
                                                                                                                         ISSN No: 2348-4845
International Journal & Magazine of Engineering, 

Technology, Management and Research
A Peer Reviewed Open Access International Journal   

                    Volume No: 2 (2015), Issue No: 10 (October)                                                                                              October 2015
                                                                                www.ijmetmr.com                                                                                                                                        Page 548

Abstract: 

Fault-tolerant multipliers with low power consumption 
are the need of today‟s computing systems and reversible 
circuits have emerged as an efficient solution for ultra-
low power design. In this paper, we propose an improved 
Booth‟s recoding algorithm named as K-Algorithm for 
signed multiplication which reduces the hardware com-
plexity. Efficient multiplier architecture for implementa-
tion of K-Algorithm is also proposed. Based on Booth‟s 
recoding algorithm, we design 4-bit reversible multipli-
ers, with and without fault-tolerance. We also design a 
fault-tolerant reversible multiplier using K-Algorithm. 
We analyze all the three proposed designs using the re-
versible logic design metrics: quantum cost, number of 
ancilla bits, number of garbage outputs, and number of 
gates. We then compare our reversible multiplier designs 
with the existing designs reported in literature and find 
that on an average, our K-Algorithm based fault-tolerant 
design reduces the quantum cost by 33% and other design 
metrics are also considerably reduced. Overall, the pro-
posed fault-tolerant reversible multiplier based on Kalgo-
rithm is most optimal as compared to all other designs.

Keywords: 

K-Algorithm; Booth‟s Recoding; Multiplier Architecture, 
Reversible Circuits,Fault-Tolerant Reversible Multiplier.

I. INTRODUCTION:

For a past few decades, irreversible circuits comprising 
of irreversible gates have remained the backbone of the 
VLSI design. However, Landauer proved that these ir-
reversible circuits generate × 2 joules energy per bit in-
formation loss, where is Boltzman‟s constant and is the 
absolute temperature. Reversible circuits have emerged 
as an efficient solution for ultra-low power design, dis-
sipating zero energy in ideal conditions.

This zero information loss is due to a unique one-to-
one mapping between inputs and outputs in a reversible 
logic enabled circuit. Reversible logic has many applica-
tions in low-power CMOS design, quantum computing, 
DNA computing and nanotechnology. Fault-tolerance is 
an essential property of reliable VLSI design. Whether 
irreversible or reversible, these circuits must be able to 
continue operation even when some of their components 
become faulty. In reversible logic, fan-outs and loops 
are not allowed and therefore, parity preserving used in 
conventional irreversible logic to detect error is hard to 
implement. In order to prevent errors at the outputs, has 
introduced the concept of conservative reversible gates 
with hamming weight of the input equal to that of the out-
put. These gates are also called as fault-tolerant reversible 
gates. Multiplier circuits are used extensively in comput-
ing systems such as DSP hardware.

Therefore, it is necessary to optimize multipliers such that 
the processing units have high speed low-power consump-
tion Fault-tolerance. In this paper, we propose an efficient 
and optimal design of a fault-tolerant multiplier using re-
versible logic. We make the following contributions:

• Our work is motivated by the fact that most of the litera-
ture comprises design of reversible multipliers based on 
conventional multiplication algorithms and there is very 
less research directed towards improvements in the multi-
plication algorithm. We show the advantages of improved 
Booth‟s recoding (K-Algorithm) over the conventional 
Booth‟s algorithm.
• We further propose multiplier architecture for imple-
mentation of K-Algorithm that results in hardware effi-
cient design.
• We present three different designs: B-ReM (Reversible 
Multiplier based on Booth‟s recoding), BFT-ReM and 
KFT-ReM (Fault-Tolerant Reversible Multipliers based 
on Booth‟s Recoding and K-Algorithm respectively). To 
the best of our knowledge, we are the first to emphasize 
the use of Booth‟s recoding in reversible computation.
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• Finally, we analyze all the three reversible multiplier 
designs and compare them with the designs existing in 
literature. It is established that KFT-ReM design is most 
optimal in terms of quantum cost and there is a 33% re-
duction in quantum cost, on an average.

II.REVERSIBLE LOGIC GATES:

A reversible logic gate is an n-input n-output logic de-
vice 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 synthe-
sis 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 reversible circuit design, there are many parameters for 
determining the complexity and performance of circuits.

•The number of Reversible gates (N): The num-
ber of reversible gates used in circuit.
•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.
•The number of garbage outputs (GO): This re-
fers to the number of unused outputs present in a revers-
ible logic circuit. One cannot avoid the garbage outputs as 
these are very essential to achieve reversibility.
•Quantum cost (QC): This refers to the cost of the 
circuit in terms of the cost of a primitive gate. It is calcu-
lated knowing the number of primitive reversible logic 
gates (1*1 or 2*2) required to realize the circuit.
•Gate levels (GL): This refers to the number of levels 
in the circuit which are required to realize the given logic 
functions.
•Total Reversible Logic Implementation 
Cost(TRLIC): Let, in a reversible logic circuit there 
are NG reversible logic gates, CI constant inputs, GO 
number of garbage outputs, and have a quantum cost QC. 
Then the TRLIC is given a Reduction of these parameters 
is the bulk of the work involved in designing a reversible 
circuit. In this, an improved design of reversible multi-
plier with respect to its previous counterparts is proposed. 
Multiplier circuits play an important role in computa-
tional operation using computers.

There are many arithmetic operations which are per-
formed, on a computer ALU, through the use of multipli-
ers. Design and implementation of digital circuits using 
reversible logic has attracted popularity to gain entry into 
the future computing technology.

A. Basic reversible logic gates:

•Feynman Gate: Figure1 shows a 2*2 Feynman gate . 
Quantum cost of a Feynman gate is 1.Feynman gate is 
called as Controlled NOT gate or CNOT gate. It is equiv-
alent to single control input tofili gate.

Fig1. Feyman gate and It’s Symbolic representation.
 

•Toffoli Gate: Figure 2 shows a 3*3 Toffoli gate 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=A(B xor C). Quan-
tum cost of a Toffoli gate is 5. It has two control inputs.

Fig2. Toffoli gate and its symbolic representation.

•Peres Gate:

Fig3. Peres Gate.
•BVPPG gate: BVPPG gate is a 5 * 5 reversible gate and 
its logic diagram is as shown in figure . 
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Its quantum cost is 10. Ffoli representation of the BVPPG 
gate is a shown. The truth table of BVPPG is as shown in 
the Table -1.

Fig4. BVPPG Gate

Fig5. Toffoli gate

The BVPPG gate is used to construct the partial prod-
uct generator which has resulted in least number of gates, 
least quantum cost and least number of garbage outputs. 
The two product terms are available at the outputs R and 
T of the BVPPG gate with C and E inputs maintained con-
stant at 0. The other outputs namely P, Q and S are used 
for fan-out of the multiplier operands as shown in figure.. 
This reduces the number of external fan-out gates to zero 
in our design which is main design feature. The proposed 
design is compared with the existing designs.

Fig 6. BVPPG Gate Producing Product Terms And 
Duplication Of Inputs.

•CNOT GATE: CNOT gate is also known as controlled-
not gate. It is a 2*2 reversible gate. The CNOT gate can 
be described as:

Iv = (A, B) ; Ov = (P= A, Q= A B)

Iv and Ov are input and output vectors respectively.m 
Quantum cost of CNOT gate is 1. Figure shows a 2*2 
CNOT gate and its symbol.

Fig7. CNOT Gate.

•NFT Gate: It is a 3x3 gate and its logic circuit and its 
quantum implementation is as shown in the figure. It has 
quantum cost five.

Fig8. NFT Gate.

III. BACKGROUND AND RELATED WORK:

In this section, we start with the basic concepts of revers-
ible logic, quantum realization of reversible circuits, and 
fault-tolerance in order to understand the fault-tolerant re-
versible circuit design. Since our focus is to design fault-
tolerant reversible multiplier, we also review here the re-
lated work reported in literature.

A.Reversible Circuits and Their Quantum 
Realizations:

                    (a)     (b)
Fig9. (a) Half Adder and (b) Full Adder Using Peres 

Gates.
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Fig10. Quantum Realization of Prominent Reversible

The reversible circuit design uses the basic principle of 
reversible logic which states that a logic function:→of n 
-input pattern = { , . . . , } is reversible iff its 
number of inputs (n ) is equal to number of outputs ( k) 
and there is a unique mapping (called bijective mapping) 
between the input and output patterns. An irreversible 
function with inputs and outputs can be made reversible 
by adding constant input(s) with preset value(s) and gar-
bage output(s). Reversible circuits are the realizations of 
reversible functions in which fan-outs and loops are not 
allowed. As a result, a reversible circuit can be construct-
ed by cascading of reversible gates. The value of target bit 
is determined by the patterns of the control bits. Though a 
large number of reversible gates have been reported in lit-
erature [5], the most promising amongst them are Toffoli 
gate [6], Fredkin gate [7], Feynman gate [8] and Feynman 
double gate (F2G) [9]. These gates are shown in Fig9. We 
also consider Peres gate which is used in efficient realiza-
tion of half-adder and full adder. Reversible half-adder 
and full adder designs using Peres gates are shown in 
Fig10. The concept of reversible logic plays an important 
role in realization of quantum circuits which are inher-
ently reversible.

B. Fault-Tolerance:

Fault-tolerance is an important mechanism in designing 
fault-tolerant reversible circuits in order to increase reli-
ability. A reversible gate is fault-tolerant if the Hamming 
weight (number of logical ones) of its input(s) equals the 
Hamming weight of its output(s). If the input and output 
patterns of a fault-tolerant gate (also called conservative) 

It can be observed from above that the conservative revers-
ible gates are zero-preserving and ones-preserving and ef-
fectively permute their input(s) from their output(s). The 
fault-tolerant gates are also known as Parity Preserving 
gates and the popular ones are Fredkin (FRG), Feynman 
double gate (F2G), New Fault Tolerant Gate (NFT) and 
MIG which have unique mapping between input and out-
put patterns. Recently designed fault-tolerant full adders 
using MIG [3] and NFT gates [10] are shown in Figure 
4 and 5 respectively. We design fault-tolerant reversible 
circuits using these gates only.

Fig11. Fault-tolerant Adders using MIG gate: (a) Half 
Adder (b) Full Adder.
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Its quantum cost is 10. Ffoli representation of the BVPPG 
gate is a shown. The truth table of BVPPG is as shown in 
the Table -1.

Fig4. BVPPG Gate

Fig5. Toffoli gate

The BVPPG gate is used to construct the partial prod-
uct generator which has resulted in least number of gates, 
least quantum cost and least number of garbage outputs. 
The two product terms are available at the outputs R and 
T of the BVPPG gate with C and E inputs maintained con-
stant at 0. The other outputs namely P, Q and S are used 
for fan-out of the multiplier operands as shown in figure.. 
This reduces the number of external fan-out gates to zero 
in our design which is main design feature. The proposed 
design is compared with the existing designs.

Fig 6. BVPPG Gate Producing Product Terms And 
Duplication Of Inputs.

•CNOT GATE: CNOT gate is also known as controlled-
not gate. It is a 2*2 reversible gate. The CNOT gate can 
be described as:

Iv = (A, B) ; Ov = (P= A, Q= A B)

Iv and Ov are input and output vectors respectively.m 
Quantum cost of CNOT gate is 1. Figure shows a 2*2 
CNOT gate and its symbol.

Fig7. CNOT Gate.

•NFT Gate: It is a 3x3 gate and its logic circuit and its 
quantum implementation is as shown in the figure. It has 
quantum cost five.

Fig8. NFT Gate.

III. BACKGROUND AND RELATED WORK:

In this section, we start with the basic concepts of revers-
ible logic, quantum realization of reversible circuits, and 
fault-tolerance in order to understand the fault-tolerant re-
versible circuit design. Since our focus is to design fault-
tolerant reversible multiplier, we also review here the re-
lated work reported in literature.

A.Reversible Circuits and Their Quantum 
Realizations:
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Gates.
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Fig10. Quantum Realization of Prominent Reversible

The reversible circuit design uses the basic principle of 
reversible logic which states that a logic function:→of n 
-input pattern = { , . . . , } is reversible iff its 
number of inputs (n ) is equal to number of outputs ( k) 
and there is a unique mapping (called bijective mapping) 
between the input and output patterns. An irreversible 
function with inputs and outputs can be made reversible 
by adding constant input(s) with preset value(s) and gar-
bage output(s). Reversible circuits are the realizations of 
reversible functions in which fan-outs and loops are not 
allowed. As a result, a reversible circuit can be construct-
ed by cascading of reversible gates. The value of target bit 
is determined by the patterns of the control bits. Though a 
large number of reversible gates have been reported in lit-
erature [5], the most promising amongst them are Toffoli 
gate [6], Fredkin gate [7], Feynman gate [8] and Feynman 
double gate (F2G) [9]. These gates are shown in Fig9. We 
also consider Peres gate which is used in efficient realiza-
tion of half-adder and full adder. Reversible half-adder 
and full adder designs using Peres gates are shown in 
Fig10. The concept of reversible logic plays an important 
role in realization of quantum circuits which are inher-
ently reversible.

B. Fault-Tolerance:

Fault-tolerance is an important mechanism in designing 
fault-tolerant reversible circuits in order to increase reli-
ability. A reversible gate is fault-tolerant if the Hamming 
weight (number of logical ones) of its input(s) equals the 
Hamming weight of its output(s). If the input and output 
patterns of a fault-tolerant gate (also called conservative) 

It can be observed from above that the conservative revers-
ible gates are zero-preserving and ones-preserving and ef-
fectively permute their input(s) from their output(s). The 
fault-tolerant gates are also known as Parity Preserving 
gates and the popular ones are Fredkin (FRG), Feynman 
double gate (F2G), New Fault Tolerant Gate (NFT) and 
MIG which have unique mapping between input and out-
put patterns. Recently designed fault-tolerant full adders 
using MIG [3] and NFT gates [10] are shown in Figure 
4 and 5 respectively. We design fault-tolerant reversible 
circuits using these gates only.
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Fig12. Fault-tolerant Full Adder using NFT gate

Table I: Consecutive Bits of Multiplier Vs. 
Operations:

Popular ones are Fredkin (FRG), Feynman double gate 
(F2G), New Fault Tolerant Gate (NFT) and MIG which 
have unique mapping between input and output patterns. 
Recently designed fault-tolerant full adders using MIG 
[3] and NFT gates [10] are shown in Figure 4 and 5 re-
spectively. We design fault-tolerant reversible circuits us-
ing these gates only.

III.FAULT-TOLERANT REVERSIBLE 
MULTIPLIER:

In this section, we first present a 4-bit reversible multipli-
er based on Booth‟s recoding algorithm and then redesign 
it for fault-tolerance. The choice of Booth‟s algorithm for 
multiplier design is due to its better performance than oth-
er algorithms, especially when there are consecutive 0‟s 
or 1‟s in the multiplier and when it is a signed multiplica-
tion [11]. The multiplication speed can be increased by 
replacing the corresponding sequence of additions with a 
subtraction at the least significant end and an addition in 
the position immediately to the left of its most significant 
end, i.e.

Fig.13. Booth’s Recoding based Reversible Multiplier 
(B-ReM).

It should be noted that a negative multiplicand, represent-
ed by signed 2‟s complement, needs to be complemented 
again for subtraction. The design of a 4-bit signed revers-
ible multiplier based on this Booth‟s recoding algorithm 
is given below.

A. Reversible Multiplier using Booth’s Recod-
ing (B-ReM):
The proposed 4-bit reversible multiplier design based on 
Booth‟s recoding. The design consists of the following 
five stages:

Stage1: Copying Multiplicand‟s Bits This stage is used 
to copy each bit of the multiplicand using 4 Feynman 
gates. The first output of each Feynman gate goes to 2‟s 
complement
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block and then the output of 2‟s complement block goes 
to each multiplexer block. The second output of Feynman 
gate goes directly to the multiplexer block. This stage has 
4 constant inputs and a quantum cost of 4 without any 
garbage output.

Stage 2: Multiplicand‟s 2‟s Complement Computation 
In this stage, we first invert each bit of the multiplicand 
using 4 NOT gates. The quantum cost of each NOT gate 
is 1. The 2‟s complement is computed by adding 1 to 
the LSB of 1‟s complement. This requires, as Figure 5.2 
shows, 4 half adders for addition and carry propagation. 
The quantum cost of 1 Peres Gate and hence of a half ad-
der which requires single Peres Gate is 4. This stage uses 
a total of 8 gates. The quantum cost of this stage comes 
out to be 20 and the number of garbage outputs and con-
stant inputs are 5 each.

Stage3: Reversible Multiplexer Design In the third 
stage of the proposed multiplier, we design a reversible 
multiplexer which performs the required operations as per 
Table I. Depending on the consecutive.

Fig14. Complement Computation of the 4-bit Multi-
plicand.

Fig15. Reversible 4:1 Multiplexer Design.

•as shown in Figure 7. Each 2 : 1 multiplexer can be im-
plemented using single Fredkin gate. This multiplexer is 
used to select one of the above as an input to the adder 
block. The total number of gates used in this stage is 12. 
The quantum cost and the garbage outputs of this stage 
come out to be 60 and 20 respectively. The number of 
constant inputs are 8.

Stage4: Half Adder and Full Adder Design This stage, 
consisting of one half adder and three full adders, adds 
the output of multiplexer block to the four Most Signifi-
cant Bits (MSBs) of partial product. In this design, we use 
half adders and full adders realized using Peres Gates as 
depicted in Figure 2. The quantum cost of full adder is 8. 
The quantum cost of this stage comes out to be 28. Fur-
thermore, the number of gates used and garbage outputs 
are 7 each. The number of constant inputs in this stage is 
3.

Stage 5: Parallel-In Parallel-Out Reversible Shifter Par-
allel-In Parallel-Out shifter (PIPO) is used to perform the 
arithmetic right shift operation on the partial product gen-
erated after the addition operation. The PIPO shifter de-
sign is shown in Figure 6.1. This shifter is asynchronous 
and can be implemented using seven Fredkin gates and 
one Feynman gate. The quantum cost and the number of 
garbage outputs of this last stage of the multiplier comes 
out to be 36 and 2 respectively. The number of constant 
inputs is 3 and the number of gates is 8.

Fig16. Parallel-In Parallel-Out Shifter Design.

This completes our design of Booth‟s recoding based re-
versible multiplier (B-ReM). It consists of 46 gates, 41 
garbage outputs, 30 constant inputs and has a quantum 
cost of 155. However, this design is not fault-tolerant as it 
uses non-fault tolerant reversible gates.
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Fig12. Fault-tolerant Full Adder using NFT gate

Table I: Consecutive Bits of Multiplier Vs. 
Operations:

Popular ones are Fredkin (FRG), Feynman double gate 
(F2G), New Fault Tolerant Gate (NFT) and MIG which 
have unique mapping between input and output patterns. 
Recently designed fault-tolerant full adders using MIG 
[3] and NFT gates [10] are shown in Figure 4 and 5 re-
spectively. We design fault-tolerant reversible circuits us-
ing these gates only.

III.FAULT-TOLERANT REVERSIBLE 
MULTIPLIER:

In this section, we first present a 4-bit reversible multipli-
er based on Booth‟s recoding algorithm and then redesign 
it for fault-tolerance. The choice of Booth‟s algorithm for 
multiplier design is due to its better performance than oth-
er algorithms, especially when there are consecutive 0‟s 
or 1‟s in the multiplier and when it is a signed multiplica-
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It should be noted that a negative multiplicand, represent-
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again for subtraction. The design of a 4-bit signed revers-
ible multiplier based on this Booth‟s recoding algorithm 
is given below.

A. Reversible Multiplier using Booth’s Recod-
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The proposed 4-bit reversible multiplier design based on 
Booth‟s recoding. The design consists of the following 
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block and then the output of 2‟s complement block goes 
to each multiplexer block. The second output of Feynman 
gate goes directly to the multiplexer block. This stage has 
4 constant inputs and a quantum cost of 4 without any 
garbage output.

Stage 2: Multiplicand‟s 2‟s Complement Computation 
In this stage, we first invert each bit of the multiplicand 
using 4 NOT gates. The quantum cost of each NOT gate 
is 1. The 2‟s complement is computed by adding 1 to 
the LSB of 1‟s complement. This requires, as Figure 5.2 
shows, 4 half adders for addition and carry propagation. 
The quantum cost of 1 Peres Gate and hence of a half ad-
der which requires single Peres Gate is 4. This stage uses 
a total of 8 gates. The quantum cost of this stage comes 
out to be 20 and the number of garbage outputs and con-
stant inputs are 5 each.

Stage3: Reversible Multiplexer Design In the third 
stage of the proposed multiplier, we design a reversible 
multiplexer which performs the required operations as per 
Table I. Depending on the consecutive.

Fig14. Complement Computation of the 4-bit Multi-
plicand.

Fig15. Reversible 4:1 Multiplexer Design.

•as shown in Figure 7. Each 2 : 1 multiplexer can be im-
plemented using single Fredkin gate. This multiplexer is 
used to select one of the above as an input to the adder 
block. The total number of gates used in this stage is 12. 
The quantum cost and the garbage outputs of this stage 
come out to be 60 and 20 respectively. The number of 
constant inputs are 8.
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This completes our design of Booth‟s recoding based re-
versible multiplier (B-ReM). It consists of 46 gates, 41 
garbage outputs, 30 constant inputs and has a quantum 
cost of 155. However, this design is not fault-tolerant as it 
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B. Fault-Tolerant Multiplier Design (BFT-
ReM):

We now propose a fault-tolerant design of the reversible 
Booth‟s multiplier. In this design, we use fault-tolerant 
reversible gates at each of the five stages shown in Fig-
ure 6. Thus, all the stages are converted to their respec-
tive fault tolerant counterparts by replacing the non-fault 
tolerant gates with the fault-tolerant ones. We replace all 
Feynman gates by Feynman double gates. Further, be-
cause NOT gate and Fredkin gate are parity preserving, 
there is no need to replace them. Finally, to complete the 
fault tolerant design of the proposed multiplier, we use 
half adders and full adders implemented using MIG gates. 
These fault-tolerant adders are shown in Figure 4. Since 
MIG gate has a quantum cost of 7, the quantum cost of 
fault-tolerant half-adder and full adder are 7 and 14 re-
spectively. The number of garbage outputs and ancilla 
inputs of half-adder are 2 and 1 respectively, and those 
of full adder are 3 and 2 respectively. This completes the 
design of the fault-tolerant reversible multiplier based on 
Booth‟s recoding algorithm (BFT-ReM). It consists of a 
total of 46 gates, 60 garbage outputs, 51 constant inputs 
and a quantum cost of 200.

IV. K-ALGORITHM AND ARCHITEC-
TURE:

Table II: Multiplier Consecutive Bits Vs. Op-
erations (Modified):

multiplexers by 2 : 1 multiplexers and we now save the 
hardware required to implement 2‟s complement unit just 
by using few XOR gates. This completes the description 
of the proposed K-Algorithm and the corresponding  ar-
chitecture.
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Fig17. Proposed Multiplier Architecture for K-Algo-
rithm Implementation.

A. Optimal Fault-Tolerant Multiplier:

In this section, we propose an optimal and hardware effi-
cient design of a fault-tolerant reversible multiplier based 
on the proposed K-Algorithm (KFT-ReM). In our design, 
we use Single NFT gate Full Adder (SNFA). The NFT 
Gate is fault tolerant with a quantum cost of 5. This ad-
der, as shown in Figure 5, uses a total of 4 gates: 3 Feyn-
man double gates and 1 NFT gate. Thus, this adder has 
a quantum cost of 11 and is fault-tolerant with 2 ancilla 
inputs and 3 garbage outputs. Fig7 shows the detailed de-
sign of 4 × 4 fault-tolerant reversible multiplier based on 
K-Algorithm. The exclusive OR function is performed by 
Feynman Double Gate and each Fredkin Gate serves as a 
single 2 : 1 multiplexer. We use the PIPO shifter described 
earlier (Section 3). 

V.PERFORMANCE AND OPTIMALITY 
ANALYSIS:
In this section, we compare the K-Algorithm based re-
versible multiplier with other reversible multipliers re-
ported in literature. Cost metrics of some of the recent 
designs of reversible multipliers are tabulated in Table III 
where, QC signifies Quantum Cost. 

Table III shows that the proposed K-Algorithm based 
reversiblev4×4 multiplier is the most optimal design in 
terms of quantum cost out of all the existing designs (both 
fault-tolerant as well as non fault-tolerant). The reduction 
in quantum cost varies from around 8% to 56% which 
on an average comes out to be around 33%. The multi-
plication is fast because the shifter used in this design is 
asynchronous. 

This makes it efficient in time. Since, it requires lesser 
number of gates when compared to those of multiplier 
based on the Booth‟s recoding algorithm, [12], [14], [15] 
and [16] etc., it is efficient in space as well. Some designs, 
having lesser number of gates [13], are not as space opti-
mized as they appear. This is because they use a number 
of 4×4 gates (e.g. HNG gate). We, on the other hand, have 
used only fault-tolerant 3×3 gates in our design, thereby 
optimizing our design in space. Furthermore, gates like 
HNG Gate, Peres Gate etc. are not parity preserving and 
hence their designs are not fault-tolerant.

Fig18. Fault-tolerant Reversible 4 × 4 Multiplier 
(KFT-ReM).



                                                                                                                         ISSN No: 2348-4845
International Journal & Magazine of Engineering, 

Technology, Management and Research
A Peer Reviewed Open Access International Journal   

                    Volume No: 2 (2015), Issue No: 10 (October)                                                                                              October 2015
                                                                                www.ijmetmr.com                                                                                                                                        Page 554

B. Fault-Tolerant Multiplier Design (BFT-
ReM):

We now propose a fault-tolerant design of the reversible 
Booth‟s multiplier. In this design, we use fault-tolerant 
reversible gates at each of the five stages shown in Fig-
ure 6. Thus, all the stages are converted to their respec-
tive fault tolerant counterparts by replacing the non-fault 
tolerant gates with the fault-tolerant ones. We replace all 
Feynman gates by Feynman double gates. Further, be-
cause NOT gate and Fredkin gate are parity preserving, 
there is no need to replace them. Finally, to complete the 
fault tolerant design of the proposed multiplier, we use 
half adders and full adders implemented using MIG gates. 
These fault-tolerant adders are shown in Figure 4. Since 
MIG gate has a quantum cost of 7, the quantum cost of 
fault-tolerant half-adder and full adder are 7 and 14 re-
spectively. The number of garbage outputs and ancilla 
inputs of half-adder are 2 and 1 respectively, and those 
of full adder are 3 and 2 respectively. This completes the 
design of the fault-tolerant reversible multiplier based on 
Booth‟s recoding algorithm (BFT-ReM). It consists of a 
total of 46 gates, 60 garbage outputs, 51 constant inputs 
and a quantum cost of 200.

IV. K-ALGORITHM AND ARCHITEC-
TURE:

Table II: Multiplier Consecutive Bits Vs. Op-
erations (Modified):

multiplexers by 2 : 1 multiplexers and we now save the 
hardware required to implement 2‟s complement unit just 
by using few XOR gates. This completes the description 
of the proposed K-Algorithm and the corresponding  ar-
chitecture.

                                                                                                                         ISSN No: 2348-4845
International Journal & Magazine of Engineering, 

Technology, Management and Research
A Peer Reviewed Open Access International Journal   

                    Volume No: 2 (2015), Issue No: 10 (October)                                                                                              October 2015
                                                                                www.ijmetmr.com                                                                                                                                        Page 555

Fig17. Proposed Multiplier Architecture for K-Algo-
rithm Implementation.

A. Optimal Fault-Tolerant Multiplier:

In this section, we propose an optimal and hardware effi-
cient design of a fault-tolerant reversible multiplier based 
on the proposed K-Algorithm (KFT-ReM). In our design, 
we use Single NFT gate Full Adder (SNFA). The NFT 
Gate is fault tolerant with a quantum cost of 5. This ad-
der, as shown in Figure 5, uses a total of 4 gates: 3 Feyn-
man double gates and 1 NFT gate. Thus, this adder has 
a quantum cost of 11 and is fault-tolerant with 2 ancilla 
inputs and 3 garbage outputs. Fig7 shows the detailed de-
sign of 4 × 4 fault-tolerant reversible multiplier based on 
K-Algorithm. The exclusive OR function is performed by 
Feynman Double Gate and each Fredkin Gate serves as a 
single 2 : 1 multiplexer. We use the PIPO shifter described 
earlier (Section 3). 

V.PERFORMANCE AND OPTIMALITY 
ANALYSIS:
In this section, we compare the K-Algorithm based re-
versible multiplier with other reversible multipliers re-
ported in literature. Cost metrics of some of the recent 
designs of reversible multipliers are tabulated in Table III 
where, QC signifies Quantum Cost. 

Table III shows that the proposed K-Algorithm based 
reversiblev4×4 multiplier is the most optimal design in 
terms of quantum cost out of all the existing designs (both 
fault-tolerant as well as non fault-tolerant). The reduction 
in quantum cost varies from around 8% to 56% which 
on an average comes out to be around 33%. The multi-
plication is fast because the shifter used in this design is 
asynchronous. 

This makes it efficient in time. Since, it requires lesser 
number of gates when compared to those of multiplier 
based on the Booth‟s recoding algorithm, [12], [14], [15] 
and [16] etc., it is efficient in space as well. Some designs, 
having lesser number of gates [13], are not as space opti-
mized as they appear. This is because they use a number 
of 4×4 gates (e.g. HNG gate). We, on the other hand, have 
used only fault-tolerant 3×3 gates in our design, thereby 
optimizing our design in space. Furthermore, gates like 
HNG Gate, Peres Gate etc. are not parity preserving and 
hence their designs are not fault-tolerant.

Fig18. Fault-tolerant Reversible 4 × 4 Multiplier 
(KFT-ReM).



                                                                                                                         ISSN No: 2348-4845
International Journal & Magazine of Engineering, 

Technology, Management and Research
A Peer Reviewed Open Access International Journal   

                    Volume No: 2 (2015), Issue No: 10 (October)                                                                                              October 2015
                                                                                www.ijmetmr.com                                                                                                                                        Page 556

VI. RESULTS:

 

Fig19. RTL Schematic.

Fig20. Internal RTL Schematic.

Fig21. Proposed RTL Schematic.

Fig22. Proposed Internal RTL Schematic. 

Fig23. Acquired Delay.
Table3. Area utilization:

Fig24. Simulation Results.
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VII. CONCLUSION:

In this paper, we proposed the K-Algorithm i.e. improved 
Booth‟s recoding algorithm that significantly reduces the 
hardware required for signed multiplication. Multiplier 
architecture for efficient implementation of K-Algorithm 
is also proposed. We designed three reversible multipliers, 
namely B-ReM, BFT-ReM and KFT-ReM and analyzed 
them with respect to the reversible logic design metrics. 
It is found that our fault-tolerant designs (BFT-ReM and 
KFT-ReM) are much more optimal than other designs 
reported in literature. We further establish that using K-
Algorithm to design a faul ttolerant reversible multiplier 
causes the design to be most optimal in quantum cost and 
reduces the number of gates, ancilla inputs and garbage 
outputs considerably. Specifically, on an average, there is 
a 33% reduction in quantum cost in case of KFT-ReM, 
thus making it the most optimal design. Hence, K-Algo-
rithm proves to be very useful in optimizing the revers-
ible as well as conventional multiplier designs with equal 
number of merits.
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