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Abstract: Reversible logic is very essential for the construction of low power, low loss computational structures which are very essential for the
construction of arithmetic circuits used in quantum computation, nano technology and other low power digital circuits. In this paper two designs of
an optimized parallel multiplier circuit using reversible logic gates is presented. Multipliers are very essential for the construction of various
computational units of a quantum computer. Duplication of operand bits are achieved using two gates namely BVF gate and CFO gate. The
multiplier circuit uses DPG gates and a new 4 X 4 reversible logic gate called PPG gate. The proposed work is best compared to the other existing

circuits.
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I. INTRODUCTION

Reversible logic has received great attention in the recent
years due to their ability to reduce the power dissipation
which is the main requirement in low power VLSI design.
Quantum computers are constructed using reversible logic
circuits. It has wide applications in low power CMOS and
Optical information processing, DNA computing, quantum
computation and nanotechnology. In 1960 R. Landauer
demonstrated that high technology circuits and systems
constructed using irreversible hardware result in energy
dissipation due to information loss [1]. According to
Landauer’s principle, the loss of one bit of information
dissipates KTIn2 joules of energy where K is the
Boltzmann’s constant and T is the absolute temperature at
which the operation is performed [1]. The heat generated
due to the loss of one bit of information is very small at
room temperature but when the number of bits is more as in
the case of high speed computational works the heat
dissipated by them will be so large that it affects the
performance and results in the reduction of lifetime of the
components. In 1973, Bennett, showed that one can avoid
KTIn2 joules of energy dissipation constructing circuits
using reversible logic gates [2].

Il. REVERSIBLE LOGIC GATES

A reversible logic gate is an n-input n-output logic
device with one-to-one mapping. This helps to determine the
outputs from the inputs and also the inputs can be uniquely
recovered from the outputs. Also in the synthesis of
reversible circuits direct fan-out is not allowed as one-to-
many concept is not reversible. However fan-out in
reversible circuits is achieved using additional gates. A
reversible circuit should be designed using minimum
number of reversible logic gates. From the point of view of
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reversible circuit design, there are many parameters for
determining the complexity and performance of circuits
[3, 71.

a.  The number of Reversible gates (N): The number of
reversible gates used in circuit.

b. The number of constant inputs (CI): This refers to
the number of inputs that are to be maintained
constant at either 0 or 1 in order to synthesize the
given logical function.

c.  The number of garbage outputs (GO): This refers to
the number of unused outputs present in a reversible
logic circuit. One cannot avoid the garbage outputs
as these are very essential to achieve reversibility.

d. Quantum cost (QC): This refers to the cost of the
circuit in terms of the cost of a primitive gate. It is
calculated knowing the number of primitive
reversible logic gates (1*1 or 2*2) required to
realize the circuit.

Reduction of these parameters is the bulk of the work
involved in designing a reversible circuit. In this paper, an
improved design of reversible multiplier with respect to its
previous counterparts is proposed. Multiplier circuits play an
important role in computational operation using computers.
There are many arithmetic operations which are performed,
on a computer ALU, through the use of multipliers. Design
and implementation of digital circuits using reversible logic
has attracted popularity to gain entry into the future
computing technology.

This paper is organized as follows: Section Il gives the
brief introduction of the reversible logic gates required for
the present work. Section Ill explains important basic
reversible logic gates. Section IV describes the design of
multiplier circuit and the implementation of the proposed
multiplier circuit using new reversible gates. Section V gives
the results and discussions and the comparative study of
different designs with the proposed design. Finally Section
VI concludes with a scope for further research.
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111. BASIC REVERSIBLE LOGIC GATES

A Feynman gate:

Fig.1 shows a 2*2 Feynman gate [6]. The input vector is
I (A, B) and the output vector is O (P, Q). The outputs are
defined by P=A, Q=A@®B. Quantum cost of a Feynman gate
is 1.

Feynman
Gate

Figure.1. Feynman gate

B. Double Feynman Gate (F2G):

Fig.2 shows a 3*3 Double Feynman gate [7].The input
vector is | (A, B, C) and the output vector is O (P, Q, R).
The outputs are defined by P = A, Q=A®B, R=A®C.
Quantum cost of double Feynman gate is 2.

A | +— P=A
B Double .
— Feynman L Q=ASB
c | Gate | R=A&C
Figure. 2. Double Feynman gate
C. Toffoli Gate(TG):

Fig.3 shows a 3*3 Toffoli gate [3] The input vector is
I(A, B, C) and the output vector is O(P,Q,R). The outputs
are defined by P=A, Q=B, R=AB®C. Quantum cost of a
Toffoli gate is 5.

A — 11— P=aAa
B To ffoli _
] Gate — Q=B
C -] — R =ABSC
Figure. 3. Toffoli gate
D. Peres Gate(TG)

Fig.4 shows a 3*3 Peres gate [8]. The input vector is |
(A, B, C) and the output vector is O (P, Q, and R). The
output is defined by P = A, Q = A@B and R=AB@C.
Quantum cost of a Peres gate is 4. In the proposed design
Peres gate is used because of its lowest quantum cost.

A | 4+ p=a

5 PERES o
] Gate — Q= ASB

c  _] | R=ABSC

Figure. 4. Peres gate
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E. Double Peres gate (DPG):

Fig.5 shows a Double Peres Gate[16]. The full adder
using DPG is obtained with C=0 and D= C;, and its quantum
cost is calculated to be equal to 6 from its quantum
realization [11].

A | P=A
B DPG Q= A=B
— Gate —
C R = ASBED
s N T s=(ASB) DESABSC
Figure 5. DPG gate
F. BVF gate:

Fig.6 shows a 4 * 4 BVF gate[16]. This is a reversible
double XOR gate and can be used for duplication of the
required inputs to meet the fan-out requirements. The input
vector is 1(A,B,C,D) , the output vector is O(P,Q,R,S) and
the output is defined by P=A, Q=A®B,R=Cand S=
C@®D. Quantum cost of a BVF gate is 2.

B BVF | Q=A&SB
Gate
C ] | R=C
D 5= C&D
Figure. 6. BVF gate
G. CFO gate:

Fig.7 shows a 4 * 4 CFO gate. The inputs and outputs
are as shown in Table-1.This is a reversible triple Feynman
gate and can be used for duplication of the inputs to meet
the fan-out requirements. The input vector is 1(A,B,C,D) ,
the output vector is O(P,Q,R,S) and the output is defined by
P=A Q=A®B,R=A®@Cand S=A®D. Quantum cost
of a CFO gate is 3.

Table 1:  Truth table of CFO gate

INPUTS OUTPUTS
A B C D P Q R S
0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 0
0 0 1 1 0 0 1 1
0 1 0 0 0 1 0 0
0 1 0 1 0 1 0 1
0 1 1 0 0 1 1 0
0 1 1 1 0 1 1 1
1 0 0 0 1 1 1 1
1 0 0 1 1 1 1 0
1 0 1 0 1 1 0 1
1 0 1 1 1 1 0 0
1 1 0 0 1 0 1 1
1 1 0 1 1 0 1 0
1 1 1 0 1 0 0 1
1 1 1 1 1 0 0 0
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A | P=a
B CFroO Q= A=B
— Gate —
cC R=A7 C
o | S = ASD
Figure. 7. CFO gate
H. Partial Product Generator gate (PPG):

Fig.8 shows a partial product generator gate (PPG). It is
a 4 * 4 gate. It outputs partial products if C input maintained
constant at 0. The input vector is I(A,B,C,D) , the output
vector is O(P,Q,R,S) and the output is defined by P = A, Q
= B, R= AB®C and S = AD@C. This gate passes two
inputs to its outputs and also produces product terms with C
input maintained constant at O as shown in fig 9. The inputs
and outputs are as shown in Table-2. The quantum cost of a
PPG gate is 7.

IV. DESIGN OF REVERSIBLE MULTIPLIER

The design of the proposed multiplier uses parallel
multiplier is done using two steps.

Part I: Partial Product Generation (PPG)

Part I1: Multi-Operand Addition (MOA)

The operation of a 4*4 reversible multiplier is shown in
Fig 10. It consists of 16 Partial product bits of the X and Y
inputs to perform 4 * 4 multiplications. However, it can
extended to any other n * n reversible multiplier.

Partial X3 X X %o
Product
Generation Y3 Y2 Y1 Yo

Multi P Pa Pa P
operand
Addition Pss P P Py

27 Ze 25 24 23 Zz Zl ZO

Figure. 10. The operation of the 4x4 parallel multiplier

A. Partial Product Generation(PPG):

Partial products are generated in parallel using 16 Peres
gates [9-12, 14], Fredkin gates in [13, 19] and in [18]
modified HNG gates are used for adder part of the
multiplier. In [20] authors have presented the design of [16]
except the use of BVF gate. In [16] copying of the operands
enable fast multiplication as all the product terms are
generated with the same delay. In this paper 8 PPG gates are
used to generate the same and is a better circuit as it has less
hardware complexity and quantum cost compared to other
designs [9-20]. The number of constant inputs and number
of garbage outputs is reduced by more than 50% which
makes this circuit a very optimized compared to the other
designs existing in the literature.

In the present design duplication of two input operands
of one number is sufficient instead of duplicating all the
eight operand bits of two numbers. The number of reversible
logic gates of a partial product generator circuit can be
reduced by reducing the number of copying gates as well as
reducing the number of product generating gates.

There are two ways of duplicating the operands which
result in two designs:

a. Design-1(using CFO gates for copying): The fan-out
of the inputs y1 and y3 are obtained using the circuit as
shown in fig. 12. The circuit uses 2 CFO gates with 6
constant inputs producing zero garbage outputs. The
quantum cost of the duplication circuit is 6. The other
operands Xz, Xz, X1, Xo and Yo, Y, are used directly.

A — — P
B — PPG — Q=B
Gate
C — R=AB&EC
D T I S=AD=C
Figure. 8. PPG gate
Table 2: Truth table of PPG gate
INPUTS OUTPUTS
A B C D P Q R S
0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 1
0 0 1 1 0 0 1 0
0 1 0 0 0 1 0 0
0 1 0 1 0 1 0 1
0 1 1 0 0 1 1 1
0 1 1 1 0 1 1 0
1 0 0 0 1 0 0 1
1 0 0 1 1 0 0 0
1 0 1 0 1 0 1 0
1 0 1 1 1 0 1 1
1 1 0 0 1 1 1 1
1 1 0 1 1 1 1 0
1 1 1 0 1 1 0 0
1 1 1 1 1 1 0 1
s — — P=A
B — PPG L Q=B
Gate
— — R =AB
o — S5= AD

Figure. 9. Product terms with fan-out using PPG gate
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| Y2 A E] | Y3
Y1 CFO ¥i CFO V2
o — Gate — — Gate —
¥
N - o _| | ¥s
| L E]

Figure. 11. Fan-out circuit to duplicate the operand bits

using CFO gates
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b. Design-2(using BVF gates for copying): The fan-out
of the inputs y1 and y3 are obtained using the circuit as
shown in fig. 11. The circuit uses 3 BVF gates with 6
constant inputs producing zero garbage outputs. The
quantum cost of the duplication circuit is 6. The other
operands Xz, Xz, X1, Xo and Yo, Y, are used directly.

— ¥z
BWF
| — ¥
¥ Gate
(V] — ¥
Y1 —
o —| BVF — — Y
Gate
¥- L
D — ¥s
0 — | BvF .
¥s Gate
— ¥s
- [ ¥s=

In [16] authors presented a multiplier circuit where fan-out
of operands is achieved using 12 BVF gates .But in this
design only two operand inputs instead of four are
duplicated using only BVF gates. Remaining 6 operands are
used directly and need no duplication. In this design only y1
and y2 are duplicated .

c. Partial Product Generator circuit: The optimized
partial product generation is common in both designs.
The product terms are generated using 8 PPG gates
with 8 constant inputs as shown in fig.13. The product
terms are then used as inputs to the multi operand
addition circuit. For partial product generation a total
of 8 reversible gates with 8 constant inputs are used
which produces 4 garbage outputs. The total cost of
each PPG block is 62.

vi, 0, Wl % w, 0, w|=x
o || |
PPG PG
P‘]l P-:|| W o| x P |P:-J |‘ﬂJ K1
‘r-|D|‘r- k3 w0 | w|m
PPG PG
Pa |Pé: | v | gd | P~=| P‘"| v g3 |

v:|[:' |1,_ X

g

P | Piz | b7

Figure 13. Optimized Partial Product generation circuit using PPG gates

B. Multi-operand Addition(MOA):

As proposed in [12], to implement an n operand addition
circuit part a carry save adder (CSA) is used. The CSA tree
reduces the four operands to two. Thereafter, a Carry
Propagating Adder (CPA) adds these two operands and
produces the final 8-bit product. The proposed four operand
adder shown in fig.14 uses DPG gate as a reversible full
adder and Peres gate as half adder.
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The existing 4*4 gates namely MKG [10], HNG [12],
TSG [13], and PFAG [14] can be individually used as an
adder. It is shown that use of DPG gate [16] reduces the
quantum cost of the multiplier to a minimum value. In the
designed reversible multi-operand addition circuit 8 DPG
gates and 4 Peres gates are used. The Peres gate half adder
has quantum cost of 4 and the DPG adder has quantum cost
of 6 and the total quantum cost of multi-operand addition
circuit is 64.
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total cost of a reversible logic circuit and is expressed in
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Figure 14. Four-operand Addition (Block diagram)

V. RESULTSAND DISCUSSION

Comparison of different designs of multiplier are as shown
in tables 3, 4 and 5. Table-3 gives the comparative study of
partial product generation of the circuit and table-4 gives the
comparative study of MOA of different designs. Table-5 gives
comparison of reversible multipliers.

Table 6 and 7 shows the improvement ratios in terms of

A two-input EX-OR calculation = a various parameters of the presented design-1  and design-2
A two-input AND calculation =0 over the existing designs.
A NOT gate calculation =9
Total logical calculationis=X o+ Y B+Z (1)
Table 3: Evaluation of different Partial product generators
_ C_onstant Garbage Quantum Logical
Designs Gate count N inputs outputs cost calculation Gates used
cl GO QC
Proposed design-1 10 14 8 62 220+16p PPG-8; CFO-2
Proposed design-2 11 14 8 62 22a+16p PPG-8;BVF-3
Paper[21] 16 16 8 73 23a+16p PG-7;TG-9
Paper[18] 16 16 8 73 23a+16p PG-7;TG-9
Paper[20] 28 28 20 76 44a+16p PG-16;FG-12
Paper[16] 28 40 32 88 46a+16p PG-16;BVF-12
Paper[9] 40 40 32 88 56a+16p PG-16, FG-24
Paper[11],[12] 40 40 32 88 56a+16p PG-16, FG-24
Paper[14] 40 40 32 88 56a+16p PG-16, FG-24
Paper[10] 40 40 32 88 56a+16p PG-16, FG-24
Paper[19] 24 32 32 96 460+64p+325 FRG-16;F2G-8
Paper[17] 28 28 32 104 460+64p+325 FRG-16;F2G-8
Paper[13] 40 40 32 104 56a-+64p+323 FRG-16;FG-24

Table-4 gives the comparative study of multi-operand
addition of the proposed design with other existing designs

© 2010, IJARCS All Rights Reserved

assuming minimum quantum cost for HNG, MKG and TSG as
6, 10 and 10 respectively [15].
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Table-4: Multi-operand addition (MOA)

Designs Gate count N ConstagtI inputs Garbag(;;egutputs Quangjcrn cost calf:u%:t?clm Gates used -
Proposed design-1 12 12 20 64 56a+12p PG-4; DPG-8
Proposed design-2 12 12 20 64 56a+12p PG-4; DPG-8

Paper[21] 12 12 20 64 480+16pB PG-4;HNG-8
Paper[18] 12 12 14 64 480+12B PG-4;MHNG-8
Paper[20] 12 12 20 64 56a+12p PG-4; DPG-8
Paper[16] 12 12 20 64 56a+12p PG-4; DPG-8

Paper[9] 12 12 20 64 56a+12p PG-4;PFAG-8

Paper[11],[12] 12 12 20 64 480+16pB PG-4;HNG-8
Paper[14] 12 12 20 80 56a+12p PG-4;PFAG-8
Paper[10] 12 16 24 120 600+366+365 MKG-12
Paper[13] 13 18 26 130 780+396+395 TSG-13
Paper[19] 20 24 32 140 800+40B+203 1G-20
Paper[17] 20 24 32 140 600:+408+205 MIG-20

Table-5 gives the comparative study of different reversible

multipliers along with their total logical calculation.

Table-5: Reversible multiplier

Table-7 shows the improvement ratio of design-2 in terms
of number of gates, number of constant inputs, number of
garbage outputs and in terms of quantum cost.

Garbage Quantu Table-7: Improvement ratios of design-1 with existing designs.
Designs Gate C onstant outputs m cost ;
count N inputs CI GO Qc Design-2
Proposed design-1 22 26 28 126 Designs Gate Ci?]r;ﬁ?:t %3;53?: ng:sttum
Proposed design-2 23 26 28 126 countN Cl GO Qc
Paper[21] 28 28 28 137 Paper[21] 1.22 1.08 1.00 1.09
Paper[18] 28 28 22 137 Paper[18] 1.22 1.08 0.79 1.09
Paper[20] 40 40 40 140 Paper[20] 1.74 1.54 1.43 1.11
Paper[16] 40 52 52 152 Paper[16] 1.74 2.00 1.86 1.21
Paper[9] 52 52 52 152 Paper[9] 2.26 2.00 1.86 1.21
Paper[11],[12] 52 52 52 152 Paper[11],[12] 2.26 2.00 1.86 1.21
Paper[14] 52 52 52 168 Paper[14] 2.26 2.00 1.86 1.33
Paper[10] 52 56 56 208 Paper[10] 2.26 2.15 2.00 1.65
Paper[19] 44 56 64 236 Paper[19] 191 2.15 2.29 1.87
Paper[17] 48 52 64 244 Paper[17] 2.09 2.00 2.29 1.94
Paper[13] 53 58 58 234 Paper[13] 2.30 2.23 2.0 1.86
Table-6 shows the improvement ratio of design-1 in terms
VI. CONCLUSIONS

of number of gates, number of constant inputs, number of

garbage outputs and in terms of quantum cost.

Table-6: Improvement ratios of design-1 with existing designs.

Design-1

Designs Gate Cpnstan Garbage Quantum
countN | tinputs outputs cost
Cl GO QC
Paper[21] 1.27 1.08 1.00 1.09
Paper[18] 1.27 1.08 0.79 1.09
Paper[20] 1.82 1.54 1.43 111
Paper[16] 1.82 2.00 1.86 1.21
Paper[9] 2.36 2.00 1.86 1.21
Paper[11],[12] 2.36 2.00 1.86 1.21
Paper[14] 2.36 2.00 1.86 1.33
Paper[10] 2.36 2.15 2.00 1.65
Paper[19] 2.00 2.15 2.29 1.87
Paper[17] 2.18 2.00 2.29 1.94
Paper[13] 241 2.23 2.07 1.86
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In this paper a new reversible gates called BVF gate and
CFO gate is used for the copying of the operand bits of the
multiplier. This results in reducing the number of fan-out gates
by 50%. This also reduces the total cost and the size of the
circuit which are very important design parameters. The
proposed multiplier can be used to construct more complex
systems in nanotechnology and quantum computers.
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