the Strongly Code Disjoint (SCD) [6] property.
In this paper we will take into account the TSC
property. A circuit is a TSC checker if it is self-
testing, fault-secure and code disjoint [1, 5].

Dermvimion 1 A circuit is self~resting for a set of
faults F, if for every fault in F, the circuit produces

a non-code output for at least one code input.

Derinimion 2 A circuit is fault-secure for a set of
faults F, if for every fault in F, the circuit never
produces an incorrect code output for any code
input.

DerFiniTion 3 A circuit is code-disjoint if during
fault free operation, code inputs map into code
outputs and non-code inputs map into non-code
outputs.

Some authors believe that the fault secure
property is meaningless for checkers [7,8] while
some others believe that it is useful for all oth-
ers except for the final checker [21]. However, most
known self-testing/code-disjoint checkers are also
fault secure. Thus the addition of the fault se-
cure property to such a checker does not require
any extra area or delay overhead.

[t has been shown that a large number of errors
in VLSI circuits and compact laser disks are of
unidirectional type [9—11]. This means that in any
given data word the errors can be either 0 — 1 type
or 1 — 0 type, but not both. Many codes have been
developed to detect unidirectional errors, among
the most known are the m-out-of-n codes [12].

Apart from the low redundancy (small number
of check bits) of a code, its suitability for use in a
computer system heavily depends also on the ex-
istence of a simple and fast TSC checker for this
code. Unless the hardware needed to implement
the checker is relatively simple compared with the
hardware monitored, a fault-prone checker could

increase rather than decrease the likelihood of er-
roneous information propagation.

The problem of designing TSC checkers for
ni-out-of-n codes or special classes of m-out-of-n
codes as l-out-of-n and m-out-of-2m codes un-
der the assumption of the single stuck-at fault
model has been extensively studied in the literature
[13-28]. However, the conventional stuck-at fault
model has been found to be inadequate for CMOS
circuits [29]. CMOS is the current dominant tech-
nology for manufacturing VLSI circuits, thus
new TSC checker designs are required that will
take into account a more realistic fault model in-
cluding apart from stuck-at. transistor stuck-open,
transistor stuck-on. resistive bridging and break
faults [29].

TSC CMOS checkers under single stuck-at and
transistor stuck-open faults have been proposed
in [30] for m-out-of-2m. m-out-of-2m + 1. (m—1)-
out-of-(2m — 1) and (m + 1)-out-of-(2m + 1) codes
and in [31] and [32] for m-out-of-2m codes. Also
TSC CMOS checkers for a subset of m-out-of-2m
codes under stuck-at. stuck-open, stuck-on. breaks
and some bridging faults have been given in [33].
TSC checkers are used to achieve the Totally
Self-Checking goal (i.e.. the first erroneous out-
put of a functional block is signaled by the check-
er). The achievement of the TSC goal is based on
two assumptions: (a) faults occur one at a time,
and (b) there is a sufficient time interval between
the occurrence of any two faults so that all re-
quired code inputs can be applied to the circuit.
The stuck-open faults in the checkers proposed in
[30-33] require two-pattern tests to be detected.
The probability that the checker will receive, dur-
ing the normal operation, all the required two-
pattern tests in a short period of time is much
smaller than the probability to receive a test set of
equal length consisting of single pattern tests.
Therefore the checkers proposed in [30-33] have
very small probability of achieving the TSC goal,
which is the target of their use. Apart from the
above drawback the checkers proposed in [30, 31]
are fully unstructured and thus they are not
suitable for VLSI implementation.
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Recently PLA Self-testing checkers for incom-
plete m-out-of-n codes and l-out-of-n codes were
proposed in [34]. Metra proposed in [35] a novel
method for designing TSC l-out-of-n  code
checkers under a realistic fault model including
stuck-at, resistive bridging faults, breaks, transistor
stuck-on and the majority of transistor stuck-
open faults. It was shown that the TSC l-out-of-n
checkers proposed in [35] require impressively
less area than the corresponding already known
T5C checkers.

From the above it is evident that no method
for designing TSC m-out-of-n code checkers. un-
der realistic faults, has been proposed yet in the
open literature. In this paper we give such a
method,

There are cases that a single output TSC check-
er with its output two rail-encoded in time may
have some advantages over the double output
checker. For example the routing of the error
signals coming from different checkers would be
simplified. There are also applications where the
system poses particular constraints on the number
of possibly used input/output signals [39]. No sin-
gle output TSC m-out-of-n code checker is up to-
day known from the open literature. To this end,
apart from double output we also present single
output TSC checkers for m-out-of-n codes.

The rest of the paper is organized as follows.
In Section II we give the design method while
in Section III we present the testability analysis.

Discussion and comparisons are given in Section
v,

II. DESIGN METHOD

The design of the proposed n-out-of-n code check-
er is based on the circuit of Figure 1, which in the
sequel we will call “m-weight threshold circuit®.
When m or more inputs X, of the m-weight
threshold circuit are high then the output QUT
is low else OUT is high. The circuit of Figure 1
15 the same with the threshold function generator
used in [38]. However a systematic method for
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FIGURE | m-weight threshald circuit.,

designing such a circuit has not been given in [38).
In the sequel we will give a systematic method for
designing such a threshold circuit.

The following notations are used in the paper

. VCIHMIN (I',DLMAX} is the minimum HIGH
(maximum LOW) voltage at the output of
the threshold circut,

e Viu (Fip) is the threshold wvoltage of nmos
( pmos) transistor,

® 3.(3p) is the gain factor of mmos (pmos)
transistors.

o KP, (KP;) is the Spice parameter for u, C,.
(ﬂp Cox).

o Wl L.d W,iLy)isthe ratio of nmos (pmos) tran-
sistor i

* W(X) denotes the Hamming weight of the vector
X, that is, the number of ones.

The m-weight threshold circuit (Fig. 1) operates
as follows: if less than m of the transistors nni,
HMia, ... i, are conductive, then QUT=1 (or
Fout = Vounun) else if at least m of the transis-
tors nmy, s, . .. nmgare conductive then QUT =0
(or Vour = Vormax).

Let us say now that A of the transistors nm,,
naty, ... mmy are conductive. In the region of
our interest [Formax, Voumm transistor pm is
in saturation region, the A conductive transistors
of the nmy,nm,, ... .nm, are in the linear region
while the rest of them are in cut-off region. Let
lip be the current flowing through tramsistor
pm, Iy, the current flowing through nn;, one of
the conductive transistors among nm,, ans,...,
nm,. We consider all the nmos transistors nm,,
nmg,...,nm, having the same sizes W, (width)
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and L, (length). Then we have

lap = A - Lism OF equivalently

Vig + V,
e M X By
V2
[V.:H_tm} Vow — 2‘
or equivalently
.Sp o d: fv&!’ — Vin) « Vom = Véu!
A B (Vg + Vip)*
(1)

The function f(x)=(—x>+2-(Vyg—V.)-x)/
(Vag+ V,J..}z is maximized at the point x= Vg —V,,
and f{x) is monotone increasing for x < V ,—V,,.
We are interested in the region [Formax. Fonanl
50 we assume that V,, < Vg =V, Then taking
into account the monotony of the function we con-
clude that for Vo > Voumin we have f{Fou) =
S Vounin). When m—1 of the transistors nmy,
nmty, ..., mm, are conductive the output voltage
must satisfy the condition Vo = Vopmme. Set-
ting A=m—1 in Eq. (1) we get

2 - (Vag — Vin) - Voumn — Vaumn

= (Vs + ir'rr.ﬂ]'z

$olse

(2)

For Vou < VoLmax we gﬂ.ﬂ Vou) E.ﬂ VoLmax)-
When m of the transistors nmy, nnts, ..., mm, are
conductive the output voltage must satisfy the
condition Vuy, < Fopmax. Setting A=m1 in Eq. (1)
we zet

i 2 (Vg — Vi) - VULMA.:C = Véu.u.x
{Vdn‘ + Vrp:"

ol

(3)

From (2) and (3) we get

i 1}2 (Vad = Vin) - Voumin — Vaumm < By
(Vag + V*P:I On
o 2 (Vg = Vin) - Vormax — Vi max
T (Vag + Vir]'z
(4)

Taking into account that 3, = KP,- W,/L,and 3,=
KP,- W,/L,, from relation (4) we get that in or-
der to design an m-weight threshold circuit the

transistor sizes must satisfy the following relation:

Eﬂ : 2(Vaad = Vin) Vormin — Vaumn
KP, (Vaa + Vi)
W KP,
e A i i
="

(m—1)-

) 2{ Vi = Vin)Vormax — VE)LM-"'-X
|: Vg + V:p]'

(5)
where W= W /W, and L=L,/L,.

Figure 2 presents an m {m+ 1) programmable
weight threshold circuit. When the input [ is equal
to one, the circuit of Figure 2 behaves identically
to the circuit of Figure 1, that is. it is an m-weight
threshold circuit, while when the input [ is equal
to zero then the circuit of Figure 2 behaves as an
(mt + 1)}-weight threshold circuit. Relation (5) im-
plies that the aspect ratios of the transistors pm,,
pmy and nmy, ams, ... nmy of the mi(m+ 1) pro-
grammable weight threshold circuit (Fig. 2),
which are Wy, /Lom, s Wom, /Lom, a0d W/ L, Te-
spectively, must satisfy the following relations:

KF,, 2- (Vaz — Vi) - Voumix — Vi

(m—1)-—-
(Vag + Vip)®
W P,
L
2 V{n} VOL'\HX G V[};,m:.x
{Vdd' - ‘.ﬂp}'

(6)

Vdd :

_:i__—4 oy L4 o,
p i

FIGURE2 mj(m+ 1) programmable weight threshold circuit,
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and

-l'ﬂ_ 2- I:-VM = an} : VOHM]H = VEFHMIN
KPP |:""'lr.n'ﬂ' = 1""Ir;.'.'-J‘-

W W EP,
< | — =] = 3
= ('['>n| (I')I_[’n-i_i} KP_P

1 T [Ur.l'r.l' =2 V.'r:] ! VDLMA.‘( = Vé)]_m_,;x
2
(Vg + Vip)

I

where

WY _Yom L and
L " LFUFI,,. Wm.l?

(%) =P
L | L_PPJH th'H

The proposed single output m-out-of-n code
checker is shown in Figure 3. Module L is a m/
(m + 1)-weight threshold circuit. Specifically, when
CLE =0 the module behaves like an mr + 1-weight
threshold circuit while when CLK =1 it behaves
like an m-weight. In this design the input CLK is
driven by the system clock. We can easily verify
that the design of Figure 3 is a single output m-out-
of-n code checker. When the input vector is a
code word and the checker is fault free then dur-
ing a period of CLK the output Q gets the values
(1. 0). When the input vector is not a code word
then during a period the output @ gets the values
(1,1 or (0,0). As in the case of the single output
comparator given in [39] the output of the check-
er can be simply checked using a flip flop. The flip
flop is triggered by a clock signal identical to the
system clock, but delaved with respect to system

FIGURE 3

Single output m-out-of-r checker.

clock, by a suitably chosen time interval (taking in-
to account the checker input/output delay and the
flip flop setup time). The output of the checker
is sampled on both the triggering signal rising and
falling edges (as the flip flop presented in [40]).

From the above it is easy to see that the check-
er input/output delay, ty plus the flip flop setup
time. t,, must be smaller than the half of the per-
iod of the system clock. This implies that the single-
output TSC m-out-of-n code checker can be used
only in systems with period greater than 2 (fy+1,)
(the same comment concerns the single output
comparators given in [39]). However as we will
see the delay of the proposed single output check-
ers is very small, thus they can be used in most
applications.

The implementation of the single-output TSC
m-out-of-n code checker requires n+ 2 transis-
tors, where n is the number of inputs. Taking into
account that the implementation of a function re-
quires at least as many transistors as the number of
its inputs, we conclude that the proposed check-
er is near optimal with respect to the number of
the transistors required for its implementation.

A similar design for single-output TSC code
checkers, but only for m=1, was proposed In
[41]. In the design given in [41] transistors pm,,
and pm,; of Figure 3, have been substituted by
one transistor with resistance equivalent to the
sum of the resistances of pm,, and pm,.

A slightly different checker is shown in Fig-
ure 4. This design has two outputs (Qg, ©1) which

CLK Q

FIGURE 4 Double output me-out-of-n checker with clock as
one outpul.
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are both two rail encoded in time. The frequency
of the clock signal CLK should be equal to the
frequency of the system clock. When the checker
receives a code word under error free operation,
the outputs (Qq. () get the values (1, 0) and (0, 1)
for CLK=0 and 1 respectively. The outputs Q.
@, of the checker are sampled twice per period of
the system clock. The limitations concerning the
single output checker of Figure 3 are valid also
for this double output checker.

The double output m-out-of-n code checker is
given in Figure 5. Module Ly as well as module L,
is a m/(m+ 1)-weight threshold circuit and they
are both similar to module L of Figure 3. We can
casily see that for /=0 the module Ly behaves
like an m-threshold circuit and the module L, as
an (m + 1 )-threshold circuit. while for =1 we have
the opposite. The input [ is driven by a clock sig-
nal with the halfl frequency of feeding inputs to the
checker, which is usually equal to the frequency
of the system clock. Thus the signal driving in-
put [ can be easily obtained from the system
clock using a T flip flop. The operation of the
circuit is described in Table 1. W denotes the
Hamming weight (number of ones) of the vector
':XI- Xh o ‘~XH}'

The circuits of Figures 3— 35 have obviously the
code disjoint property, because for each m-out-of-n

.

FIGURE 5 Daouble output m-out-of-n checker.

TABLE I Operation of the circuit of Figure 5

I Weight of input vector (W) Output @, Output
W=m 1 I
(1] W=m 0 |
W= m 0 1]
W< m 1 1
1 W=m 1 0
W=>m 0 0

encoded input, they produce the 2-rail encoded
outputs and for each non code word input they
produce a non-2-rail encoded output,

The manufacturability of the proposed check-
ers depends on the manufacturability of the m-
weight threshold circuit. The m-weight threshold
circuit is a ratioed circuit. A problem of a ratioed
circuit is that its correct operation depends on the
conductance values of nmos and pmos transistors
as well as the other circuit parameter’s values. It is
well known that fluctuations in integrated circuit
manufacturing processes cause deviations on the
actual values of the parameters from their nominal
values. Designing the m-weight threshold circuit
we choose the values of W, L, W, and L, so
that the value of W/L lies in the middle of the
range given by relation (5). Then due to statistical
variations of the device characteristics the range
can be shortened or shifted to the left or to the
right but the value of W/L will remain within the
range, therefore the manufactured IC will operate
correctly. As the value of m becomes greater the
range defined by relation (5) becomes shorter and
the yield of the manufacturing process will
become smaller. With the improvement of the
manufacturing process the circuit parameters de-
viation becomes smaller and m-weight threshold
circuits for larger values of m can be construct-
ed. In this point we have to note that for m-out-
of-n codes with m > [n/2] we can use a checker
for the (# — m)-out-of-n code simply by inverting
the outputs of the functional circuit. We have
run Monte Carlo simulations for circuit parameter
deviations up to 10% and verified the correct
operation of the m-out-of-n code checkers for
m < 5. Apart from the above we have verified that
for all cases the noise margins are above 0.7 volts.
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Evidently the value of m depends on the technol-
opy used for manufacturing the circuit. In the
case of deep or very deep submicron technology
it may be necessary to limit m to 3 or 2. We
have to note that. independently of the used tech-
nology. for m = | the checkers can always be
manufactured.

III. TESTABILITY ANALYSIS

In the following we prove firstly that the proposed
checkers are self-testing for single stuck-at, tran-
sistor stuck-on and transistor stuck-open faults.
The testability analysis has also been verified with
extensive simulations.

IL1. Single-output Checker

We use the notation Jp,=Z.W which means
that in a clock period. when CLK =0, we have (0=
Z and when CLK=1.Q=W. When the checker
receives m-out-of-n code words and is fault free
we get Oy, =0,1. When the output of the check-
eris Qg =0.00r Oy, =1.1 and its input is an m-
out-of-n code word a fault has occurred in the
checker itself.

a. X, stuck-at 0 or transistor nm; stuck-open with,
i€ [1.1]. When the checker receives a code word
with X;=1 then 0y ,=1,1.

b. X, stuck-at | or transistor mny; stuck-on. with
i =[1.n]. When the checker receives a code word
with X,=0 then gy, =0,0.

c. CLK stuck-at 0 or transistor pm,; stuck-omn.
When the checker receives a code word then

o1= i,.L.

d. CLK stuck-at | or transistor par stuck-open,
When the checker receives a code word then
0,1 =0,0.

¢. Transistor pmt,, stuck-on. This fault 15 not
detected, but after its occurrence the checker
remains code disjoint. Furthermore if this fault
is followed by one of the other considered
faults, the resulting fault is detectable.

{. Transistor pm,, stuck-open. When the checker
receives a code word then Oy, =0,0.

g. O stuck-at 0. When the checker receives a code
word then Oy, =0,0.

h. © stuck-at 1. When the checker receives a code
word then Q4 ,=1, 1.

The above analysis implies that the test set con-
sists of the m-out-of-n code words that apply
both 0 and | values at each input X, ie[l.n], of
the checker. We need [n/m] code words to ap-
ply the value | at each input, and [n/(n — m)] code
words to apply the value 0 at each input. We can
easily see that applving max {[n/m], [n/(n —m)]}
specific code words each input receives both val-
ues, therefore the test set consists of max {[n m],
[ni(n—m)]} code words.

111.2. Double-output Checker

The testability analysis of the checker of Figure 4
i5 similar to that of the checker of Figure 3. The
only one difference is a stuck at 0 or 1 lault on
line CLK which can be detected using a checker
for periodic signals [37]. In the sequel we will con-
sider the testability of the double-output code
checker of Figure 5.

1. Faults affecting both modules Lg. L;.
Such faults are only stuck-at faults at the pri-
mary inputs X, X5, ..., X, and line 1.

a. X, stuck-at 0, with i = [1, n]. When the checker
receives a code word with X,=1 then Qy=
g =1.

b. X, stuck-at 1, with i £[1, n]. When the checker
receives a code word with X;=0 then Qy=
@y =0.

¢. Line [ stuck-at 0 or 1. These faults are detec-
ted with a checker for periodic signals [37].

2. Faults affecting only module Lj.

a. Line Z; stuck-at 0 or transistor am; stuck-
open, with i €1, n]. When the checker receives
a code word with X;=1 and I=0 then Q=

oh=1.
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. Line Z; stuck-at 1 or transistor am; stuck-

on, with i £[1, n]. When the checker receives a
code word with X;=0 and /=1 then )=
Q| = ﬂ.

. Line I» stuck-at 0. When the checker receives

a code word and /=1 then Qy=0,=0.

. Line [ stuck-at 1. When the checker receives

a code word and /=0 then Oy=0,= 1.

. Line f; stuck-at 0 or transistor pm, stuck-on.

When the checker receives a code word and
I=0then Qy=0,=1.

. Line I; stuck-at | or transistor pmr; stuck-

open. When the checker receives a code word
and /=1 then Qy=0,=0.

. Line g stuck-at 0. When the checker receives

a code word and /=1 then Q,=0,=0.

. Line 0 stuck-at 1. When the checker recei-

ves a code word and /=0 then Qy=0,=1.

i. Transistor pm,, stuck-open. When the checker

receives a code word and =1 then Qy,=

Q|=D.

j. Transistor pm,, stuck-on. This fault is not

detected, but after its occurrence the checker
remains code disjoint. Furthermore if this
fault is followed by one of the other consi-
dered faults, the resulting fault is detectable.

. Transistor nmos of the inverter INV stuck

on. We construct the inverter with n-domi-

nate logic so when the checker receives a
code word and /=0 then 0y=0,=1.

. Transistor pmos of the inverter INV stuck-

on. This fault is undetectable, but does not
affect the operation of the circuit, the cir-
cuit remains code disjoint. Furthermore, if this
fault is followed by a detectable fault, the re-
sulting fault is detectable,

m. Transistor nmos of the inverter INV stuck-

open. When the checker receives two succes-
sive code words with /=0 and | respectively,
then the second code word will give

Co=01=0.

n. Transistor pmos of the inverter INV stuck-

open. When the checker receives two succes-
sive code words with /=1 and 0 respectively
then at the second code word we have

Qo=0=1.

Since the frequency of the clock signal driving
input [ is equal to half of the frequency of feed-
ing input vectors to the checker, for two successive
inputs we have /=0 and /=1 respectively or /=1
and /=0 respectively. This is totally different to
the case that pairs of test vectors are needed to
test stuck-open faults in [30-33].

3. Faults affecting only module L;.

a. Line Y, stuck-at 0 or transistor nm, stuck-
open, with i€ [1,n]. When the checker recei-
ves a code word with X;=1 and /=1 then
Go=01=1.

b. Line ¥,stuck-at 1 or transistor mm, stuck-on,
with ic[l,n]. When the checker receives
a code word with X;=0 and /=0 then Q=
0,=0.

c. Line J, stuck-at 0 or transistor pn stuck-on.
When the checkers receives a code word and
I=1then Qy=0,=1.

d. Line 7, stuck-at 1 or transistor pm stuck-
open. When the checker receives a code
word and /=0 then Q,=Q,=0.

e. Line 0, stuck-at 0. When the checker receives
a code word and =0 then Qy=0;=1.

f. Line Q, stuck-at 1. When the checker receives
a code word and /=1 then Q,=0,=0.

g. Transistor pm,, stuck-open. When the check-
er receives a code word and /=0 then Qy=
=1,

h. Transistor pm,, stuck-on. This fault is not de-
tected, but after its occurrence the checker
remains code disjoint. Furthermore if this
fault is followed by one of the other consi-
dered faults, the resulting fault is detectable.

It is evident that the test set TS of the double
output checker consists of the union of the test sets
TSy, T5; of modules Ly and L, respectively. These
two test sets are obviously equivalent and consist
of max {[n/m], [n/(n — m)]} code words, as shown
in the testability analysis of the single output
checker, which must be applied to the checker for
both values 0, 1 of input 1. Therefore, the test sets
TSy, TS, and consequently the test set T'S consist
of 2max {[n/m], [n/(n—m)]} code words.
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IL.3. Resistive Bridging and Break Faults

The self-checking capability of the proposed
designs with respect to resistive bridging faults
and break faults on device terminals has been
evaluated with extensive circuit-level simula-
tions. Resistive bridging faults (RBFs) between two
transistor terminals or between two inputs have
been considered. All RBFs with connecting re-
sistance R<[0, Ry, are detected, where R,
depends on the sizing of the transistors. For
the checker of Figure 5 and an implementation
in lum technology with transistor aspect ratios
(W Lypm,,=2/1, (W/L)pm; =21 and (W/Ljnm,=
1)1, for i=1 to n, the value of Ruy.. for the
various RBFs are given in Table II. During
the simulation the inputs of the checker are dni-
ven by standard cell inverters with aspect ratios
(W Lp=12 and (W/Ln=6. The data of Tab-
le Il are also valid for the checkers of Figures
3 and 4 with the difference that in these check-
ers the value of R, for a resistive bridging
fault between the gate and source of the transis-
tor pmy is equal to 0.9 KO,

The proposed checkers are Self Testing for all
break faults on device terminals except a break on
the gate terminal of the transistor pm,, in module
L (single output checker) and in modules L, and
L; (double output checkers). This break does not
affect the operation of the circuits and the circuits
remain code disjoint. Furthermore, if this fault is
followed by a detectable fault. the resulting fault is
detectable.

It is very easy to verify that for any of the above
considered faults the output of the checker is the
correct code output or a non-code word, therefore
the checker is fault secure.

IV. COMPARISONS

This is the first method for designing TSC m-out-
of-n code checkers for most practical values of
m and n, that takes into account a realistic fault
model.

The checkers proposed in [13 - 28] take into ac-
count only stuck-at faults thus they are unsuit-
able for CMOS VLSI implementations. The PLA
design given in [34] is valid for incomplete m-out-
of-n codes and 1-out-of-n codes. Checkers only for
m-out-of-2 m codes taking into account apart from
stuck-at faults, stuck-open faults too, were pro-
posed in [30-32]. Their test set includes a large
number of code input pairs. that increases with
the value of m. For ¢xample for the 3-out-of-6
(6-out-of-12) code. the checkers given in [30-32]
require 103(7.364), 34(500) and 16(49) code input
pairs respectively, while the proposed single-out-
put m-out-of-2m code checkers require 2 vectors
and the double-output m-out-of-2m code check-
ers require 4. The large number of code input
pairs, as we have explained in the introduction.
reduces significantly the probability that the TSC
goal will be achieved by these checkers.

Checkers for some m-out-of-2m codes under
realistic faults were recently given in [33]. The
checkers given in [33] have significantly greater
area overhead and delay than the checkers
proposed here. For example the 6-out-of-12
code checker given in [33] require 786 transistors
and its delay is equal to 23.67ns in 0.8pm
implementation.

For the special case of l-out-of-n codes, TSC
checkers for realistic faults were proposed in [35].
As it is shown in Table III the checkers designed

TABLE Ill Comparisons

S Average power
TABLE Il Resistive bridging faults Area Delay  consumption
Cirlin Gate— Cate - Checker reduction reduction  reduction
Transistor Source Drain Source Single l-out-of-8 67% 45%* T4%
™ 16k 16k 14k Gutpur. l-out-of-16 65% SgeL* T1%
M 18k 16k - Daouble l-out-of-§ 19%% 59%, 47%
Py 18k 16k 28k Curput l-out-of-16  35% 66% 42%

Bridging resistance between two inputs: k.

*The setup time of the flip flop has been considered equal to zero.
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following the proposed method compare favorably
to the checkers given in [35], achieving significant
reductions with respect to area, delay and average
power consumption.

V. CONCLUSION

In this paper we presented a new systematic meth-
od for designing TSC checkers for m-out-of-n
codes including the 1-out-of-3 case. The checkers
designed according to the proposed method have
many benefits. They are TSC with respect to real-
istic faults: stuck at, transistor stuck-on, transistor
stuck-open, resistive bridging and break faults,
the probability of achieving the TSC goal is great-
er than in other checkers and they are very com-
pact and fast. The only undesirable characteristic
of the proposed checkers is that they exhibit
static power consumption. However, it was shown
in [33] that the power consumption of the full
static CMOS l-out-of-n code checkers compen-
sates the static power consumption of the check-
ers proposed in [35] above a frequency threshold of
operation. Taking into account that the power con-
sumption of the checkers proposed in this pa-
per is significantly lower (from 42% up o 74%)
than the power consumption of the checkers given
in [35] (Tab. III) we conclude that this frequency
threshold is even lower.
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