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Abstract of internal faults. It has been shown that this is achieved

This paper presents a novel method for designinghen the checker satisfies either the Totally Self Checking
type-l and type-Il single and double output TSC BergefTSC) [2] or the Strongly Code-Disjoint (SCD) [3]
code checkers taking into account a realistic fault modgiroperty. In this paper we will take into account the TSC
including stuck-at, transistor stuck-open, transistor stuckproperty. The TSC checker is a circuit which satisfies the
on, resistive bridging faults and breaks. A benefit of theelf-testing, fault secure and code disjoint properties [2, 4].
proposed type-l single and double output checkers is that It has been observed for many years that a large
all faults are testable by a very small set of code words tiigimber of errors in VLSI circuits and compact laser disks
number of which does not increase with the informatioare of unidirectional type [5-7]. Berger codes [8] are the
length, that is, the checkers are C-testable. The proposégist redundant separable codes among the All
double output checkers are two-times faster than thenidirectional Error Detecting (AUED) codes [9]. For k
corresponding single output checkers, but require for theinformation bits, the check part has length deg,(k+1)0
implementation twice as many transistors as the singlEhere are two different encoding schemes for Berger code:
output checkers. The proposed single output checkers d¢ and B. The B encoding scheme uses the binary
the first known TSC Berger code checkers in the opempresentation of the number of O’'s in the information bits
literature, while the type-I single output checkers are neaas the check symbol, whereas theeBcoding scheme uses
optimal with respect to the number of the transistor¢he ones complement of the number of 1's in the
required for their implementation. The checkers of thigrformation bits.
paper, with either, single or double output are significantly =~ Due to the wide use of Berger codes, several design
more efficient, with respect to the implementation area anahethods of Berger code checkers were proposed in the
speed, than the already known from the open literaturepen literature [10-17]. The checkers given in [10-15] are

Berger code checkers. TSC only with respect to single stuck-at faults; only the
checkers designed in [16, 17] are TSC with respect to a
Index Terms realistic fault model [24] including stuck-at, transistor

stuck-open, transistor stuck-on and resistive bridging faults.
Apart from the above the checkers given in [17] have the
advantage that require less area and feature higher speed
than the checkers proposed in [14-16]. However, the
checkers proposed in [17] have static power consumption.
. o ) ) In this paper a new method for designing TSC Berger
Self Checking Circuits (SCC) [1] are widely used incoqe checkers is proposed. The checkers designed
ap_p_lications with high reliabi_lity rquirements, due to the"according to this method are TSC with respect to stuck-at,
ability to detect errors on line during the normal systerj,nsistor stuck-on, transistor stuck-open, resistive bridging
operation. The errors covered include those caused Byis and breaks. The proposed checkers are significantly
permanent, transient as well as intermittent faults. A SC,e efficient, with respect to area and speed, than the
consists of a functional circuit, whose output words belong”eady known TSC Berger code checkers. Apart from this
to a certain code, and a checker that monitors the output,gf, proposed checkers have significantly lower power
the functional circuit and indicates if it is a code or a NOM:onsumption than the checkers given in [17]. We use the

code word. o . . By encoding scheme, but the modifications ferd8heme
The reliability of a SCC depends on the ability of its, straightforward.

checker to behave correctly despite the possible occurrence

Self-Checking Circuits, Totally Self-Checking Circuits,
Berger Codes, Unidirectional Errors.

l. Introduction
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Figure 1. (r, n) aggregate threshold circuit.

There are cases that a single output TSC checker wilfdnsistors Pa;, Pe, ...

pmos transistors satisfy some relations. To derive those
relations the following definitions are necessary.

Definition 2. The weight TW(P,) of a transistor P,, al][0, r-
1], in an (r, n) aggregate-weight threshold circuitis equal
to k if the circuit operates as follows :

When among the transistors Py, for i=0, 1, ..., r-1, only
the transistor P, is conductive, that is C,=0 and C;=1 for
i[O, r-1] and i#a, then we have OUT=1 if at least k of the
inputs  X;, jO[0, n-1], are equal to one, else we have
ouT=0.

Definition 3. The aggregate weight AW(P,;, P, ..., Pan),
of a combination of transistors P,;, P.,..., Pan of the (1, n)
aggregate-weight threshold circuit, with al, a2, ..., am [0,
r-1], is equal to k if the circuit operates as follows :

when among the transistors P;, fori =0, 1, ..., r-1, only the
, Pan are conductive then we have

its output two rail-encoded in time may have som&UT=1 if at least k of the inputs X, jU[0, n-1], are equal
advantages over the double output checker [19, 20]. To tHisone, else we have OUT=0.

end, apart from double output we also present single output

TSC Berger code checkers.
Throughout this paper the following notations are used :
* Voumn (Vormax) is the minimum HIGH (maximum
LOW) voltage at the output of a circuit.
* Vu (V) is the threshold voltage of nmos (pmos)
transistor.
*  PBn (Bp) is the gain factor of nmos (pmos) transistors.
» KP, (KP,) is the Spice parameter fagCoy (1 Cox).

We notice that when W(X)=k, then k of the
transistors qo, qi, ---, qu.1 are conductive. Consequently,
taking into account the definition 3, the definition of the (,
n) aggregate weight threshold circuit is equivalent to the
following definition.

Definition 4. The circuit of figure 1 is an (r, n) aggregate-
weight threshold circuit if for each input vector C,.;, C.,
..., Co, the aggregate weight of the conductive pmos

transistors P, P,,..., P, with a0, al, ..., ai OO [0, r-1], is

* Wi/l (Wyi/Ly) is the ratio of nmos (pmos) transistor i. equal to C,_y 2"+ C,_, 2" ?+.. 4 C,.

¢ ris the number of check bits of the Berger code.

¢ nis the number of information bits of the Berger code.
¢ W(X) denotes the Hamming weight of the vector X, th

is, the number of ones.

I1. Design Method

In the sequel we present the design procedure of the
r, n) aggregate weight threshold circuit.

esign Procedure.

Design the circuit of figure 1 so that the aspect
ratio Wp,/Lp, of each P, fora=0,1,2, ..., r-1, to satisfy
the relation

(2a_1/(r+1))le WPa/LPa s 2aQ2 (1)

The design of the proposed in this paper Berger codgéhere

checkers is based on a circuit calfech) aggregate-weight

threshold circuit.
A. (r, n) aggregate-weight threshold circuit.

We call the circuit of figure 1 an(r, n) aggregate-
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weight threshold circuit and its operation is given by thend

following definition.
Definition 1. A circuit with r+n inputs C.i, C., ..., Co and
X1, Xn2, ---» Xo, and one output, OUT, is an (r, n)
aggregate-weight threshold circditor
W(x)=C, _2""1+C _,2"

gives OUT=1 else OUT=0.

In the circuit of figure 1He nmos transistors qg, qi,
..., Qu.1 have been chosen to have the same width and the

same length. Therefore the circuit of figure 1 will be an (r,
n) aggregate-weight threshold circuit tifie sizes of the

2+...+60
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To prove that the circuit designed by the above

Design Procedure is an (r, n) aggregate-weight threshold
circuit the following theorem is necessary.
Theorem 1. Let W, /L, be the aspect ratio of the nmos
transistors qo, q1» ---, qn-1, and  Wp,/Lp, be the aspect ratio
of the transistor P, of the (r, n) aggregate-weight threshold
circuit, with alJ[0, r-1]. If (k-1)Q; £ Wp,/Lp, < k'Q, then
the weight of transistor P, is TW(P,) = k.
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Figure 2. Type-l Single Output TSC checker.

Proof. Consider the (r, n) aggregate-weight threshold
circuit of figure 1 and that among the transistors P; , with
ilJ[0, r-1], only the transistor P, is conductive, that is C,=0
and C=1 for iJ[0, r-1] with i#a (then the circuit of figure 1
is equivalent to module D of the circuit of fig. 2 in [18]).
Then according to the definition 2 the weight of transistor
P,is TW(P,) =kif:

when k or more inputs pof the circuit of figure 1 are high

then the output OUT is high else OUT is low. Such a circu
will be called a k-weight threshold circuit and a systemati
method to design such a circuit has been given in [18]. Iﬁ

If we add the above relations from i=1 to i=m, we get
QM. A2"m/(r+ 1)) Q1 € Wpat/Lpar +...+ Wpam/Lpam <
Q4. 42" Q,

As we have already shown, the parallel connection of
conductive transistors P,; Py, ..., Py is equivalent to a
single transistor P, which has ratio
Wptotal/ LPtotal = WPal/LPal .ot WPam/LPam
Then taking into account the above and the fact thar m<r+1
we have
(2a1+. . .+2am_1). Ql = WPtotal/LPtotal < (2a1+. . +2am> Q2
The above relation implies that the transistor Py, satisfies
Theorem 1 and the weight of Py, is
m
SPam)= Y 2%
i=1
Then the above relation implies that each combination of
conductive transistors P,;, P, ..., P, with a;, a, ...,
am[0, 1-1] has aggregate weight 2*'+2%+ . +2" Taking
into account that the transistors P,;, P, ..., P,. are
conductive when the inputs C,;, Cy, ..., C,, are equal to
ﬁero we conclude that for each input vector C,;C,.,...Cy the
&ggregate weight of the conductive transistors is equal to
LR+ C_,27%+.+C,. L]

m
TW(P )= Z 2% which means, AW(P,, ..
=1

[18] we have shown that such a circuit is a k-weighB. Single and Double Output Berger Code

threshold circuit as long as the ratio of the transistor aspect

ratios satisfy the following relation :
(k-1)Q; < Wpy/Lp, <kQ,

where Voumm, Voumax refer to the output of the threshold
circuit at the point F. ]

When we connect two transistors in parallel the total
conductance is the sum of the conductance of each
transistor. The conductance of a transistor is approximated
in [21, p. 61] for the linear and saturation regions
respectively, by the following relations:

Glinear = KP'W/L'Vdrain-source and
Gsaturation =KP'W/ L.(Vgate-source - Vthreshold)

Assuming that all the conductive pmos (or nmos)
transistors in parallel have the same gate voltage, they are
all in the same region of operation, so we can simplify the
above equation into the G = fW/L, where f is a factor that
depends on the region of operation of the transistors. So for
two transistors connected in parallel we have Gy =
G, +G, = f(W/L; + W,/L,) . Therefore, if we connect in
parallel two pmos (or nmos) transistors of ratios W,/L; and
W,/L, then when they are both conductive they have the
same conductance with one pmos (or nmos) of ratio
W,/L+W,/L, which is also conductive.
Theorem 2. The circuit designed by Design Procedure is
an (r, n) aggregate-weight threshold circuit.
Proof. According to Design Procedure for each transistor
of a combination P, Py, ..., P, with a;, a,, ..., a, O[O0, r-
1], we have:

Q¥-1/(r+1)) Q1 S Wpa/Lpw < 2 Q,, for i=1,2, ..., m.

Checkers.

Consider the circuit of figure 2 which results from the
circuit of figure 1 if we append the pmos transistor P; and
the nmos transistay;. Transistor Py has the same width and
length with transistor Py, while transistor qr, is identical to
the transistors qo, qi, ..., qu.1. Consider for the time being
that [=0. Then, according to definition 1,
TW(P1)=TW(Py)=2"=1. P1 is permanently conductive so we
have AW(P,1, P, ....Pam, P1)=

1+ z 28=C _,27"+C_,@27%+.+C, +1
1=1
Then taking into account Definition 3 we have :
if WX 2 ¢_;2l+C _,2 "2+ 4Cytl then

OUT=1, else OUT= 0. Now taking into account the value of
input I we conclude that the operation of the circuit of
figure 2 is described by the following relations:

if W(X,[)=C,_, 27+ C,_,[2%+..+#C,+] then OUT=I,
else OUT=0 or equivalently if

WXHWID) = C_ R7'+C_,R27%+.+C+l
OUT=1 , else OUT=0.

Table 1 presents the value of the output of the circuit of
figure 2 for all possible input combinations. Consider that
the input I in figure 2 is driven by the system clock, X=(Xj,
Xy, .oy Xoop) is the information part and C= (Cy, Cy, ..., C.
1) is the Berger code symbol corresponding to X. When the
input vector XC is a Berger code word and the circuit is
fault free then during a period of the signal I the output
OUT gets the values (0, 1). When the input vector is not a

then



Table 1: Operation of the checker. ouT,
Figure 2 Figure 3 Module L,

Condition ouT OuT,, OUT;, | [ [

_ =0 I=1] 120 1=l Co-Coy | XX 4
WX)< C 2 +.4C| 0 |0 | 0,0 0,0
WX)=C_ 2+ 4Gl 0o |1 | 1,0 0, 1 INV Module L, | OUT
WX)>C 27 +.4CG| 1 |1 | 1,1 1,1 [ 1

Co-Coy | Xpu X,

code word then during a period the output OUT gets the |1

values (1, 1) or (0, O)Jn other words the circuit of figure 4
is a single output Berger code checker. As in the case of the

single output comparator given in [2@je output of the ,g4regate-weight threshold circuit we choose the values of
chec_ker can be simply check_ed using a flip flop. The f|IRNp, and L, so that the value of ML, to be in the middle of
flop is triggered by a _clock signal identical to the systeny,q range given by relation (1). Then due to statistical
clock, but delayed with respect to system clock, by @ariations of the device characteristics the range can be
suitably chosen time interval (taking into account thgnortened or shifted to the left or to the right but the value
checker input/output delay and the flip flop setup tlme_)of W,/L, will remain within the range, therefore the
The output of the checker is sampled on both the triggeringanyfactured IC will operate correctly. As the value of r
signal rising and falling edges (as the flip flop presented ifecomes greater the range defined by relation (1) becomes
[26]). o shorter and the yield of the manufacturing process will
. From the above it is easy to see that the checkgpcome smaller. With the improvement of a manufacturing
input/output delay,qf plus the flip flop setup time, tmust Erocess the circuit parameters deviation becomes smaller
be_sm_aller than the half o_f the period of the system clocl,,q (r, n) aggregate-weight threshold circuits for larger
This implies that the single-output TSC Berger codgaiyes of r can be constructed. However, given the quality
checker can be used only in systems with period greatgf 5 manufacturing process there exist a maximum value of
than 2(is+t) (the same comment concerns the single oUtpyt for \which Berger code checkers can be constructed
comparators given in [20]). However as we will see th?ollowing our method.
delay of the proposed _single outpu_t checkers is very small,  |n"ihe sequel we will modify the proposed Berger
thus they can be used in most applications. code checker with r-1 check bits, in order to implement the
The implementation of the single-output TSC Bergegnhecker for the Berger code with r check bits. That is, we
code checker requires n+r+4 transistors, where n+r is the.raqse by one the maximum value of r for which we can
number of inputs. Taking into account that thegnstruct Berger code checkers following our method. (
implementation of a function requires at least as manyote that increasing by one the value of r we double the
transistors as the number of its inputs, we conclude that tré?\gth of the information word for which we can construct
proposed checker is near optimal with respect 1 therger code checkers.) Let's assume that we have to design
number of the required for its implementation transistors. the Berger code checker for the case of n information bits

The double output Berger code checker is given '5(0 X, X,; and r check bits € C, G, (2'sns
Figure 3. Module  as well as module,Lis identical to o} ). Then for a code word T -

module L of figure 2. The input I is driven by a clock signal _ = -, = -2 —=
with the half frequency of feeding inputs to the checkerk.N(X) =CLRTHC, 2T A G or
This feeding frequency is usually equal to the frequency ol(X) = n-(G_q 21+ C,_, 2" 2+.4Cy2%) or
the system clock, therefore the signal driving input | can bgyxy = n-2" +1+(G,_, 2" '+..+C, 2°) or
easily obtained from the system clock using a T flip flop,,, < . ,r _ -1 0
The operation of the circuit is described in Table 1. W) #2002 (G 2.2 Go 2)- .

The manufacturability of the proposed checkers depenaqs()th.er words, Xo, Xy, ..., X1,Co, Gy, ..y Gals @ co'de
on the manufacturability of the (r, n) aggregate-weigh ord |f£he folrlgwulg equxalent_relaﬂons are satisfied:
threshold circuit. This circuit is a ratioed circuit. A problem (X)=C, 27+ C, 27+ 4G B4
of a ratioed circuit is that its correct operation depends @Ad W(X)+2" -n-1=(C,_; 2"'+..+C,[2°).
the conductance values of nmos and pmos transistors Sisce these two conditions are equivalent, we choose to check
well as the other circuit parameter’s values. It is well knowthe validity of the first for €,=1 and the validity of the
that fluctuations in integrated circuit manufacturingsecond for €,=0, so the relations become:
processes cause deviations on the actual values of the, =1 then WX)=C_,@27?+C_2°+.+CG X (2
parameters from their nominal values. Designing the (r, n)

Figure 3. Type-l Double output checker.



cases except the following faults: an.R= 4,9KQ for the
gate - source bridging fault of transisterig[1, n], b. Rnax
= 3,2KQ for the gate - source bridging fault of transitgr p

c. The gate - source bridging fault of transistgrip
undetectable. During the simulation the inputs of the
checker are driven by standard cell inverters with aspect
ratios (W/L)=12 and (W/L)=6. For the 16bit checker we
found negligible differences in the values gf,R

The proposed checkers are Self Testing for all break
faults on device terminals.

The test set of the checker consists of a) the vectors
that are required so as to apply 0 and 1 at each inwitiX
i0[0, n-1] and at each input; @ith jO[O, r-1] and b) the
vectors that are required so as to apply the pattern 01 or 10
to any adjacent inputs; XX;,; with i0J[0, n-2] and ¢ G
] ) ] . with jO[0, r-2]. When n=21 the test set consists of 4 code
The meaning of relations (2) and (3) is that depending Qords. For example, when n=7 the test vectors@e,C,,
the value of €; we can count zeros or ones. These relatic’%oX]XngmXSXG) = (000, 1111111), (111, 0000000),
lead us to the circuit of figure 4, where module L has bee(r101’ 0000011) and (011, 1010101). When fis2a code
designed following the design method of section Il for r-1y5rd with all the check bits equal to 0 does not exist.
check bits and n information bits and the aspect ratio gfherefore we have to apply two code words with check
transistor goq is given by the relation WdLmoa = (Z-n- parts respectively 011...1 and 100...0, which always exist,
1)Wq/Lq. Obviously, for n=21 (complete Berger code) sq that each input;@o take the value 0. Therefore in this
transistor goq is not appended. F@&,,= 1 and C.;=0 the  case the test set consists of 5 vectors. The above implies
circuit of figure 4 checks respectively the validity of  {hat the type-I single output checkers are C-testable, that is,
relations (2) and (3). We can easily verify that the circuit of  {he cardinality of the test set does not increase with the
figure 4 is a single output Berger code checker working  jnformation length.
similar to that of figure 2. The design of the corresponding B. Type-I double output checkers.

double output checker is obvious. The testability analysis of the double output checker
of figure 3 is similar to that of figure 2 except of a stuck-at
0 or 1 fault on line I, which is undetectable. The problem
can be overcame reducing the occurrence probability of
All the inverters used in these circuits are designed with nthese faults by suitably designing the circuit layout [25] and
dominate logic. to detect them doing periodic off-line testif®P], similar
A. Type-I single output checkers. to what is typically done to reveal the occurrence of faults
The transistor Por transistor i stuck-on fault is not on the system clock signal. The test set of this double
detected, but after its occurrence the checker remains codlgput checker is the same with that of the single output
disjoint. Furthermore if this fault is followed by one of thechecker of figure 2 but these vectors should be applied for
other considered faults, the resulting fault is detectable. AiFO and 1=1.
the other stuck-at, transistor stuck-open and transist@. Type-Il single output checkers.
stuck-on faults are detected by a codeword. The testability analysis of the single output checker of
The self-checking capability with respect to resistivdigure 4 is similar to that of figure 2 with only one
bridging faults and break faults on device terminals hagifference, the testability of the XNOR gates. We have to
been evaluated with extensive circuit-level simulationsote that in this case for some values of n, some XNORs
Resistive bridging faults (RBFs) between two transistothat are driven by some inputg €J[0, r-1] do not take the
terminals or between two inputs have been considered. Abmbination (0, 0) at their inputs. Single stuck-at faults on
RBFs with connecting resistancelR[0,Rn,y are detected, the terminal lines of each XNOR gate are always testable.
where R..x depends on the sizing of the transistors and thdowever the testability of transistor stuck-on, transistor
information length. We are interested for resistances in tiguck-open, resistive bridging faults and breaks depend on
range [0, 6lQ] [23]. For the 8 bit Berger code checker ofthe implementation of the XNOR gate.
figure 2 and an implementation k¥1um technology with
transistor aspect ratios (W/L)gab/1, (W/L)pm=10/1,
(W/L)pm,=20/1, (W/L)pm=41/1, (W/L)pm=5/1 and
(W/L)nm=2/1, for i=1 to n, the value of R,is 6KQ for all
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Figure 4. Type Il Single output checker.

and if C.;=0 then w(X) +2" -n-1=C, _, [Zr_2+...+Co 29 (3)

lll. Testability Analysis.

IV. Comparisons andConclusions.

In this paper we presented a novel method for
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favor to the proposed checkers. An improvement of thg | Neil H. E. Weste, Kamran EshraghiaBrinciples of CMOS
design presented in [17] was recently proposed in [27]. Itis VLS| Design, A systems Perspect®ed ed., Add. Wesley.
ease to see that the checkers proposed here are m@@ M. Nicolaidis, “Self - Exercising Checkers for Unified Built
efficient with respect to area, speed and power consumption - In Self - Test (UBIST), IEEE Trans. on CAD, vol. 8, No 3,

i ; March 1989, pp. 203 - 218
than the checkers given in [27]. [23] H. Hao, E. J. McCluskey, "Resistive Shorts Within CMOS

Gates", Proc. of IEEE Int. Test Conf., pp. 292-301, 1991.
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