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Abstract—Reversible logic is one of the most essential issues
at present time due to its power reduction capability in
circuit designing. It finds application in various fields
including quantum computing, optical computing,
nanotechnology, computer graphic, cryptography, digital
signal processing and many more. Dissipation of a
significant amount of energy is achieved in the conventional
digital circuits because bits of information are erased during
the logic operations. Thus, if logic gates are designed in such
a way that the information bits are not destroyed, then it is
possible to reduce the power consumption dramatically. The
information bits are not lost in case of a reversible
computation. This has led to the development of reversible
gates. The reversible circuits do not lose information and
can generate unique outputs from the specified inputs and
vice versa. The main purposes of designing reversible logic
are to decrease quantum cost, depth of the circuits and the
number of garbage outputs. This paper represents the
realization of different multiplexers by using COG
reversible gate and a comparison of cost metrics of different
multiplexers. Also the COG gate and multiplexer by this
COG gate have been simulated by XILINX and
implemented in the SPARTAN-FPGA Kit.

Index Terms—basic reversible gates, reversible multiplexer,
irreversible multiplexer, garbage output, constant input,
technology, select lines

I.  INTRODUCTION

Modern digital circuits offer a great deal of
computation. As technology evolves and many more
transistors can fit in a given area, the concern for power
dissipation as heat arises. Reversible logic was first
related to energy when in 1973. It was Landauer states
that information loss due to function irreversibility leads
to energy dissipation in 1961 who stated that there is
small amount of heat dissipation the circuit due to loss of
one bit of information and it would be equal to kTIn2,
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where ‘k’ is Boltzmann constant and T is the absolute
temperature [1]. This principle is further supported by
Bennett that zero energy dissipation can be achieved only
when the circuit contains reversible gates. Bennett
showed that the energy would not be dissipating from the
circuit if inputs can be extracted from outputs and it
would be possible if and only if reversible gates are used
in the circuits [2]. According to Moore’s law the numbers
of transistors will double every 18 months. Thus energy
conservative devices are the prime need at the end of the
day. The amount of energy dissipated in a system bears a
direct relationship to the number of bits erased during
computation. Reversible circuits are those circuits that do
not lose information. A circuit will be reversible if input
vectors can be explicitly retrieved from output vectors
and one to one correspondence are there between inputs
and outputs [3]. Younis and Knight [4] showed that some
reversible circuits can be made asymptotically energy-
lossless if their delay is allowed to be arbitrarily large. A
reversible logic circuit should have the following features
[5], use of minimum number of reversible gates, use of
minimum number of garbage outputs and use of
minimum constant inputs.

Il. REVERSIBLE LOGIC

A. Definitions

Some of the basic definitions [6] pertaining to
Reversible Logic are

Definition 1: Reversible logic function

A reversible logic function is a function which maps
each input vector to a unique output vector. A function is
said reversible if, from its given output, it is always
possible to determine back its input, because there is a
one-to-one relationship between input and output states.

Definition 2: Reversible logic gate

A reversible logic gate is a device which performs
reversible computation maintaining one to one mapping
between the inputs and outputs. If a reversible logic gate
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has N inputs, then to perform one to one mapping, the
number of outputs should also be N. Then this device
may be called an NxN reversible logic gate whose inputs
are denoted by I, I, I5...1y and the outputs are denoted by
0,0, 03...0p.

Definition 3: Garbage output

These are the outputs that are not used in the synthesis
of a function. These may appear to be redundant but are
very essential to preserve the reversibility of a gate. It is
denoted by GO.

Definition 4: Constant inputs

These are the inputs that have to be maintained at
either a constant O or at constant 1 in order to generate a
given logical expression by using the reversible logic
gates. It is abbreviated as ClI.

Definition 5: Quantum cost

This refers to the cost of the circuit in terms of the cost
of a primitive gate. It is computed knowing the number of
primitive reversible logic gates (11 or 2>2) required to
realize the circuit. It is denoted as QC.

Definition 6: Gate count

This refers to the number of gates that are required to
implement a reversible logic circuit. It is denoted by GC.
Another parameter that can be defined in relation to the
gate count is the flexibility, which can be defined as the
ability of a reversible logic gate in realizing more
functions. Higher the flexibility of a gate, lesser is the
number of gates that are needed to implement a given
function.

Definition 7: Hardware complexity

The hardware complexity [7] is measured by counting
the number of EX-OR operations, number of AND
operations and number of NOT operations. Let
a = No. of EX-OR operations
B =No. of AND operations
6 =No. of NOT operations

Then the total hardware complexity is given as sum of
EX-OR, AND and NOT operations.
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Figure 1. Basic reversible gates.
B. Reversible Logic Gates

The important basic reversible logic gate is Feynman
gate [8] which is the only 2> reversible gate and it is
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used most popularly by the designers for fan-out purposes.
There is also a double Feynman gate [9], Fredkin gate [10]
and Toffoli gate [11], New Gate [12], Peres gate [13], all
of which can be used to realize important combinational
functions and all are 3>3 reversible gates. Some basic
reversible gates are shown in Fig. 1.

C. COG Reversible Logic Gates

A 3>3 reversible gate COG (Controlled Operation
Gate) already had been proposed [14] shown in Fig. 2.
The Truth table for the corresponding gate is shown in
Table I also. The closer looking at the truth table reveals
that the input pattern corresponding to a specific output
pattern can be uniquely determined and thereby
maintaining that there is a one-to-one correspondence
between the input vectors and the output vectors. In this
gate the input vector is given by Iy = (A, B, C) and the
corresponding output vector is Oy = (P, Q, R).

A —P=A
B — COG [ Q=AC:2A'B
c— ———R=BC+B'C’

Figure 2. COG reversible gate.

TABLE I. TRUTH TABLE OF COG GATE
Inputs Outputs

A B C P Q R
0 0 0 0 1 0
0 0 1 0 0 0
0 1 0 0 0 1
0 1 1 0 1 1
1 0 0 1 1 0
1 0 1 1 0 1
1 1 0 1 0 0
1 1 1 1 1 1

I1l.  CONVENTIONAL MULTIPLEXER

Multiplexer is a combinational circuit that selects
binary information from one of the input lines and directs
it to a single output line. Usually there are 2" input lines
and n selection lines whose bit combinations determine
which input line is to be selected. It is also called a data
selector. For example for 2-to-1 multiplexer if selection S
is zero then Iy has the path to output and if S is one I; has
the path to output. A 2 to 1 multiplexer is shown in Fig. 3.

-
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Figure 3. Conventional 2 to 1 multiplexer
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A 2-to-1 multiplexer has a Boolean equation
Y=S’l4+Sl;, where Iy and I; are the two inputs, S is the
selector input, and Y is the output which can be expressed
as a truth table shown in Table II.

TABLE Il.  TRUTH TABLE OF 2 TO 1 MULTIPLEXER

S lo Iy Y

1 1 1

0 0 1

0 1 0

0 0

1 1

1 0 0

1 0 1 1

0 0

This truth table shows that when S=0 then Y=l, but
when S=1 then Y=I,. A straightforward realization of this
2-to-1 multiplexer would need 2 AND gates, an OR gate,
and a NOT gate.

Larger multiplexers are also common and, as stated
above, require log, (n) selector pins for n inputs. Other
common sizes are 4-to-1, 8-to-1, and 16-to-1. Since
digital logic uses binary values, powers of 2 are used (4, 8,
and 16) to maximally control a number of inputs for the
given number of selector inputs.

The Boolean equation for a 4-to-1 multiplexer is
Y=14Sg’S1’+11S0S1’+15S¢”S1+13S0S4, where lg, 11, I» and I3
are the two inputs, S is the selector input, and Y is the
output A 4 to 1 multiplexer is shown in Fig. 4.

j&&

B ——

Figure 4. Conventional 4 to 1 multiplexer

Larger multiplexers can be constructed by using
smaller multiplexers by chaining them together. For
example, an 8-to-1 multiplexer can be made with two 4-
to-1 and one 2-to-1 multiplexers. The two 4-to-1
multiplexer outputs are fed into the 2-to-1 with the
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selector pins on the 4-to-1's put in parallel giving a total
number of selector inputs to 3, which is equivalent to an
8-to-1. An 8 to 1 multiplexer of basic gate is shown in Fig.
5.

52 s =0

HEE:

Figure 5. Conventional 8 to 1 multiplexer

IV. REALIZATION OF MULTIPLEXER BY COG GATE

Different types of multiplexer have been realized in
this paper by using COG reversible gates.

A. Design of 2:1 Reversible Multiplexer Using COG
Gate

The 3>3 reversible COG gate is used in order to act as
the 2:1 reversible multiplexer producing two garbage bits
shown in Fig. 6. The inputs are S, Iy and I,. Based on the
selection input Sy, the corresponding message bits are
passed on to the output Y.

So

Io
Il

COG

go -
——Y=I0So0 + I150

Figure 6. Reversible 2 to 1 multiplexer

B. Design of 4:1 Reversible Multiplexer Using COG
Gate

Using the reversible COG gate, 4:1 multiplexer can
also be designed as shown in Fig. 7. This design requires
three COG gates such that producing four garbage
outputs. The Table Il describes the truth table of 4:1
reversible multiplexer, the garbage outputs are discarded
as it doesn’t play a vital role in the multiplexing operation.

S1

I COG
I —go
cos —Y
4
I cog —9 ¢
I gz

Figure 7. Reversible 4 to 1 multiplexer
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TABLE Ill. TRUTH TABLE OF 4 TO 1 MULTIPLEXER
St So Y
0 0 lo
0 1 Iy
1 0 P
1 1 I3

The above truth table depicts there is no change in the
functionality of 4:1 reversible multiplexer with respect to
the irreversible multiplexer functionality. The equation

for the output Y is given as follows,
Y:|080’81"“'18081"’"280’81"‘|3Sosl.
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Figure 8. Reversible 8 to 1 multiplexer
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Figure 9. Reversible 16 to 1 multiplexer

C. Design of 8:1 and 16:1Reversible Multiplexer Using
Reversible COG Gate

Using the same proposed COG gate again 8:1 and 16:1
reversible multiplexer also can be designed as shown in
Fig. 8 and Fig. 9. These designs use seven and fifteen
COG gates producing 10 and 19 garbage outputs
respectively. In genera designing of 2"1 reversible
multiplexer can be possible where n is 1, 2, 3...n. For
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2™1 reversible multiplexer (2"-1) COG gates are required
producing (2"+n-1) number of garbage outputs

V. COMPARISON

TABLE IV. COMPARISON OF COST METRICS OF DIFFERENT
MULTIPLEXERS

[Proposedl | ac GO T
21 1 2 2 a+2B+28
41 3 5 6 a+6B+65
8:1 7 10 14 o+14B+143
16:1 15 19 30 a-+308+305
1 @-1) | (@%+n-1) @'-1) 2 0+28+25)

TABLE V. COMPARISON OF DIFFERENT CONVENTIONAL AND
REVERSIBLE MULTIPLEXERS

No of gates
MUX Reversible MUX Irreversible
[proposed] MUX
2:1 1 4
4:1 3 7
8:1 7 12
16:1 15 21
21 (2"-1) (2"+n+1)
TABLE VI. COMPARISON OF DIFFERENT 4:1 REVERSIBLE
MULTIPLEXERS
Name of No of Garbage Constant hardware
the circuit gates output Input Complexity
4:1 MUX 6 10 4 110+108+28
[15]
4:1 MUX 3 6 0 60+8B+38
[16]
4:1 MUX 3 5 0 60+12p+68
[17]
4:1 MUX 3 5 0 6 a+6B+65
[proposed]

VI. SIMULATION RESULTS

This work also includes the simulation of the COG
gate and multiplexer using this proposed gate. The
simulated snapshot input, output waveforms and RTL
schematics of the proposed circuits are shown from Fig.
10 to Fig. 21. The simulation has been done by XILINX
ISE 8.2 and also the implementation in the SPARTAN-3
FPGA kit has been achieved.

The VHDL program for COG gate

entity COG_gate_vhdl is
Port (A: in STD_LOGIC;
B:in STD_LOGIC;
C:in STD_LOGIC;
P: out STD_LOGIC;
Q: out STD_LOGIC;
R: out STD_LOGIC);
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end COG_gate_vhdl, architecture Behavioral of COG_MUX_VHDL is
architecture Behavioral of COG_gate_vhdl is begin

begin Y <= ((not SO) and 10) or (S0 and 11);

P<=A; end Behavioral;

Q <=((Aand C) or ((not A) and B));
R <= (not (B or C));
end Behavioral,

B Con o €8 | O S A T e T4 coipun BT S EaT

' Sp——— | e Figure 15. Simulation result for COG gate 2:1 MUX output.
[T -

Figure 17. RTL schematic for COG gate 2:1 MUX input.

The program for proposed COG gate as a 4:1 MUX

Figure 13. RTL schematic for COG input entity MUF _MUX_VHDL is
Port (SO: in STD_LOGIC;
The program for proposed COG gate as a 2:1 MUX S1:in STD_LOGIC;
10: in STD_LOGIC;
entity COG_MUX_VHDL is 11: in STD_LOGIC;
Port (10: in STD_LOGIC; 12:in STD_LOGIC;
11:in STD_LOGIC; 13:in STD_LOGIC;
SO: in STD_LOGIC; Y: out STD_LOGIC);
Y:out STD_LOGIC); end COG_MUX_VHDL;
end COG_MUX_VHDL; architecture Behavioral of COG_MUX_VHDL is
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begin

Y <= ((not S1) and (((not SO) and 10) or (SO and I1))) or
(S1 and (((not SO) and 12) or (SO and 13)));

end Behavioral;

EEEEEEE .7

v [ WA pee [0 o6 s

Figure 21. RTL schematic for COG gate 4:1 MUX input.

VIlI. CONCLUSION

In this paper, the reversible multiplexer using COG
gate is proposed and described. One of the major
constraints in reversible logic is to minimize the number
of reversible gates used, garbage outputs produced and
usage of number of constant inputs. A comparison is
made between different proposed reversible multiplexers
by COG gates in terms of gate count, garbage output and
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hardware complexity in Table IV. It can be concluded
that 2":1 reversible multiplexer requires (2"-1) COG gate
s producing (2"+n-1) number of garbage outputs, where n
is 1, 2, 3...n and having hardware complexity of (2"-1) (2
a+23+28). Another comparison is drawn between the
conventional multiplexers and proposed multiplexers in
terms of number of gates in Table V. The proposed 2":1
reversible multiplexer requires (2"-1) number of COG
gates whereas conventional multiplexers require (2"+n+1)
number of basic gates. Comparison is also made by
various parameters like garbage output, number of gates,
constant input and hardware complexity for various 4:1
multiplexer to our proposed one in Table VI. It can be
found that the proposed multiplexer is much more
efficient with respect to the existing one. Thus for future
research, efficient design schemes for design of logic
function generator and for design of parity preserving
function generator by using multiplexer is an interesting
area to investigate. Alternate optimization methods are
under investigation as a future work.
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