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Abstract - The project proposes to design and test 2 to 4
reversible Decoder circuit with arbitrary number of gatesto an
online testable reversible one and is independent of the type of
reversible gate used. The constructed circuit can detect any
single bit errors and to convert a decoder circuit that is
designed by reversible gates to an online testable reversible
decoder circuit. Conventional digital circuits dissipate a
significant amount of energy because bits of information are
erased during the logic operations. Thus if logic gates are
designed such that the information bits are not destroyed, the
power consumption can be reduced. The information bits are
not lost in case of a reversible computation. Reversible logic can
be used to implement any Boolean logic function.

Keywords - Reversible logic, Feyman gate, NOT Gate,
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1. INTRODUCTIONTO REVERSIBLE LOGIC

The new mantra of success has been fabricated by
computing revolution. Every day we see it penetrating in to
new application areas with the performance —per —unit —
power consumption of digital technology improving as
Moore had predicted. When the conventiona approach will
run out of steam, reversible computing will then be the only
way to rapidly improve performance.

Reversible computing is the application of principles of
recycling to computing. It means computing using a physical
mechanism that is thermodynamically reversible and
logically reversible as well. They are adiabatic system that
recycle their energy and emit very little heat.

Reversible logic has gained importance in the recent past.
The rapid decrease in the size of the chips has lead to the
exponential increase in the transistor count per unit area. As
a result, the energy dissipation is becoming a mgjor barrier
in the evolving computing era.

Researchers like Landaurer have shown that for
irreversible logic computations, each bit of information lost
generates KTln, joules of heat energy, where K is
Boltzmann’s constant & T the absolute temperature at which
computation is performed .Bennett showed that KTIn,
energy dissipation would not occur, if a computation is
carried out in a reversible way, since the amount of energy
dissipated in a system bears a direct relation ship to the
number of bits erased during computation[1][2] .Reversible
circuits are those circuits that do not lose information and
reversible computation in a system can be performed only

when the system comprises of reversible gates. These
circuits can generate unique output vector from each input
vector and vice versa, a one to one mapping between input
and output vectors.

Reversible circuits can be viewed as a special case of
guantum circuits because quantum evolution must be
reversible. Classical (non-quantum) reversible gates are
subject to the same “circuit rules,” whether they operate on
classical bits or quantum states. In fact, popular universal
gate libraries for quantum computation often contain as
subsets universal gate libraries for classical reversible
computation. While the speed-ups which make gquantum
computing attractive are not available without purely
quantum gates, logic synthesis for classica reversible
circuits is a first step toward synthesis of quantum circuits.
Moreover, agorithms for quantum communications and
cryptography often do not have classical counterparts
because they act on quantum states, even if their action in a
given computational basis corresponds to classical reversible
functions on bit-strings.

1.1 The Concept

Reversibility in computing implies that no information
about the computational states can ever be lost. We can
recover any earlier stage by computing backwards or
uncomputing the result. This is termed as logica
reversibility. The benefits of logical reversibility can be
gained only after employing physical reversibility. Physical
reversibility is a process that dissipates no energy to heat.
Absolutely perfect physical reversibility is practicaly
unachievable,

Computing systems give off heat when voltage levels
change from positive to negative bits from zero to one. Most
of the energy needed to make that change is given off in the
form of heat. Rather than changing voltages to new levels,
reversible circuit elements will gradually move charge from
one node to the next. This way one can only expect to lose a
minute amount of energy on each transition.

Reversible computing strongly affects digital  logic
designs. Reversible logic elements are needed to recover the
state of inputs from the outputs. It will impact instruction
sets & high level programming languages as well.
Eventually these will also have to be reversible to provide
optimal efficiency.
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1.2 Need for Reversible Computing

High performance chips releasing large amounts of heat
impose practical limitation on how far can we improve the
performance of the system. Reversible circuits that conserve
information by uncomputing bits instead of throwing them
away, will soon after the only physical possible way to keep
improving performance.

Reversible computing will also lead to improvement in
energy efficiency. Energy efficiency will fundamentally
affect the speed of circuits such as nanocircuits and therefore
the speed of most computing applications. To increase the
portability of devices again reversible computing is required.
It will let circuit element sizes to reduce to atomic size limits
and hence devices will become more portable.

Although the hardware design costs incurred in near future
may be high but the power cost & performance being more
dominant than logic hardware cost in today’s computing era,
the need of reversible computing cannot be ignored

Two conditions must be satisfied for reversible
computation.

The First Condition

For any deterministic device to be reversible its input and
output must be uniquely retrievable from each other.
- Thisiscalled logical reversibility.

The Second Condition

The device can actually run backwards, i.e., in another
term it can be said that each operation converts no energy to
heat and produces no entropy
- Thisis caled physical reversibility.

- Second Law of Thermodynamics guarantees that no heat is
dissipated

1.3 Limitations of Reversible Gates:

1) Fan-outisnot permitted.

2) Loopsarenot allowed.

Fan-out and feedback can be achieved using copying
gate —Feynman and Double Feynman gates [12][13].

1.4 Properties of Reversible Logic Gate:

1. Minimum input constants.

2. Minimum number of gates.

3. Minimum number of garbage outputs.

Garbage outputs are those outputs which are not used
further for any computation.
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1.5 Synthesis of Reversible Gates:

Synthesis of reversible logic is different from conventional
logic [20]. Synthesis can be carried out from the input
towards the outputs or from the output towards the inputs. In
reversible logic there is one more factor ,which is more
important than the number of gates used .i.e. the number of
garbage outputs. The Unutilized outputs from a reversible
gate/circuit are called “garbage”. Though every synthesis
method engages them producing less number of garbage
outputs, but sometimes garbage outputs are unavoidable [5].

2. DIFFERENT TYPESOF REVERSIBLE GATES
2.1 Basicreversiblelogic gates

The important basic reversible logic gates are Feynman
gate which is the only 2*2 reversible gates which is as
shown in the figure and it is used most popularly by the
designers for fan-out purposes. There is aso a double
Feynman gate , Fredkin gate and Toffoli gate ,New Gate,
Peres gate, all of which can be used to realize important
combinational functions and all are 3*3 reversible gates and
are as shown in the figure respectively.

A— FEYNMAN

GATE
B —

Feynman gate (FG)

A — — P=A
FREDKIN .

B —|  aare [ Q@=ABSAC

C — — R=A'CZ AB

Fredkm gate

A — — P=A
TOFFOLI
B~ Gae [—Q=B
¢ — - R=ABSC
Toffol gate (T G)
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c - R=ABSC
Peres gate (PRS)

2.2 Applications of Reversible Circuits:

The most prominent application of reversible
in,

Quantum computers.

Low power CMOS design.

Optical Computing.

Nanotechnology

logic lies

2.3 Reversible Gates with a Built-in Testability:

A testable logic block can be formed by cascading R1 and
R2, as shown in Fig.. In this configuration, gate R2 is used
to check online whether there is a fault in R1 or in itself. If
R1 is fault free, its parity output q and the parity output s of
R2 should be complementary; otherwise, the presence of a
fault is assumed. Thus, during a norma operation, the
presence of a fault in the logic block can be detected.
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2.4 Deduced Reversible Gate (DRG):

Let the nxn reversible gate R is as shown in figure 4.1
with the input vector I=[l4,l,,ls...,IJand the output vector
0=[04,0,,0s....,0,] .As the gate is reversible we have one-to
one mapping between vector | and O.A deduced reversible
gate of R,DRG(R)as shown in fig, is constructed by adding
an extra input bit Pi and the corresponding output bit Po to
the gate R. Where:
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Po=F+P.. Where F=01®0,@0;..... [Eon,
termsof. 14, I, 15..., In

realized in

I]— —OL
Ig— —Og
I — R — O
E[n_ _O:
Reversible gate R
II_—\— [ 0._
I1— = 0,
Is— DRG [~ ©:
I — — 0.
B I P,
Deduced reversible gate

2.5 Testable Reversible Cell (TRC):

To construct a Testable reversible cell, TRC(R) as shown
in fig, for a given reversible gate R. Consider a nxn gate X
such that al the inputs to the gate X are mapped to the
outputs without any change. It is obvious that the gate X is
reversible. Let R be an nxn reversible gate. Let DR=DRGI
and DR,=DRG(X). DR, and DR,= are (n+1) x (n+1) gates.
DR, and DR, are reversible gates.

Cascade the gates DR, and DR, as shown in figure by
connecting the first n outputs of DR, to the first n inputs of
DR, in order. The resultant gate can be viewed as a
(n+2)x(n+2) gate as shown in figure, which we denote as the
testable reversible cell of R ,TRC.The input vector of TRC is
defined adg[1,P,5,P,n],where | is the input vector of gate R and
P..,Py, are the added one hit inputs to the gates DR, and DR,
respectively. Similarly, the output vector is defined as [O,
Poa, Pob], where O is the output vector of gate R and Py, P
are the added output bits to gate DR, and Gate DR,
respectively.

The fact that DR, and DR, are reversible and the
construction of TRC imply that TRC isreversible.

I — —

:;— I 02

I:—| DRa DR, [~ ©

I.— _ L 0,
Pﬂl

Pl.a_ _ Pd:_ — Pa':h

Cascade of two deduced reversible gates
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il Fred king gate 0P

12 OF:

Py

Pib ——

Testable reversible cell

3. CONSTRUCTION OF ONLINE
TESTABLE DECODER

3.1 Algorithm

Input : Reversible decoder C
Output : An online testable reversible decoder CT

1) Construct c' by replacing every reversible gate R in C by
TRC.The parity input bits of TRC are set such that
P.a= Pip in the construction of TRC. C’s reversible.

2) Let n bethe number of reversible gatesin C.Construct a
(2n+1) x (2n+1) test cell (TC) as shownin figure.

Poa [ ] Foal
]
T Pob0

Poal | TC Poal
Pobl | L Pobl
Poaz | Toal
Pobd—— T PobZ

e | I

Test Cell

3) First 2n inputs are the outputs parity bits from each of
the n testable reversible cell TRC of C’ gate.

4) The last bit of the input, called e is either set to logic O
or logic 1.

5) First 2n inputs are transferred to the output without any
change.

6) Thelast output bit (T) of the test cell (TC) is
T =[((Paa1 © Paw1) + (Poaz @ Ponz) +. .+ (Poan © Pop)

th
Where POak and Pobk are the output parity bits of the k
TRCof C’.
.
7) Cascade C’ and TC as stated in step 2 to obtain C .
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As errors are detected dynamically at-speed during normal
working of the circuit and without affecting the functionality

2
of the reversible circuit, the proposed C qualifies as an
online testable reversible circuit.

3.2 Proposed Technique:

A reversible decoder circuit is converted to an online
testable reversible decoder. A decoder is a combinational
circuit that converts binary information from n input lines to
amaximum of 2n unique output lines.

Let us consider 2 to 4 decoder. The truth table of the
decoder isshown in table:

=
N

r|lo|lo|lo|lo|O
olr|o|o|o|@

o|lo|r|o|o|@
olo|o|r|o|P

RO |O|X
ROk |O|X

Truth tablefor 2 to 4 Decoder

The construction of reversible decoder uses three Fredkin
gates (F1, F, and F3).

(0 dec

(2)dec
(3) dec

J in(0)
| Fredking —
g Gate 3

T ) |

np (1) ——

Fred king Fred king
Gate | Gate 2

%‘ Tnp(0)

2 to 4 Reversible Decoder

Inp (0)——

Inp (0) and Inp (1) are the one bit inputs to the decoder
and O;, O,, O; and O, are the output bits of the decoder.
Algorithm is used to convert the decoder circuit into an
online testable decoder.

Input: Reversible Decoder circuit C

Step 1. Replace Fredkin gate with its testable reversible
TRC for K=1, 2, 3.Let the input vector be [a, b, c] and the
output vector be [O,, O,, O5].The deduced Fredkin gate DR,
can be obtained with the following inputs and outputs as
shown in figure.

Inputs. a, b, cand P,

Outputs: O;=a; O,=a @ab@ ac o
0y=b @@a@; P..=0J® 0, 0, [®p,
Po=d® (d® ab@® &) [® (B av® ac) (@ p=d®
b® dD p,
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To construct DRy, ,take X to be a 3X3 gate That has inputs
aql,l,15]land outputs as [Uq,U,Us],where U; and |; are
related as U;=I; for i=1,2,3.The deduced gate DRy, is shown
infigure..

Inputs: 14, 15, 13 and Py,

Outputs: yi=I; wherei=1, 2,3.

Pob:PibI:_B U]_ @Uz@ UBZPiJ@ Il@ IZ’CT:I |3

a — —0Oy=a
b — Deduced |—Oh=a®ab@ac
Fredkin
c | (DR,) |[—Os=b=ab=ac
Pia__| . P.=a®@bece P,y
Deduced Fredkin gate DR,
I, — — U=I
L — Deduced [~ U:=L
Fredkin
Ig, — (DR:}} - E3=15
Pn'h= :'_ & :g & :3 f‘PL':.
P:l':- I

Deduced Fredkin Gate DR,

Step 2: Add test cell (TC) with 2n+1=7 input line. As n=3
for the decoder circuit, TC has 2n+1 input lines. Connect its
first six input lines to the parity bits Py and Py, Of the
Fredkin gate for K = 1, 2, 3. First six lines are passed to the
output lines without any change. Output bit T is the error
detecting bit. The value of T will determine if there is an
error in the circuit.

Circuit thus obtained is the online testable reversible
decoder.

0 (3) 2 )

il = — b
TRC - TR [— e |
‘ ! adll) W L
| Pogl) P2 Fisd —=] Fedl3)
Pial —
poy BT —Pl) B ra)
Phl
Testable Reversible Decoder
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Pial ] 1y P —— - ¢l
o0y P [Pab{2)

Fil

l  Poal

Fob
L
L1 Pezl TC Poal
Pobl Pobl
I——Poali  Poal
I | Fob
. | p—

Online testable reversible decoder circuit

The circuit thus obtained is online testable reversible
decoder. Let us consider the case when the input vector
[11,15]=[1,0]from the truth table of decoder the output vector
O should be]0,0,1,0].In this case ,he parity vector
[PoatsPob1,Poazs Pob2:Posz,Pops] 1S equal to [0,0,1,1,0,0]and
error=0 which shows that the circuit is error free.

Suppose if there is some error in the circuit ,say in Fredkin
gatel,for the given input vector [l4, 15]=[1,0]output of Fred
kin gatel is [1,0,1,0] instead of [0,0,1,0],parity vector
[Pialypiblypia21Pib21Pi£1Pib3] will be equal to [0,1,1,1,1,0,0]and
hence error=1,s0 the circuit is erroneous.

3.3 Advantage of Online Testability:

An important advantage of the technique is that the logic
design of a reversible circuit remains the same and the
reversible circuit need not be redesigned for adding the
testability feature to it. Another advantage is that the
technique ensures that the garbage generated during the
process of conversion to testable reversible circuit is
minimized. The resultant testable circuit can detect online
any single bit errors that include single stuck faults and
single event upsets.
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4. RESULTS

4.1. Waveform Showing with Error in TRC:

4.2. Waveform Showing Without Error in Design:

4.3 Xcope:

The work is focused on the design of online reversible
circuit that can be tested. The design includes different block
like implementation of algorithm for the reversible logic
gate tests. All design need to be verified to ensure that no
error in VHDL programming before being simulated. The
second scope is to implement the design into FPGA
hardware development board. This process is implemented if
al designs are correctly verified and simulated using
particular software. Implementation includes hardware
programming on FPGA or downloading hardware design
into FPGA and software programming. Creating test vector
program also include in the scope of the project. Test vector
is a program developed and is intended as the input interface
for user as well as to control data processing performed by
the hardware. These computation values should be verified
and tested to ensure the correctness of the developed
module. Appropriate software is used to compare the
computation performed by the FPGA hardware with the
software.
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