21st International Conference on VLSI Design

On the Detection of Missing-Gate Faults in Reversible Circuits
by a Universal Test Set
Hafizur Rahaman', Dipak K. Kole', Debesh K. Das”, Bhargab B. Bhattacharva®

'IT Dept., Bengal Engg. & Sc. University, Howrsh — 711 103, India; email: rahaman_hitit becs.ac.in
chpt. of Comp. Sc. & Engg., Jadavpur University, Kollkata — 700 032, India; email: debeshdihotmail.com
*ACM Unit, Indian Statistical Institute, Kolkata — 700 108, India; email: bhargabivisical.ac.in

ABSTRACT

Logic syathesis with reversible oircuits has received consideralle
interest in the light of advances recently made in quanium
compnitatfon. Tmplementation of a reversible cireudt is envisaged by
deplaving several special tvpes of guantum gates, such as k-CNOT
Newer  wechnodogies like fon fropping  or nuaclegr  magnetic
resonance are reguired fooemulote guantum gates. Although the
classical  stuck-ar fault model i widely used  for testing
conventional CMOS circuits, new foull models, namelv, single
missing-pate foult (SMGF), repeated-gate fault (ROF), partial
missing-gate  foult (PMGFE)L and multiple missing-gate  foult
(MM GF] have been found to be more suftable for modeling defects
i guantum k-CNOT gates. In this pager, (8 fs shown that inan (o=

n) reversible cireudt implemented with SCNOT pates, addition of

anly one exira controd fine along with duplication each CNOT
grate vields an easily festable destgn, which admits a wniversal test
set ofsize (n 1) that detects all SMGFs, RGPy and PMGFy in the
Cireuil

Kevwords: Missing-gate faults, quantum computing, reversible
logic, testable design, universal test set

1. INTRODUCTION

Reversible logic can be employed to design information
lossless circuits, and therefore, has the potential of
reducing power consumption drastically [1-4]. It
provides a basis for the newly emerging paradigm of
quantum computing [5-7]. Since quantum gates or
circuits satisfy “no-cloning” behavior, and are
information lossless, they do not permit fanout, and
ought to have an equal number of inputs and outputs.
An n-input, m-output Boolean function F is said to be
reversible if and only if m =1, and F is one-to-one.

A reversible combinational circuit must be fanout free,
acyclic, and should consist of only reversible gates,
which themselves implement reversible functions; such
gates need to be specially designed, e.g, by using
Toffoli gates. Reversible circuits have numerous
applications to optical computing, digital signal
processing, commumnication, a'}'ptngraphy,
nanotechnology, quantum computing, DN A
technology, and low-power CMOS design [5-13].
Conventional logic gates such as AND, OR, or EXOR
used in digital design are not reversible. To design a
reversible circuit, only reversible gates can be used, for
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example, the controlled-not (CNOT) gate proposed by
Feynman [14], Toffoli [16], or Fredkin [15] gates. Many
techniques for the synthesis of reversible logic circuits
are known [17-23, 35].

Recently, several researchers [24, 27-30, 32] have
studied the problem of fault modeling and testing of
reversible logic circuits. The online testability in
reversible circuits was studied [25-26, 29]. Universal
testability of reversible logic circuits designed with k-
CNOT gates under the stuck-at fault model (both single
and multiple} has also been investigated [30]. A test
generation scheme detecting bridging faults in
reversible circuits is also reported [32, 33]. However,
now faull medels, namely, single missing-gate Taoll
(SMOF), Tepeated-gate fault (ROGE)L partial missing-gote
fault  (I'DGE), fault
(MG, have been [ound o ke more suilable [or
madeling defects in quantum LCNOT gales [27, 34].
They capture better representativn of physical failures

and  multiple  missiig-gate

i reversible  logic,  pacticularly  for  quantum
lechnelogies, A -CNOT based  civcuil  can he
implemented using trapped-ion technology, where the
foms interact with laser pulses |3, 6, 34).

Dotermimation of a universal test set for fault detection
in reversible cicenits has been studied for a few fault
madels [27, 30]. It has been shawn thal by adding ane
oxlra contral line and a few 1-CNOT gales, anv
reversible circuit designed with SCNCF] gates can be
tested for all SMGEs just by applving one test vector,
All the irredundanl RCTs are alsa deteclable e the
sam bosh.

Tn Ihis paper, we invesligale the prablem of delecling
PMOFs by o universal test sot. A PMOGE inoa &CNOTT
gate may be of first or higher order depending on the
number of parlially misaligned or mistuned gale pulses
in ils quanlum implemenlation [34]. We show thal il is
always possible to transform an (v = 1) reversible circuit
inplemented with &-CNOL gates, by adding only one
exlra conlral line and by duplicaling each B-CINOT gale,



sa Lhat the modified design becomes casily lestable; il
them admits a universal test set of size (7 +1) that doetects
all PMLaks of any order, in the circuit. Since the test set s
wndversal, no test penevation by ATPG (Automatic lest
Tallern  Cencralion)  is required.  The  ariginal
functiomality of the circait can be rostored by setting the
extra contrel line to logic 0. In addition, all the SMGEs,
and detectable KGLs are also tested by the same test set,

2. PRELIMINARIES

Reversible logic: A reversible function has equal number
of inputs and outputs, and simply induces a
permutation on the set of input vectors to produce an
output wvector. Therefore, given an input vector, its
output vector is unique, and for an output vector, its
corresponding input vector can be uniquely restored.
Further, in a circuit implementation with reversible
gates, no fanout is allowed. In conventional non-
reversible logic design, the above restrictions are not
imposed. However, a non-reversible Boolean function
can always be implemented by a reversible drcuit after
appropriately transforming it to a reversible one by
adding garbage lines and reversible gates [35].

Example: The function |x, y— xy] denoting AND
operation is not reversible. By adding one extra input
and two outputs, a modified but reversible function (x,
¥.z = 1y z@®xy]can be constructed. The AND
function can be realized at the output z & 1.y, by setting
the input z to constant zero; the circuit will have two
“garbage” outputs. The Toffoli gate [16] realizes this
function. By gurbuge is meant the number of extra
outputs required to realize the given function.

Reversible gyates: The basic CNOT type reversible gates
used for synthesis are the following: (i) (1 = 1) NOT (x,
— 1) (ii) (2 = 2) controlled NOT (CNOT) gate: (1,
1)), 1@ 1) and (iii) (3 = 3) Toffoli gate (x;, x:,
xz)—={xy , xo xx2Es).
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Fig. 1a: NOT, CNOT and Toffoli gates Fig. 1b: Behavior of a Toffoli gate

A generalized Toffoli gate has a set of control inputs C,
a target input set T, and has the form TOF(C;T), where

C=(rp Y., x) T= {-T.i] and C T = &, It maps an

input vector I::rn], Ao, 2% 10 I::Lﬂ], b g :L'n-:.],:r“;@ I:.'I.'ni].

2%, e, 20) Thus, a NOT gate is ( TOF (x3)),
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a generalized Toffoli gate which has no controls. The
CNOT gate is (TOF (x; 7)), a generalized Toffoli gate
with one control bit [14, 21]; this is also known as the
Feynman gate. The simple (3 = 3) Toffoli gate is a
generalized Toffoli gate with two controls [16]. These
three gates are shown in Fig 1. A FCNOT gate has k
control inputs xy, 2z, ..., 1 and one target input t. It
maps the input vector (ry, xz ..., 1 t) to the output
vector (1, Xz, ..., X% BB 1. 22 ... x3). In other words, a k-
CMNOT gate has k+1 inputs and k+1 outputs; the first k
outputs follows the respective inputs, and it inverts the
target at the (k+1)-th output if and only if all the k
control inputs are 1. Any reversible function can be
realized as a cascade of k-CNOT gates,

3. FAULT DETECTION IN A REVERSIBLE CIRCUIT

Testing of a reversible circuit, in general, turns out to be
relatively simpler compared to that of non-reversible
logic because of the inherent ease of comtrollability of
logic states and observability of errors [1]. Another
important property that expedites the test generation
process is the fact that backtracing is straightforward
and alwaj..rs vields a unique vector at the input.

3.1 Fault model

Several new faull madels for B=CNOT based reversible
3. These
single missing-gate fault (SMOGF), the repeated gate
tault (IKGL), partial missing-zate tault (PMMGLY, and the
mulliple missing-pale faull (MMOTY. Tn This seclion, we
briefly cxplain with examples,

citrnits wore introduced  carlior [27, ara

the: nature of those
faults.

Sipiele misatng-gate _fam‘l‘ [EAGE)E This  modoal
corresponds to the case when one BCNOT
completely disappears tram the ciccuit. In the presence
of this faull, the CNOT gale behaves as a simple wire

commection, i, the pulse implementing the gate

Zate

operation is

0t 140

shwrrt, missing, misaligred or mistuned,
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Fig. 22 Single ouseing gile Laull (53CT)

Fig. 2 shows an SMGF marked by the dotted box in the
reversible circuit harrﬂ‘\deslgm#l benchmark, where
the first 2-CINOT gate is missing,



An SMGF is detected by setting logic 1 value on all the
control inputs of the gate, and any value either 0 or 1 on
the target input as well as on the wires not connected to
the gate. In the example of Fig. 2, if we apply {a, b, c| =
{0, 1, 1} at the input of the drcuit, the normal output
would be le, £, gl = {1, 0, 0], whereas, in the presence of
the SMGF fault marked by the dotted box, the output
will be le, £, g] = {0, 1, 1}. The number of possible
SMGFs is equal to the number of gates in the circuit.

Repeated-gate fault (RGF): A repeated-gate fault (RGF) is
an unwanted replacement of a --CNOT gate by several
instances of the same gate [34]. An RGF may be needed
to model the occurrence of long or duplicated pulses.
Fig. 3 shows an example, where first gate is repeated in
the circuit ham3'\design#1. The effect of this fault is
thus same as that of an SMGF at the first 2-CNOT gate

in the original circuit.
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Ty 3: BCT in ham 3% dosern® L reversible cicoait

If we apply {a, b, ] =1{0, 1, 1], the normal output would
be le, £, gl = {1, 0, 0], whereas, in the presence of the
above RGF marked by the dotted box, the output will
be fe, £, gl = I0, 1, 1). Hence, it is detected by the vector
la, b, c)=10,1,1].

It is clear that if a RGF replaces a gate by even number
of instances of the same gate, its effect is similar to the
effect of the SMGF with respect to the same gate. If the
RGF replaces a gate by odd number of instances of the
same gate, the fault s redundant, ie. it does not
change the function of the circuit. Further, it has been
shown that any SMGF test set detects all detectable
RGFs [34].

Partinl missing-gute fault (PMGF): This is used to model
the defects resulting from the partially misaligned or
mistuned gate pulses [34]. It changes a k-CNOT gate
into a p-CNOT gate, with p < k. The corresponding
fault is called as (k - p* order PMGEFE. Fig. 4 shows a
first-order PMGF affecting the second control input of
the leftmost gate. An SMGF can be seen as a C-order
PMGF.
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Fig. 4: PMGF in ham3 \design#1
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In the circuit of Fig. 4, if we apply {a, b, c] = {1, 0, 1], the
normal output would be le, f, g] = {1, 1, 0], whereas, in
the presence of the first order PMGF fault as shown, the
output will be le, £, g} = {0, 0, 1]. Hence, the vector {a, b,
c] =11, 0, 1] detects this fault. It has been shown [34]
that a PMGF (of first or higher order) is detected when
a ) is applied to at least one of the affected control
inputs and a 1 to all other control inputs. Thus, a higher
order PMGF is detected by a test vector for a first order
PMGF, the affected control input of which is one of
those affected in the higher order PMGF. Hence, it is
sufficient to consider first order PMGFs only.

Multiple missing-gate fault (MMGF): This is defined as
complete disappearance of two or more consecutive k-
CNOT gates from the circuit.

Fig. 5 MMGF inham3design# 1

In the circuit of Fig. 5, it is shown that the circuit has an
MMGF marked by the dotted box. This fault is detected
by the vector {a, b, ¢} = {0, 1, 1).

3.2 Testable design for detecting PMGFs

An exact ATPG scheme has been reported earlier [34]
that generates test vectors for various types of missing-
gate faults discussed above. To detect all PMGFs by a
universal test, the original reversible dreuit is
augmented by adding one wire and duplicate --CNOT
gates.

A first-order PMGF affecting the #* control input can be
detected by setting 0 at the * control input and 1 at all
the other control inputs. For such a vector, the fault-
free and the faulty gate will produce different values
on the target node. Therefore, to detect all first order
PMGFs in a k-CNOT gate as shown in Fig. 6a, we will
have to apply the following k test vectors {1, 12.. 5. 1
R« 1 | PO s R 4 O I S s [ RS I G DO 1
X) at the input level, where X, applied to the target
input, may be 0 or 1.
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An (n = n) reversible circuit R of depth d is built with a
cascade of k-CNOT gates. While the above k test
vectors applied at the inputs to K are guaranteed to
detect all PMGFs at the first CNOT gate, they may not
detect a PMGF at a CNOT gate lying at a subsequent
level, as the vectors change when they propagate
through various levels. However, if we are able to
produce the same k patterns at the inputs of each
CNOT gate lying at all other levels, then all PMGFs of
first order can be detected in the reversible circuit. To
restore the same test patterns at each level, we augment
a k-CNOT gate as shown in Fig. 6b. The same k-CNOT
gate is repeated consecutively, and one additional
control input (c.) is added.
Lenmma 1: The target output T, of the augmented gate is
equal to the target input t when ¢, = 1.
Proof: The output of the target line T =t & (v.x2...
Xj....xy). After augmentation, the target output T; when
cx= 1, is given by:
Ti=1 @1 meae . 24w
=T @ (xiXa. . 45,050
=@ {xr Do) P (e xs
t

Henee the proof foellows.

By

Therefore, it is possible to restore the same test pattern
iwhicl is applied at the input level), at the output level,
Repealing this augmenlalion procedure Tor cvory f-
CMOT gate with a common additiomal contral line (o),
an {i = 1} reversible circuit (Fig. 7) is modified as in Fig. 8.
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Fig. 72 An i = reversible citoait of depth o
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In other words, 8 CNCFI gate is inserted between every
Mand G116 level, where the inserted gate is the same
as the one al the * level wilh one exlra contral inpul.
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Fig. #: Augmented reversible circuit

L he aLLgmented circuit implements the ruermal function
when the contral line o s set £ 0,

Example: The dreuit ham3hdesign#1 is shown in Fig. 9.
The augmented circuit is shown in Fig. 10. For this
circuit, the test set: Sla, b, ¢, ¢ = 0111, 1011, 1101,
1110}, detects all possible first order PMGFs. Since first
order PMGFs dominate all other higher order PMGFs
[34], this test set detects all PMGFs in general. Further,
this is universal in the sense that for all (3 = 3)
reversible drouits, the same test set will work.

il
a u

Lewel 0 |

Fig. 9 ham3 design#1 benchmark reversible drcuit
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Fig. 11 'leatable design for hamd s design 1
The general result stated below, now easily follows.

Theeren 1 In the tostable design as shown in Fig. 8, the
followeing umiversal test Su of length {7 +1) s sufficient
to detect all 1"GLs of any order = 1
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Lemma 2: The test set 5¢ is also sufficient to detect all
the SMGFs in the circuit.

Proof: In a k-CNOT gate, if we apply pattern {x xz2...,
T xpt)=1011.1..1X), where X denotes don't care,
the target output T becomes the complement of t. Since
the reversible circuit is implemented with only --CNOT
gates, only one of the n input lines of the reversible
circuit is the target line t for a given CNOT gate. If we
apply 0 on the target line and 1 on the remaining lines,
then it is able to detect an SMGF on that gate. Clearly at
the input level, such a test pattern belongs to the set 5.
For other CNOT gates at all subsequent levels, the
required vector reappears in the testable design of Fig,
8, as discussed earlier. Hence, the test set 5, is sufficient
to detect all SMGFs in the augmented circuit.

Lemmma 3: All detectable RGFs are detected by the test set

Sen
Proof: Follows from the fact that any SMGF test set
detects all detectable RGFs [34].

Ihus, it follows that the abowe universal test Seoof
length (p+l) = sufficient to detect all SMGLs, all
deteclable RCTs, and all TACTs in the augmented
reversible civenit The test set depends only on ke and s
independent of the functivnality of the reversible logic,

4. EXPERIMENTAL RESULTS

We have studied several examples of reversible
benchmark circuits [36], the results of which are shown
in Table 1. Column 1 shows the circuit name, and
column 2 denotes gate count (N), column 3 presents the
input size (#). The number of tests for detecting all
PMGFs obtained by running the ATPG [34], is shown in
column 4. The size of the universal test set as per the
proposed method is just (n+1) and is shown in column
5. The universal test set can be directly found without
the need of rumning an ATPG. However, the
augmentation procedure doubles the gate cost.

Table 1: Comparnison of the test set for the PMGF model

Cincuit hY n Fof tusts asin 7 uf towts

[=4] as in lhe

propused

miethiod
2odadl H ] e 7
Al Th 4 3 A
lisarled b 7 1 3 5
w3k 3h 3 o f
bl 125 5 IR 7
I 27 1 241 7 21 H
3l 2 7 & H
Tl 53reme, Sl 7 i H

5. CONCLUSIONS

This paper presents a design-for-testability technique
for testing missing-gate faults in a reversible dreuit.
The technique derives a universal test set of length
(n+1) for detecting all partial missing-gate faults
(PMGF) along with all single missing-gate faults
(SMGF), and all detectable repeated-gate faults (RGF).
in an (1 x 1) reversible combinational circuit designed
with CNOT gates. The test set also detects a large
number of multiple missing-gate faults (MMGEF).
However, for detection of all MMGFs, additional tests
and/or further augmentation may be needed. These
would require further investigation.
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