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Abstract: Landauer stated that “For irreversible computation
each loss in information leads to loss of kTIn2 joules of heat
energy”. This has led to considerable interest in reversible logic.
We know that ALU is the most basic part in any processor.
Processor quality is determined based on its speed of operation.
But, as the size of a processor decreases we face problems like
power dissipation and greater delays. So, this paper presents an
ALU implemented using reversible logic. This design is a simple
way to reduce power dissipation and delay to a certain extent.
Verilog HDL programming has been used to make thisdesign. We
have used XILINX and CADENCE tool to simulate this model
and obtain power and delay analysis.
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. INTRODUCTION

As per Moore’s law, the need of the number of active devices
i.e. transistors required for the fabrication of various circuits
gets doubled after every two to three years. Based on this
logic, the size of the very complex circuits has been reduced
over the years along with maintaining its accuracy and
efficiency. But as the size of circuits reduce its power
dissipation and delay are affected, thus, in order to counter
this problem new methods of the analysis has to be introduced
and discussed. One of the recent methods to solve this
problem is based on reversible logic based computing. In this
logic, we don’t make use of the normal logic gates such as
AND, OR, NOT, etc. There are special set of gates used to
implement the reversible logic based circuits. Since the basic
gates are not available for the desired circuit design, one has
to design some specia gates on the basis of the computing
technology. Thus, the various dominant modules of the
guantum processors can be implemented with the
characterization of the device in terms of power computation,
delay, size, etc. It meansthat thislogic gate has got an output
for each of the individual input terminals i.e. one to one
mappingsis available.
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Thus, based on this discussion, the author has put forward a
discussion to analyze the operational behavior of the circuit
developed on the basis of this technology, one has to carry
out mathematical modeling of the most important parameters
i.e. number of gates in the circuit (N), no of constant inputs
required for the specific circuit (Cl), no of garbage outputs
(GO) for the circuit and the quantum cost (QC) for the given
circuit. The most commonly employed reversible gatesfor the
performance analysis on the basis of the power energy and
power dissipation are Feynman Gate (FG), Fredkin Gate (FG)
and HNG Gate (HG) [1-5].

The power energy determination of the reversible logic
based ALU for the quantum processor, the most important
and dominant parametersrequired are N, Cl, GO and QC i.e.
no of inputsin the circuit, no of inputs added to make a circuit
reversible, no of outputs added to make acircuit asreversible,
efforts contributed to convert the given circuit into quantum
circuit, respectively. The most commonly used reversible
logic gatesmentioned inthisdiscussioni.e. FG & HG withthe
desired features of operation which in turn provide best
possible output with optimized power loss [6-10].

II. BASICSOF REVERSIBLE GATES&
COMPUTING

In order to discuss the circuit design of devices based on
the said technology, one has to keep in consideration certain
issues for these gatesi.e. optimization in terms of complexity
of the circuit, delay at the output and percentage of the
ancillary input & garbage output. The reversible logic based
gates which are quite common in practice for ALU are
discussed below i.e.

Feynman Gate: The below given figure 1 shows the
schematic arrangement of Feynman Gate with dedicated input
and output terminals. The basic use of this FG gateisin the
determination of the fan-out parameter of the given circuit
which is further involved in the power analysis of the circuit.
For this schematic arrangement of FG gate, we have two input
terminals i.e. inputs (A, B) with dedicated output terminals
i.e. P& Q[11-15].

P=A P=A

FEYNMAN | A

GATE
—(0=AEB B Q=A2B

Fig. 1: Feynman Reversible Gate [16]
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Theequations 1 & 2 given below explain the mathematical
behaviour of the FG gate which is in accordance to the
operational performance as mentioned in the truth table given
intable 1.

P=A L
Q= AorB 2
Table- I: Truth Table for Equations1 & 2
A B C Q
0 0 0 0
0 1 0 1
1 0 1 1
1 1 1 0

Fredkin Gate: The below given figure 2 shows the
schematic arrangement of a typical Fredkin Gate with the
specific input and output combinations i.e. a 3x3 reversible
gate with three input and out terminals with one to one
mapping. The input terminals of the FG gate are (A, B, C)
which are mapped to the individual outputs which are
explained with the help of the mathematical equations with
the most desired features of QC as 5 using two dotted
rectangles[17-19].

A ——— P=A
FREDKIN

B——  eaTE L a=ABSAC

c— R=A'CE AB

Fig. 2. Fredkin Reversible Gate [20].

Table- 11: Truth Table for Fredkin Gate

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

HNG Gate: The HNG reversible Gate is the most
commonly used in the design and implementation of the
various ALU for the quantum processors and can be
determined in different configurationsi.e. either 4x4 or 5x5. It
means that this gate can have specific output terminals with
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dedicated inputs. Another important as aspect of this gate is
the low cost and optimized delay of the transmission of the
data at the output terminals. The mathematical derivation of
the equations discussing the various input and output
combinations of the HNG Gate are given with the help of the
equations 3to 6i.e. [21]

P=A €)
Q=B 4)
R=(A®B)®C )
S=(A®B).C®(AB®D) ©)

The QC and delay calculated for HNG Gate with the use of
reversiblelogicis6. Now when aBooleanlow logici.e. D =0
is applied at the input terminal, the operational behaviour of
the gate provides the desired output at specific termina i.e. R
& S[22].

A—s ——P=A
B— . Q=B

HNG
C— ——R=-A®BEC
D—s ——S~(A®B)COABED

Fig. 3: HNG Reversible Gate [23]

The power analysis of the of the reversible gates used for
the design of the ALU for quantum processor can be
determined on the basis of the behaviour specic to each input
and output combinationsi.e. asshownin Table 3, Table4 and
Table 5. From these Truth Tables, one can easily access each
input combination with all the probable output behaviour. It
has been seen that the most important condition required for a
highly efficient circuit of reversible gate is that the number of
input and output terminals of the gate should be optimised
properly in terms of ancillae and garbage line of the gate. On
this pattern, the desired parameter i.e. quantum cost of the
circuit can be evaluated which in turns forms the basis of
obtaining an equivalent circuit of reversible logic in terms of
quantum. The below given Table 3 provides the desired
information related to the quantum cost for the most
commonly used reversible gates i.e. FG & HNG gates
[24-26].

Table-111: Quantum Cost for FG & HNG Gates
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No of Control Quantum Cost of | Quantum Cost of
Lines FG Gate HNG Gate
0 1 3
1 1 7
2 5 15
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the basic operations which are quite common in use for a
specific given ALU i.e. 8 operations as mentioned below:

Table- 1V: Truth Tablefor HNG Gate

From the above table we can observe that value of S2

'g g’ g 5 g OQ (Ij (S) decides whgt type of ope'ration the ALU is supposed to
perform: Arithmetic or Logical.

0 0 0 1 0 0 0 1 Table- V: Truth Tablefor the Proposed Reversible ALU

0 0 1 0 0 0 1 0 Control Inputs Operations

0 0 1 1 0 0 1 1 S S, S,

0 1 0 0 0 1 1 0 0 0 0 XOR

0 1 0 1 0 1 1 1 0 0 1 XNOR

0 1 1 0 0 1 0 1 0 1 0 AND

0 1 1 1 0 1 0 0 0 1 1 OR

1 0 0 0 1 1 1 0 1 0 0 INCREMENT

1 0 0 1 1 1 1 1 1 0 1 DECREMENT

1 0 1 0 1 1 0 1 1 1 0 ADD

1 0 1 1 1 1 0 0 1 1 1 SUBTRACT

1 1 0 0 1 0 0 1 Table- VI: Truth Tablefor S2 of ALU

1 1 0 1 1 0 0 0 2 Operations

1 1 1 0 1 0 1 1 0 Logical

1 1 1 1 1 0 1 0 1 Arithmetic

Thewhole model isdependent on the control inputs SO, S1
and S2. With theinterconnection of muxesand afull adder we
I1l. PROPOSED DESIGN & IMPLEMENTATIONOF  haveobtained adesignfor an ALU. Herethe Fredkin gate acts
REVERSIBLE ALU as amux whereas HNG gate acts as a full adder.The diagram
given below is shows the circuit connections for the ALU
| implemented in reversible logic.

A The outputs of the circuit are OUT and COUT
respectively. COUT is given as feedback to the input to carry
the ripple effect. The above circuit has been implemented
using Verilog HDL. Then the output waveforms have been
obtained by simulating it in XILINX. The RTL schematic
obtained after smulation is given below:

wooq W

(in

Fig. 4. Schematic diagram of proposed model of
Reversible ALU.

Thefigure 4 shows the schematic diagram of the proposed
ALU whose performance has been evaluated on the basis of
the reversible logic. For this circuit, we have used the
combination of the FG as well as HNG gates which are quite
popular in use because of their desired performance in terms
of power consumption, size and delay. This circuit has been
designed and implemented using QCA tool so as to perform

Fig. 5. RTL Schematic of Proposed M odel of Reversible
ALU
The output waveforms for 1
bit and 16 bits have been
obtained by dlight variations in

the code.
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V. COMPARATIVE ANALYSISOF
CONVENTIONAL & TRADITIONAL REVERSIBLE
ALUDESIGN

Delay Parameter: On simulating both designs in Xilinx we
got acertain delay value of each model. Thisdelay is nothing
but the time required for generation of the output on applying
theinput.

fte Nt
Cellin-bout  fanout Delay Delay Logical Name (et Name)

13T 1-%0 1§ 0849 L1263 0 IBOF (s 0 IB0R
I3 T0-0 b 0.6 0667 out cap eqh0] fout cmpeo 00l)
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Fig. 8. Delay Calculation for conventional logic
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Fig. 9. Delay Calculation for reversiblelogic

From the given diagrams we can observe that
Conventional logic produces a delay of 10.511ns whereas
Reversible logic produces a delay of 7.303ns. Thus we can
say that use of reversible logic has produced a significant
decreasein delay for thismodel of an ALU.
Power Consumption: For the performance analysis of the
proposed model i.e. ALU, one has to evaluate the power
energy required and dissipated in this circuit. For this same,
we have to consider the most important parameters of this
proposed model i.e. quantum cost, device cost, line count,
garbage outputs and constant
inputs so as to determine the

'\ N

Fig. 7. Simulation Waveform for Power of Proposed
Model of Reversible ALU
The above figures6 & 7 have been obtained as the simulation
results for the proposed model on the basis of the delay and
power consumption by using the Xilinx software tool.
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power analysis based performance.

In this process of power calculation, the signal rate of the
input plays a dominant role which is nothing but defined as
therate of change of signal for the specified time period which
provesto be a quite critical parameter in the determination of
the power losses and consumption by the circuit. This
parameter of the circuit can be easily categorized as static
(standby) power and dynamic (active) power i.e. the
components of the power dissipated or used in the state of
power up as well as active state of the operation of the
proposed reversible ALU as shown in below fig 10..

From the given diagrams we can observe that
Conventional logic produces a delay of 10.511ns whereas
Reversible logic produces a delay of 7.303ns. Thus we can
say that use of reversible logic has produced a significant
decrease in delay for this model of an ALU.

I

LT
Fig. 10. Power dissipation for Proposed M odel of
Reversible
The below table 9 shows the comparative anaysis of the
proposed circuit with the existing techniques. This
comparison has been made on the basis of the various
important parameters of the circuit i.e. Gate Count, Quantum
Cogt, Transistor Cost, Garbage output, Constant input and
Lineinput. On the basis of the above results, it has been found
that the proposed design is quite efficient and accurate since
all the obtained result is quite less than the existing one which
is quite desired in the design of the quantum processors.
Table- VII: Comparative Analysis of the Parameters
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Count
Quantum | 21 (15%) | 31 53 29
Cost
Transistor | O 120 - -
Cost
Garbage | 1(87.5%) | 2 12 8
Output
Constant | 2 (50%) 1 10 4
Input
Line 6 5 - -
Output

Proposed | Existing | Existing | Existing
Analysis | [05] [07] [09]
[09]

Gate 9 (19%) 11 22 10
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V. CONCLUSION

In this discussion, the author has put forward the power
analysis performance analysis of a 8-functioned Arithmetic
Logic Unit(ALU) in reversible logic used for the quantum
processor. It shows the comparison of reversible logic based
ALU with its conventional logic counterpart in terms of
power consumption, dissipation, size, delay, etc. These
parameters have been simulated using the QCA tool and
compared with the previous works done. In this work, the
author has further extended this discussion to design a more
accurate & power efficient processors using the reversible
technology. This discussion has been concluded by the author
on the basis of the comparative analysis between the various
predominant parameters of the proposed ALU as shown in
Table7.
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