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Abstract

The proposed testable reversible architecture scheme yields significantly reduced complexity, low power and high
speed features. It is a key issue in the interface of computation and physics, and of growing importance as miniaturiza-
tion progresses towards its physical limits. With the advent of nanotechnology the fault detection and testability is of
high interest for accuracy. This research work describes the reversible testable design of high-speed modified Booth
multipliers. The proposed multiplier circuits are based on the modified Booth algorithm can be used to accelerate the
multiplication speed with reduced power consumption. The resultant multiplier circuit shows better performance than
others and can be used in the systems requiring very high performance. The proposed booth multiplier design shows 12%
reduced logical complexity, 10% reduced power consumption and efficient device utilization achieved in comparison to
existing reversible logic.
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1. Introduction

Garbage output refers to the output that is not used as a
primary output or as an input to other gate. Reversible
logic is likely to be in demand in high speed power aware
circuits. The digital signal processing (DSP gates used and
garbage outputs produced) is one of the core technolo-
gies in multimedia and communication systems. Many
application systems based on DSP, especially the recent
next-generation optical communication systems, require
extremely fast processing of a huge amount of digital data.
Most of DSP applications such as fast Fourier transform
(FFT) require additions and multiplications. Since the
multipliers have a significant impact on the performance
of the entire system, many high-performance algorithms
and architectures have been proposed to accelerate
multiplication™®. Well-structured design of the booth
multiplier is given by Wang?. Further optimization can
be achieved using reversible logic''. The reversible com-
putation in a system can be performed only when the
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system comprises of reversible gates. These circuits can
generate unique output vector from each input vector and
vice versa, that is, there is a one-to-one mapping between
input and output vectors. The major goal in reversible
logic design is to minimize the number of reversible.

1.1 Reversible Logic

Reversible circuits are of high interest in low power
CMOS design, optical computing’, quantum computing
and nanotechnology’. The most prominent application of
reversible logic lies in quantum computers. A quantum
computer can be viewed as a quantum network (or a fam-
ily of quantum networks) composed of quantum logic
gates; each gate performs an elementary unitary opera-
tion on one, two or more two-state quantum systems
called qubits. Each qubit represents an elementary unit
of information corresponding to the classical bit values 0
and 1. Any unitary operation is reversible, hence quantum
networks effecting elementary arithmetic operations such
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as addition, multiplication and exponentiation cannot be
directly deduced from their classical Boolean counter-
parts (classical logic gates such as AND or OR are clearly
irreversible)®. There are various reversible gates available
in literature*>*'°. The concept of testability is being intro-
duced for higher accuracy concerns*®.

1.2 Booth Encoding and Multiplier

Booth?’ introduced Booth Multiplier (BM). They are also
called radix-2 multiplier. The main advantage is that it
involves no correction cycles for signed terms. To multi-
ply X by Y using the modified Booth algorithm starts from
grouping Y by three bits and encoding into one of {-2, -1,
0, 1, 2}. Table 1 shows the rules to generate the encoded
signals by booth encoding scheme. After Booth recoding,
a digit number is changed from two’s complement rep-
resentation to Booth representation. In some cases, the
weight of the latter is less than that of the former one; the
Booth algorithm can be used in multiplier to reduce the
number of partial products. But it is not for all the cases.
For example, the weight of binary number 010101 is 3, the
Booth representation for this numberis (+ 1-1+1-1+
1 - 1), and its weight is 6. Multiple bits scanning per cycle
in booth recoding reduces the number of partial products
significantly, hence reduces the area, power and speeds up
the designs.

2. Proposed Work

R1 gate is used along with R2 gate (a 4 input and 4 output
Feynman Gate) to provide the feature of testability called
CB(Combined Block) that is called Rgate logic*. The
Haghparast Navi Gate (HNG)® was used along with 44
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Figure 1. Proposed NTG (New Testable Gate) gate.
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Feynman gate to provide testability feature and a name
was proposed as New Testable Gate (NTG) shown in
Figure 1. The proposed NTG logic has less logical com-
putation as compared to existing testable reversible logic
shown in Table 2. The truth table is shown in Table 3.

In proposed approach, any Boolean function can be
implemented using new testable gate along with testing
of fault. The testing of fault in HNG or FG can be done
by comparing the output W of Feynman gate with out-
put R of the HNG gate. The output W of Feynman gate
should be complementary with the output R of the HNG
gate. If they are not complementary, it means there is a
fault either in FG or HNG. Based on the particular input
combinations all types of gates can be implemented. Both
combinational circuits and sequential reversible circuits
can be designed using the proposed method.

3. Design and Implementation

In booth multiplier the reversible adders and reversible
barrel shifters are used as basic building block, as shown in
Figure 2 and Figure 3 respectively. The logic behind booth
multiplier implemented using testable reversible NTG
logic is shown in Figure 4. The computation results for
delay, power and logical complexity are compared later.

Table 1. Booth Encoding

Binary number(a) 3-bit groups Booth encoding

000 0
001 a
010 a
011 2a
100 -2a
101 -a
110 -a
111 0

Table 2. Logical complexity for various testable
reversible logics

Number Number Loical
of XOR of AND oglca’
. . Complexity
operations(«) operations(f)
Rgate logic™¢ 12 4 120+4p
NTG logic
(Proposed) 8 2 §a+2p
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Table 3. Truth table of proposed NTG gate e

Inputs Outputs

C r

Figure 3. Barrel shifter design using proposed NTG logic.
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Figure 4. Booth multiplication using proposed NTG logic.
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The booth multiplication has been explained with the

01 y3x3 01 y2x2 0 1 ylx!l 0 1 y0x0 following steps:
L1 — Ll 1L 11 1] Stepl: Consider two numbers ‘@ be multiplicand and ‘b’
NTG NES NE= NTe ) ce be multiplier. Suppose a = 7 and b = 12, i.e output
[TTTT | TJLLD P ITITT [ TTTTT should be 84.
3 k3s3jpia | 13 |s2i2i2 13 [stj1i1 | 10 |s0joi0 Step2: The number b can be represented as n = 4 bits i.e.
3 = K1 o b =1100. So two zero padding is done in MSB and
$0,51,82,83= Sum bits one zero padding in LSB. Now, b = 0011000.
K3= Output carry Step3: The partial product computation shown in
Figure 2. 4-bit ripple adder design using proposed NTG Table 4 where encoding is done with the help of
logic. Table 1.
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Multiplication output = P1 + P2 + P3

= 00000000 + 11100100 + 01110000(8 bit reversible
adders used here)

= 01010100 (Carry out = 1, For 4-bit multiplication
the Carry out is ignored)

=84

4. Results and Discussions

In this paper, reversible booth multiplier is implemented
using VHDL. Functional simulation is done in
MODELSIM and synthesis is carried out using Xilinx
ISE-8.2i. Device utilization, delay and power results are
compared among various logics. The power comparison
is shown in Figure 5. From the analysis, savings in power
is achieved using proposed NTG logic. The proposed
booth multiplier using NTG logic shows 9% reduction in
number of slices and 10% reduction in number of 4-input
LUT used as compared to Rgate logic*®, Figure 6 and
Figure 7 respectively. The NTG (proposed logic) provides
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Figure 5. The power comparison results for reversible
logic designs for booth multiplier.

Table 4. Partial products calculation and booth
encoding

Partial products
computed fora =7,
i.e.111and b =12,
i.e. 1100

3-bit From booth encoding
grouping table(partial products)

000 0 P1 =00000000
110 -a P2 =11100100
001 a P3=01110000
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Figure 6. Comparison of number of slices used (device
spartan3-3s200ft256-4) among Rgate>® and proposed NTG
reversible logic based booth multiplier.
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Figure 7. Comparison of number of 4-input LUT used
(device spartan3-3s200ft256-4) among Rgate>® and proposed
NTG reversible logic based booth multiplier.

Table 5. Reversible booth multiplier logical
complexity comparison

4-bit Reversible Total no. of

Booth reversible Logical Complexity

multiplier gates used

Rgate>© 352 (12*352)a + (4352)B

NTG(Proposed) 176 (8"176)a + (2°176)B
The NTG (proposed logic) provides 12%
reduced logical complexity which can be

Comments

seen from the number of XOR operations
() and number of AND operations (f).
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12% reduced logical complexity which can be seen from
the number of XOR operations («) and number of AND
operations (f) in Table 5. The proposed booth multiplier
using proposed NTG logic has speed improvement over
existing Rgate logic>® based reversible design (Figure 8).
Figure 9 shows the comparison of overall performance
metric i.e. Power Delay Product (PDP).

5. Conclusion

This research work is about efficient reversible realization
of booth multipliers. The proposed gate (NTG) is shown
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Figure 8. Comparison of delay (device spartan3-
35200£t256-4) among Rgate>® and proposed NTG reversible
logic based booth multiplier.
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Figure 9. Comparison of overall performance metric
Power Delay Product (PDP).
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better than the existing logic based testable reversible gate
in terms of logical computation complexity, speed and
power computation. The proposed work forms an impor-
tant step in the building of complex logic circuits for
quantum computers. An interesting future work would
be to develop efficient reversible counter and further its
could be advantageous to design an arithmetic and logic
unit. Proposed reversible logic can be used with tech-
nologies such as CMOS, in particular adiabatic CMOS,
Optical, thermodynamic technology, Nanotechnology
& DNA technology. Sometimes the problem lies with
the tradeoff between parallelism and the combination of
speed and power.
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