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Design and Implementation of
Low Power Combinational Circuits
using Reversible Logic

M. Janaki Rani!, S. Anandhi?and M anivannan?

ABSTRACT

Recent technol ogy advancement in VLS| designs offer shrinking device dimensionsand lead to exponential increase
in circuit complexities. But this device scaling is limited by the power dissipation, which needs better power
optimizations methods. The conventional digital circuitsgenerate more heat dueto the effect of 1ogic gateswhich
areirreversiblein nature. Reversiblelogic is used to reduce the power dissipation that occursin digital circuits by
preventing the loss of information. Reversible Logic finds applicationsin Low Power CMOS designs, Quantum
Computing, digital signal processing, communication, computer graphics, cryptography and Nanotechnology. The
design of combinational logic circuits like adder, comparator, decoder, encoder, multiplexer and demultiplexer
using reversiblelogic gates Feynman gate, Fredkin gate, Toffoli gate, Peresgate, HNG gate etc arediscussed in this
paper. The abovecircuits aresimulated using Xilinx ISE Simulator 12.1.
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1. INTRODUCTION

The conventional combinational logic circuits designed using basic logic gates have energy loss due to the
information bit lost during the operation. The total no of outputs generated is less than the total number of
inputs applied in digital system and this is the major cause of the lowering of entropy and information loss
of the overal digital system. The amount of energy loss for one hit of information loss in an irreversible
gatewas given by R. Landauer in 1961 [1]. Later in 1973 C. H. Bennett has shown that this energy loss can
be minimized or even removed if the circuit is made up from the reversible logic gates [2]. Reversible
circuit designing is gaining wide scope in the area of Quantum computing, Low power

CMOS design, Nanotechnology, Optical computing, Signal processing, Advanced computing etc due
to its ability to design low loss or approximately loss less digital circuits.

A reversiblelogic gate isan n-input, n-output (denoted n* n) logic device with one-to-one correspondence
between the input and output. The important constraint present on the design of a reversible logic circuit
using reversible logic gate is that fan-out is not allowed and loops are not permitted. A reversible circuit
should be designed using minimum number of reversible gates. One key requirement to achieve optimization
is that the designed circuit must produce minimum number of garbage outputs. The unutilized outputs
from areversible gate/circuit are called garbage outputs. Also they must use minimum number of constant
inputs [3, 4]. Reversible logic circuits should have minimum quantum cost and must use a minimum logic
depth or gate levels. Quantum cost refersto the cost of the circuit interms of the cost of a primitive gate and
gate level refers to the number of levels which are required to realize the given logic function.
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This paper isorganized asfollows: Section 1 givestheintroduction for reversible logic circuits. Section
2 gives some of the important reversible logic gates along with their logic functions. In Section 3 the design
of combinational circuits full adder, full subtractor,, one bit comparator, 2:4 decoder, der, 4:2 encoder, 4:1
multiplexer and 1:4 demultiplexer using reversible logic gates is discussed. Section 4 gives the simulation
resultsof al thedesigns. Section 5 givesthe comparison of all the designsand Section 6 givesthe conclusion.

2. REVERSIBLE LOGIC GATES

In this section the reversible logic gates like Feynman gate [5], Peres gate [6], Toffoli gate [3] Fredkin gate
[4], HNG gate, M gate, L gate and BJIN gate are discussed.

2.1. Feynman / CNOT Gate

Feynman gate is a 2* 2 gate and its circuit is shown in Fig. 1. It is aso caled as Controlled NOT and it is
widely used for fan-out purposes. TheinputsareA, B and outputsare P=A, Q = A®@_B and its quantum
cost isone.

A L P=A

Feviuman
B — ———Q=A®B

Figure 1: Feynman gate-2*2 gate
2.2. Peres Gate
Fig. 2 shows a Peres gate which is a 3* 3 gate having inputs (A, B, C) and outputsP=A,
Q=A®B, R=AB®C and its quantum cost is four.

A P=A
B Peres Q=A®B
C R= ABHC

Figure 2: Peres gate-3*3 gate

2.3. Toffoli Gate
Fig. 3 shows aToffoli gate which is a 3*3 gate with inputs (A, B, C) and outputs P=A,
Q =B, R=AB®C and its quantum cost is five.

A o P=A
Tottoh

B Q=B

C R= ABGC

Figure 3: Toffoli gate-3*3 gate
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2.4. Fredkin Gate

Fig. 4 shows a Fredkin gate which is a 3* 3 gate with inputs (A, B, C) and outputs P=A,
Q=A'B+AC, R=AB +A’C and its quantum cost is five.

A |

Fredkin

| P=A
_ Q=A'B+AC
_ R=A'C+AB

2.5. HNG Gate

Figure 4: Fredkin gate-3*3 gate

Fig. 5 shows a HNG gate whichisa4 x 4 gate with inputs (A, B, C, D) and outputs P=A,

Q =B, R=A®B®C, S=(A®B)CPAB®D and its quantum cost is Sx[7].1t is used for designing ripple
carry adders. It can produce both sum and carry in a single gate thus minimizing the garbage and gate counts.

HNG

2.6. M Gate

P=A

=8B

P=APBHC
E={ApBCEABGD

Figure5: HNG gate-4*4 gate

Fig. 6 showsaM gate [8]whichis a 3* 3 gate with inputs (A, B, C) and outputs P=A,

Q=(A®B), R=AB'®C.

A

M gate

P=24
——— Q= (ABB)
———RB= AB'@C

2.7. L Gate

Figure 6: M gate-3*3 gate

Fig 7 shows al gate [8]which isa 3*3 gate with inputs (A, B, C) and outputs P=A,

Q=B, R=(A+B)'*"C.
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A— ——P=A
B— | L gate L O=B
C — ———— R=(A+B)' & C

Figure7: L gate-3*3 gate

2.8. BIJN Gate

Fig. 8 showsaBJN Gatewhichisa 3* 3 gatewithinputs (A, B, C) and outputsP=A, Q=B, R=(A+B) ®C.
It has quantum cost five.

.".I. P ."E.
B BIN O-B
0 ——— R={A+B} B

Figure 8: BJN gate-3*3 gate

3. REVERSIBLE LOGIC CIRCUITS
3.1. Reversible Full adder
Full adder is the fundamental building block in many computational units. The full adder circuit’s output is
given by the following equations:
Sum = A@B@Cin
Cout = (A®B)Cin®AB

The reversible logic implementation of full-adder circuit is shown in Fig. 9. This reversible full adder
circuit is realized using two 3*3 Peres gates [9] and it is efficient in terms of gate count, garbage outputs
and constant input than the existing counter parts.

A e (3
Peres 1 .
B3 Gate G;
C Peres : R
0 n__| G + Sum=A2BBCin
y jate
“ o F{?L'lllt_'l: AEE}(‘IHE.-"E B

Figure 9: Reversible full adder

3.2. Reversible Four bit adder
The block diagram of four bit ripple carry adder using HNG gatesis shown in Fig 10.

3.3. Reversible one bit comparator

The conventional one-hit digital comparator [10], consists of two NOT gates, two AND gates and one
NOR gate is shown in Fig.11. The truth table of one bit comparator is given in Table 1.



Design and Implementation of Low Power Combinational Circuits using Reversible Logic 1835

i B3 A3 ] a2 A2 0 Cin 80 ab
HNG GATE HNG GATE HNG GATE HNG GATE
£ 4 £ £ £ £ £ £
ch 53 52 51 s0
Figure 10: Reversible four bit ripple
carry adder
A —| So— A
Fay
- 1 J— A-B
A P
7)) >o— A®B
Figure 11: Irreversible gates for one bit comparator
Tablel
Truth Table of One Bit Comparator
Inputs Outputs
A B FA>B FA<B FA=B
0 0 0 0 1
0 1 0 1 0
1 0 1 0 0
1 1 0 0 1
A — G — P(A=E]
p—1 M gate Loate —QA°B)
0— 0— _ R(A°B)

Fig 12: Reversible one bit comparator

A reversible one bit comparator is designed using Mgate and L gate[8] as shown in Fig.12. It usestwo

constant inputs as logic’ 0’ and has one garbage output.

3.4. 2:4 Reversible Decoder

A decoder is a combinational circuit that converts binary information from n input lines to a maximum of
2 "unique output lines. It is a multiple-input, multiple-output logic circuit that converts coded inputs into



1836 M. Janaki Rani, S. Anandhi and Manivannan
A
B — | Fredkmm o
Fevnman
1 o |
il
'a... - =
Fevmuman — | Fredkm X2
Y [ b
Figure 13: Reversible 2:4 decoder
Table?2
Truth Table of 2:4 Ecoder with Enable Input
Enable I nput Inputs Outputs
S A B X0 X1 X2 X3
0 X X 0 0 0 0
1 0 0 1 0 0 0
1 0 1 0 1 0 0
1 1 0 0 0 1 0
1 1 1 0 0 0 1

coded outputs, where theinput and output codes are different. Enable inputs are required for the decoder to

function, otherwise its outputs assume a single “disabled” output code word. Decoders are used in data

multiplexing, seven segment display and memory address decoding. The truth table of decoder is given in
Table I1.The design of 2:4 decoder using Feynman gate and Fredkingate[11] is shown in Fig. 13 and it has
one garbage output G1.The inpts are A, B and it has the enable input as S and the outputs are X0, X1,

X2, X3.

3.5. Areversible 4:2 encoder

An encoder has 2" input lines and n output lines. The output lines generate a binary code corresponding to
the input value. The truth table of encoder is given in Table I11. The design of 4.2 encoder using using two
Fredkin gateq 12] is shown in Fig. 14. It has four inputs 10, 11, 12 14 and two outputs Y 1& Y 2. It has four

garbage outputs G1, G2, G3 and G4.

I

5l

I3

I1

Fredkm

Fredkin

LI

U |

— iz}

— 1

il

Figure 14: Reversible 4:2 encoder
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Table3
Truth Table Of 4:2 Encoder
Inputs Outputs
13 12 11 10 Y1 YO
0 0 0 1 0 0
0 0 1 0 0 1
0 1 0 0 1 0
1 0 0 0 1 1
0 0 0 0 X X

3.6. A reversible 4:1 multiplexer

A multiplexer or MUX is a combinational logic circuit that has several inputs and only one output. MUX
directs one of the inputsto its output line by using select lines. A multiplexer has 2" data inputs, n selection
inputs and a single output. Selection input determinestheinput that should be connected to the output. The
truth table of 4:1 multiplexer is given in Table 1V.

Fig. 15 showsthe block diagram of a 4:1 multiplexer using three modified Fredkin (MFRG) gateq 13].
It has two select inputs SO, S1 and four datainputs 10, 11, 12, 13. The output isY and this circuit has five
garbage outputs G1, G2, G3, G4, G5.

S — —

I MFEG

m__| | Gl

=1 il
| MFRG G
| | | (52 ¥
iz— MFRG
I3 i3
Figure 15: Reversible 4:1 multiplexer
Table4
Truth Table of 4:1 Multiplexer

Select Inputs Inputs Output
S1 SO 13 12 11 10 Y
0 0 X X X 0 0
0 0 X X X 1 1
0 1 X X 0 X 0
0 1 X X 1 X 1
1 0 X 0 X X 0
1 0 X 1 X X 1
1 1 0 X X X 0
1 1 1 X X X 1
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3.7. Areversble 1:4 demultiplexer

It isadigital logic circuit which performsinverse operation of the multiplexer. It has one input line Din and
transmits it to one of 2" possible output lines. The selection of the specific output is controlled by the bit
combination of n select inputs.

The truth table of 1:4 demultiplexer is given in Table V. Fig. 16 shows the block diagram of a 1:4
demultiplexer using Toffoli gates and Peres gateq 14]. It has two select inputs SO, S1, one data input Din,
enable input E and four outputs Yo, Y1, Y2, Y3. Thiscircuit has nine garbage outputs.

4. SIMULATION RESULTS

All the circuits are implemented using VHSIC hardware description language (VHDL).The simulation is
done on Xilinx ISE 12.1 on Spartan 3 using target device: X C3S50-PQ208. The smulation waveform of

Table5
TableV Truth Table Of 1:4 Demultiplexer

Enableinput Select Inputs Outputs

E Sl 0 YO Y1 Y2 Y3
1 0 0 Din 0 0 0
1 1 0 0 Din 0 0
1 0 1 0 0 0 Din
1 1 1 0 0 0 Din
0 X X 0 0 0 0

b | | % N

Fig. 16. Reversible 1:4 demultiplexer

Figure 17 (a): Output waveform of Feyman Gate Figure 17 (b): Output waveform of Fredkin Gate

iy 00
i
&
&

Figure 17 (c): Output waveform of Peres Gate Figure 17 (d): Output waveform of MFRG Gate
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Figure 17 (e): Output waveform of M Gate Figure 17 (f): Output waveform of L Gate

Figure 18 (a): RTL view of reversble adder Figure 18 (b): Output waveforms of reversible adder

Figure 19 (a): RTL view of reversible encoder Figure 19 (b): Output waveforms of reversible encoder

Feyman gate, Fredkin gate, Peres gate MFRG gate, M gate and L gate are shownin Fig. 17 a, b, ¢, d, eand
f respectively. The RTL schematic and output waveforms for reversible adder, reversible encoder, reversible
multiplexer and reversible decoder are shown in Fig. 18, Fig. 19, Fig. 20 and Fig. 21 respectively.

5. CONCLUSION

In this paper various reversible logics like Feyman gate, Fredkin gate, Peres gate, M gate, L gate and
modified Fredkin gateMFRG are implemented using VHDL coding in Xilinx 12.1. Also the combinational
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| | m

Figure 20 (a): RTL view of reversible multiplexer Figure 20 (b): Output wavefor ms of reversible multiplexer

Figure 21 (a): RTL view of reversible decoder Figure 21 (b): Output waveforms of reversible decoder

logic circuits like full adder, decoder, encoder, demultiplexer and multiplexer are are designed using the
above mentioned reversible logic gates and their RTL schematic and simulation results are presented in this
paper. These reversible circuits can be used for the design of ultra low power digital circuits, quantum
computers and for applications in cryptography and nanotechnology.

REFERENCES

[1] R. Landauer, “Irreversibility and Heat Generation in the Computational Process’, IBM Journal of Research and
Development, 5, pp.183-191, 1961.

[2] C.H.Bennett, “Logical Reversihility of Computation”, IBMJ. Research and Devel opment, pp. 525-532, November 1973.

[3] T. Toffoli., “Reversible Computing”, Tech memo MIT/LCS/TM-151, MIT Lab for Computer Science 1980.

[4] E.FredkinandT. Toffdli, “Conservative logic,” Int’| J. Theoretical Physics, Vol. 21, pp. 219-253, 1982.

[5] R. Feynman, “Quantum Mechanical Computers,” Optics News, Vol. 11, pp. 11-20, 1985.

[6] Peres, “ReversibleLogic and Quantum Computers’, Physical review A, 32:3266-3276, 1985.

[71 Himanshu. Thapliyal, K.P. Jacob, Majidhaghparast & Keivan Navi Design of High speed low power Reversible Logic
BCD Adder Using HNG gate | EEE Transactionson VLS| Systems, March 2013.

[8] Madhina Basha, V.N. Lakshmana Kumar, “Transistor Implementation of Reversible Comparator Circuit Using Low
Power Technique’, International Journal of Computer Science and Information Technologies, Vol. 3, No. 3, 2012, pp.
44474452,

[9] Md. Saiful Isam and Md. Rafiqul 1dlam, “Minimization of Reversible Adder Circuits’, Asian Journal of Information
Technology, Vol. 4, No. 12, pp. 1146-1151, 2005.

[10] A.N.Nagamani, H.V. Jayashree, H. R. Bhagyal akshmi, “Novel LowPower Comparator Design using Reversible Logic
Gates’ Indian Journal of computer Science and Engineering, Vol. 2, No. 4 Aug. Sep. 2011.



Design and Implementation of Low Power Combinational Circuits using Reversible Logic 1841

[11] LafifaJamal, Md. Masbaul Alam, Hafiz Md. HasanBabu, “An efficient approach to design areversible control unit of a
processor” Sustai nable Computing: Informaticsand Systems 3 (2013) 286-294.

[12] NeetaPandey, Nalin Dadhich, Mohd. Zubair Talha, “Realization of 2:4 reversible decoder anditsapplications’, International
Conferenceon Signal Processing and Integrated Networks (SPIN).IEEE,2014.

[13] AshimaMalhotra, Charanjit Singh, Amandeep Singh, “ Efficient Design of Reversible Multiplexerswith Low Quantum
Cost and Power Consumption”, International Journal of Emerging Technology and Advanced Engineering, Vol. 4, 1ssue
7, duly 2014, pp. 518-523

[14] Y.Syamalal andA.V.N. Tilak, “ Synthesis of M ultiplexer and Demultiplexer Circuitsusing ReversibleLogic”, Int. J. of
Recent Trends in Engineering and Technology, Vol. 4, No. 3, Nov. 2010.





