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Micro-ring resonator based all optical reversible logic

gates and its applications
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In this paper, the silicon micro-ring resonator (MRR) as nonlinear all-optical switch is described through two-photon
absorption (TPA) effect. The all-optical scheme of reversible Peres-gate, Toffoli-gate, Fredkin-gate and TR gate using MRR
are presented in this paper. Simulation results confirming described method are also presented in this paper. We identified
a combination of feasible MRR radius and coupling coefficient through numerical simulation which allows analyzing the
system performance of the scheme, as extinction-ratio (ER) and contrast-ratio (CR), confirms the feasibility of design. The
proposed circuit may perform different arithmetic and logic operations in the reversible logic-based information-processing.

(Received May 17, 2018; accepted February 12, 2019)

Keywords: Micro-ring resonator, Optical logic, Reversible logic gate

1. Introduction

Reversible logic is of increasing importance to many
future computer technologies as a promising computing
model with extensive applications in nanotechnologies
such as quantum computing, quantum dot cellular
automata, optical computing, etc [1-2]. A logic circuit is
reversible if the circuit can generate unique output vector
from each input vector, and vice versa, that is, there is a
one-to-one mapping between the input and output vectors
[3]. The main objective of the design and synthesis of
reversible logic is to minimize the number of garbage
outputs and the quantum cost. Garbage outputs refer to the
unutilized outputs that are not used as primary outputs and
which cannot be used as inputs for new computation, and
are only needed to maintain one-to-one mapping. Each
Reversible gate has a cost associated with it called
quantum cost. The quantum cost of a reversible gate is the
number of 2x2 Reversible gates or quantum logic gates
required in designing the circuit. Reversible logic can also
help in realizing dissipation less computing [4]. The power
dissipation in a circuit can be reduced by the use of
Reversible logic. Landauer’s [5] principle states that
irreversible computations generates heat of KT.In2 for
every bit of information lost, where K is Boltzmann’s
constant and T the absolute temperature at which the
computation performed. Bennett [6] showed that if a
computation is carried out in Reversible logic zero energy
dissipation is possible, as the amount of energy dissipated
in a system is directly related to the number of bits erased
during computation. There are significant differences in
the synthesis technique of reversible logic circuits from the
combinational one in many ways as follows: (1) Fan out is
not permitted, that is, each output will be used only once;
(2) Feedback is not permitted, that is the output of a gate
can’t be use as its input; (3) Use minimum number of

garbage outputs; (4) Use minimum circuit level; and (5)
Use minimum number of gates.

A set of reversible gates are needed to design
reversible circuit. Several such gates are proposed over the
past decades. Among them, Fredkin gate, Toffoli gate and
Peres gate are most common [7-9]. Arithmetic circuits
such as Adders, Subtractors, Multipliers and Dividers are
the essential blocks of a Computing system [10-22].
Dedicated Adder/Subtractor circuits are required in a
number of digital signal processing applications. Several
designs for binary Adders and Subtractors are investigated
based on Reversible logic. However, there is not much
existing work on reversible logic gates and binary adders
and subtractors in optical domain. For increasing
transmission capacity, Photon being the ultimate unit of
information with unmatched speed and with data package
in a signal of zero mass. Recently, researchers have also
implemented reversible logic gates such as Toffoli gate,
Peres gate and Modified Fredkin gate using different
schemes like semiconductor optical amplifier (SOA)-
based Mach-Zehnder interferometer (MZI), terahertz
optical asymmetric demultiplexer (TOAD), quantum dot
cellular automata-based system and microring resonator in
optical domain [23-31]. The major limitations of TOAD
switches are the finite length of fiber loop. The second
limitation is due to SOA with slow recovery of the optical
medium which limits the time required before the device
can switch another pulse.

In this paper, we have proposed and designed all
optical reversible gates such as Peres gate, Toffoli gate,
Fredkin gate and TR gate using silicon waveguide based
optical micro-ring resonator. Ring resonators are of
particular interest for the design of optical components and
systems, because of their ability to transmit very specific
wavelength of light. It is also possible to fabricate compact
micro-ring resonators with small radius, very high quality
factor and reduced switching threshold which can lead to
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high device integration densities and ultra-high speed for
designing all optical circuits. We have also investigated
the design of different arithmetic (half adder/subtractor,
full adder and subtractor) circuits using micro-ring
resonator in all optical reversible system. The
performances of the proposed designs are better in terms

of number of gates, garbage inputs/outputs and optical cost.

The paper is organized as follows: Section-1 presents
a brief introduction to recent trend in reversible logic gates
and optical information processing. In Section 2 principle
and operation of silicon waveguide ring-resonator based
optical switch is discussed. All-optical circuit for ring
resonator based Peres gate, Toffoli gate, Fredkin gate and
TR gate is reported in Section 3. Results and discussion
are given in Section 4. Some applications of reversible
logic gates are mentioned in Section 5. Finally Section 6
concludes the paper.

2. Micro-ring resonator and its application to
design reversible logic gates

2.1. Principle operation of micro-ring resonator

The basic configuration of optical micro-ring-
resonator (OMRR) consisting of unidirectional couplers
with coupling coefficients k; and «, between a ring cavity
and input-output bus waveguides is shown in Fig. 1(a).
Optical micro-ring resonator can act as optical reservoir to
accumulate the power only at a particular wavelength due
to constructive interference. A constructive interference
will take place when the optical path-length of a round trip
is integer multiple of the effective wavelength and the
OMRR will be ‘ON’ resonance. At ‘ON’ resonant, OMRR
transmit the input port signal through the drop port and
hence drop port shows high transmission and through port
shows low transmission. If the OMRR is made up of
nonlinear material, then the refractive index of OMRR
depends on high intensity optical signal. The “ON”
resonance condition can change its state temporarily by
pumping high intensity optical pulse to the ring. Pumping
induces the free carriers in the waveguide which change
the refractive index of the material. The effective
refractive index can be expressed as follows: neg=ng+n,.

| —n. + 2 p, Where ny and n; are the linear and non-linear
=N, +-2.
S

refractive indexes of the material respectively. | and P are
the intensity and power of the optical pump signal. S is the
effective cross section area of the ring. The change of the
refractive index of the micro-ring causes a temporarily
shift of the micro-ring resonance wavelength. Practically
an actively mode locked ring laser can be used to generate
these pump pulses [32]. So when the pump pulse is
applied to the ring, the resonance wavelength of OMRR
will be shifted due to the change in refractive index, which
shows high transmission at the through-port and low
transmission at the drop-port. Again, when the pump pulse
is released, the resonance wavelength shifts back to its
original position producing high transmittance at the drop-
port of the ring [33]. The through port and drop port output

electric fields is written by eq.(1) and eq.(2) respectively
[33].

In order to determine the working wavelengths of
MRR, the static response spectra (insertion loss) of the
device at drop port and through port for two different
conditions (pump on and pump off) is shown in Fig. 1(b).
When no pump pulses applied to the ring, MRR will direct
the input light to the drop port with minimum insertion
loss of -0.965 dB and through port shows minimum
transmission with high insertion loss of -32.9 dB at
working wavelength of 1551.00 nm. With the pump pulses
of 1.82 mW applied to MRR, MRR will direct the input
light to the through port of the device with minimum
insertion loss of -2.65 dB and drop port shows minimum
transmission with high insertion loss of 31.3 dB at
working wavelength of 1551.00 nm. Accordingly, the
working wavelength of MRR is chosen at 1551.00 nm for
switching operation. The operation of OMRR as all optical
switches under pump — probe configuration is shown in
Table 1. A high value of on-off ratio of around 31.9 dB is
calculated from Fig. 1(b). Free spectral range (FSR) of 36
nm is also obtained from Fig. 1 (b).
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Fig. 1. (a): Single micro-ring resonator, (b): Insertion
loss of the device at the output ports: Through port
(dashed line) and drop port (solid line) outputs
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Table 1. Truth table for OMRR-based switch

N g2

4
dt 2hv

where [ is the light intensity, hv is the photon energy and 8

Input Control Drop-port | Through-
signal | (pump) signal | output port output
0 0 0 0
0 1 0 0
1 0 1 0
1 1 0 1

Now we calculate phase shift and refractive index
change due to application of pump pulse. We consider the
case under pumping of ring by a pulsed laser, which
induces TPA in the silicon material. This makes changes
in the free carrier concentration including a change of
electron concentration AN, and a change of hole
concentration (ANy).
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where, xp=—

Naff is wave propagation constant,
A

o= K”—L L is length of the ring, E;; and E;, are the input
2
and add port fields respectively.
The non-linear refractive-index change at wavelength
of 1.55 um is given by [34-35]

An=An, +An,

_8.8x10722 AN +85x10722(aN)?8| (3

where, AN=AN=AN},

The negative sign in eq.(3) shows that effectively
result in a net decrease of the refractive index of the
micro-ring waveguide and cause a temporarily blue shift
of the micro-ring resonance wavelength.

The free-carrier concentration N in the silicon
waveguide is generated by TPA, so its rate of generation is
given by [36]:

is the TPA coefficient.
The phase shift change of the signal light at 1.55 um
in one circle of the ring is given by

2
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A

Refractive-index change,
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where, P,q is the average pump power with pulse
separation t, and pulse width t and L is length of the ring.

The curve of phase shift can be obtained from eq.(5)
using the following data [36]: p=7.9x10""° cm/W, pump
beam wavelength, A,=400 nm, t=100fs, tp=12.5 ns,
hv=49.725x10% J, radius of the ring, r= 3.05 pm, S=450
x 250 nm?, n, = 4 x 10" m¥W, coupling coefficient, Ks =
0.22. The practical realization of such coupling coefficient
is difficult because the coupling coefficient cannot be
determined with the high accuracy. One possible solution
would be to use tunable couplers. The graph for phase
shift with average pump power is shown in Fig. 2. It can
be shown from Fig. 2 that when the phase shift approaches
n, the average pump power required for switching is only
1.82 mW. We found from Fig. 1(b) on-off ratio 14.95 dB
and free spectral range (FSR) of 16 nm. A small phase
shift can result in an enough extinction ratio but amplitude
modulation (AM) would be very high. For complete
switching phase shift should be 7 [35].

The Kerr effect causes a very small red-shift of the
resonance. However, the changes in refractive index due to
TPA effect result in a linear shift of the complex resonance
frequency of the cavity which is much much higher than
that Kerr effect, so the blue shift dominates. Also in [37],
it is shown that switching power of Kerr-type ring
switches is about 3 orders larger than that of TPA-type
ring switches. The reason for this is that the nonlinear
phase shift caused by the Kerr effect is proportional to the
self-pumping power. Whereas, the nonlinear phase shift
caused by the TPA effect is appreciatively proportional to
the square of average pump power (see Fig. 2).
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Phase shift

pulse ‘B’ is at low level, the input signal to MRR4 will be
directed to its drop port which act as input for MRR5. As
pump pulse ‘C* at MRRS is at high level, the input signal
will be directed to it’s through port and produces final
output Z=1.

Hence, the final outputs are X =1, Y =1and Z=1
which satisfies the sixth row of the truth Table 2. Similarly
the other cases can be explained following the truth
Table 2.

Table 2. Truth table of Peres gate

141 ;
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Fig. 2. Phase shift in the ring resonator as a function c =aBg@c 10 0t Y
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2.2. Theoretical model for all optical reversible a
logic gates using micro-ring resonator - /EZ» X=
2.2.1. Ring resonator based Peres gate Teput —f= == 5 N
MRR1
The Peres gate is a 3-input 3-output (3x3) reversible (4)
gate having the three inputs (A, B, C) and three outputs (X, = |
Y, Z) satisfy the relationship as follows: @—— Y= (AGE)

X=A, (7a)
Y=A@B, (7b)
Z= A.B@ C (where “A.B” stands for ‘A’ AND ‘B’) (7¢)

Fig. 3(a) shows the block diagram of Peres gate and
Table 2 shows its corresponding truth table.

The ring resonator based circuit for all-optical
reversible Peres gate is given in Fig. 3(b). MRR1 and
MRR2 will perform the XOR operation as discussed in
previous section. The operational principle of this gate is
discussed below in details.

Case-1: (A=C=0and B =1)

The input signal applied to input port of MRR3 will
be directed to its drop port as the control signal ‘A’ is at
low level and act as input signal of MRR5. As pump pulse
‘C’ at MRRS is at low level, the input signal will be
directed to its drop port and the through port of MRR5
produces output ‘Z’=0. Therefore, when A = C = 0 and B
= 1, then the final outputs X = 0, Y =1, Z = 0 which
satisfies the third row of the truth Table 2.

Case-2: (A=1,B=0and C=1)
The input signal applied to input port of MRR3 will

be directed to its through port as the control signal ‘A’ is at
high level and act as input signal of MRR4. As control

M Z=(AB)®C
BC. —

(b)

Fig. 3. (a) Block diagram of Peres gate, (b): All-optical

Peres gate (PG). MRR: Micro-ring resonator, B.S: beam

Splitter, B.C: Beam Combiner, A: Input A, B: Input B, C:
Input C

2.2.2. Ring resonator based Toffoli gate

The Toffoli Gate (TG) is a 3x3 two-through reversible
gate. Two-through means two of its outputs are the same
as the inputs. It has three inputs (A, B, C) and three
outputs (X, Y, Z) satisfy the relationship as follows:

X=A, (8a)
Y=B, (8b)
Z=AB@C (8c)
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Fig. 4(a) shows the block diagram of Toffoli gate and
Table 3 shows its corresponding truth table.

Table 3. Truth table of Toffoli gate

. Inputs outputs
A X=A A B ClX Y z
0 © 0[]0 0 0
B _ o o 1|0 0 1
TG [¥=B 0 1 0|0 1 0
. 0o 1 1|0 1 1
=AB&HC| 1 0o o1 o o0
& 1 0 1|1 o0 1
1 1 0|1 1 1
1 1 1|1 1 0
(@
—== ]
=
MRR2
(B)
=» Y=B
= X=A

T =» Z=(A.B)®C
BC.

10

Fig. 4. (a) Block diagram of Toffoli gate (b): All-optical

Toffoli gate (TG). MRR: Micro-ring resonator, B.S:

beam Splitter, B.C: Beam Combiner, A: Input A, B: Input
B, C: Input C

The ring resonator based circuit for all-optical
reversible Toffoli gate is given in Fig. 4(b). Here
continuous wave (CW) is applied to the input ports of
MRR1 and MRR2. The operational principle of this gate is
discussed below in details.

Case-1: (A=C=0andB=1)

The incoming signal at the input port of MRR2 will
be directed to its through port as pump pulse ‘B’ applied to
MRR2 is at high level which produces output Y=1. The
incoming signal at the input port of MRR-1 will be
directed to its drop port as pump pulse ‘A’ applied to
MRR-1 is at low level which shows output X=0. The drop
port output of MRR-1 acts as input of MRR4 and that
signal will be directed to its drop port and through port
will detect no light (Z=0) as pump pulse ‘C’ applied to
MRR4 is at low level. Therefore, when A=C=0and B =
1then X =0,Y =1and Z = 0. It satisfies the third row of
the truth Table 3.

Case-2: (A=1landB=C=0)

The incoming signal at the input port of MRR-2 will
be directed to its drop port as pump pulse ‘B’ applied to

MRR2 is at low level which produces output Y=0. The
incoming signal at the input port of MRR-1 will be
directed to its through port as pump pulse ‘A’ applied to
MRR-1 is at high level which shows output X=1. The
through port output of MRR-1 acts as input of MRR3 and
that signal will be directed to its drop port as pump pulse
‘B’ is at low level. The drop port output of MRR3 acts as
input of MRR4 and that signal will be directed to its drop
port and through port will detect no light (Z=0) as pump
pulse ‘C’ applied to MRR4 is at low level. Therefore,
whenA=C=0andB=1thenX=0,Y=1and Z=0. It
satisfies the third row of the truth Table 3. Hence, the final
outputsare X=1,Y=Z=0WhenA=1andB=C=0. It
satisfies the fifth row of the truth Table 3. Similarly the
other cases can be explained following the truth Table 3.

2.2.3. Ring resonator based Fredkin gate

The Fredkin Gate (FG) is a 3 x 3 reversible gate. It
has three inputs (A, B, C) and three outputs (X, Y, 2)
satisfy the relationship as follows:

X=A, (%)
Y=AB + AC (9b)
Z= AB + AC (9c)

Fig. 5(a) shows the block diagram of Fredkin gate and
Table 4 shows its corresponding truth table.

Table 4. Truth table of Fredkin gate

Inputs outputs
A X=A A B €C|lX ¥ 2
0 0 0 0 0 0
B - 0 0 1 0 0 1
FG Y=AB+4C |0 1 o0 1 0
| 0 1 1 0 1 1
c . - 1 0 0|1 0 0
Z=AB + AC 1 0 1 1 1 0
I 1 o|'1 o 4
1 1 1 1 1 1
(@)
[ 1 )
MRRI
(&)

(b)
Fig. 5. (a) Block diagram of Fredkin gate (b): All-optical
circuit of Fredkin gate (FG). A: Input A, B: Input B,
C:InputC
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The ring resonator based circuit for all-optical
reversible Fredkin gate is given in Fig. 5(b). Here input
signal is applied to the input ports of MRR1, MRR2 and
MRR3. The operational principle of this gate is discussed
below in details.

Case-1: (A=C=0andB=1)

The incoming optical signal applied to the input port
of MRR1 will be directed to its drop port and produce
output X=0 at its through port as control pulse ‘A’ is
absent. At the same time the incoming optical signal is
also applied to MRR2 and MRR3 simultaneously and as
control signal ‘B’ is at high level the input optical signal
will be directed to the through port MRR2 which will
again directed to the through port of MRR4 produces the
final output ‘Y’=1 as control signal ‘A’ is at low level.
The input optical signal which is applied to the input port
of MRR3 will be directed to its drop port and no signal
will be directed to the input of MRR4 which produces the
final output ‘Z’=0 as control pulse ‘C’ is at low level.
Therefore, when A=C=0and B=1then X=0,Y =1
and Z = 0 and it satisfies the third row of the truth Table 4.

Case-2: (A=1,B=0andC=1)

The incoming optical signal applied to the input port
of MRR1 will be directed to its through port and produce
final output X=1 at its through port as control pulse ‘A’ is
absent. At the same time the incoming optical signal is
also applied to MRR2 and MRR3 simultaneously and as
control signal ‘B’ is at low level the input optical signal
will be directed to the drop port MRR2. The input optical
signal which is applied to the input port of MRR3 will be
directed to its through port which will again directed to the
through port of MRR4 produces the final output “Y’=1 and
‘2’=0 as control signal ‘A’ is at low level. Hence, the final
output is X =1, Y = 1 and Z = 0 which satisfies the sixth
row of the truth Table 4. Similarly the other cases can be
explained following the truth Table 4.

2.2.4. Ring resonator based TR gate
The TR Gate is a 3x3 reversible gate. It has three

inputs (A, B, C) and three outputs (X, Y, Z) satisfy the
relationship as follows:

X= A, (10a)
Y=A® B (10b)
z=AB@C (10c)

Fig. 6(a) shows the block diagram of TR gate and
Table 5 shows its corresponding truth table.

Table 5. Truth table of TR gate

A H=A INPUTS OUTFUTS
1 A B C|X ¥ Z
B 0 0 0 0 0 0
— 0 0o 1]0 0 1
TR Y A @B 0 1 0 0 I‘ 0
0 1 1 0 1 1
- 1 0 0 1 1 1
c =B ®C |1 o 1|11 s
1 1 0 1 0 0
1 1 1 1 0 1
(@)
/E:>X=A
Y= (AGB)
1>
=il )
RR3 RR4
ik ® N
7 = ] [ L : ]
R @)
(=> Z=(AB@C)
1 1 —3»

Fig. 6. (a) Block diagram of TR gate, (b): All-optical
circuit of TR gate. MRR: Micro-ring resonator,
B.S: beam splitter, A: Input A, B: Input B, C: Input C

The ring resonator based all-optical reversible TR gate
is given in Fig. 6(b). MRR1 and MRR2 will perform the
XOR operation as discussed in previous section. The
operational principle of this gate is discussed below in
details.

Case-1: (A=C=0andB=1)

The incoming optical signal which is applied to the
input port of MRR3 will be directed to its drop port as the
control signal ‘A’ is at low level. The drop port output of
MRR3 act as input signal of MRR5 and will be directed to
its drop port as the control signal ‘C’ is at low level. No
signal will be detected at the through port which produces
no final output at ‘Z’=0. Therefore, when A =C =0 and B
=1then X =0,Y =1and Z = 0. It satisfies the third row
of the truth Table 5.

Case-2: (A=1,B=0and C=10

The incoming optical signal which is applied to the
input port of MRR3 will be directed to its through port as
the control signal ‘A’ is at high level. The through port
output of MRR3 act as input signal of MRR4 and will be
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directed to its drop port which again directed to drop port
of MRR5 as the control signals ‘B’ and ‘C’ are at low and
high level respectively. No signal will be detected at the
through port of MRR5 which produces no final output at
‘Z’=0. Hence, the final outputis X=1,Y=1and Z=0
which satisfies the sixth row of the truth Table 5. Similarly
the other cases can be explained following the truth
Table 5.

3. Results

Silicon waveguide based micro-ring resonator is a
powerful device to realize the ultra-fast all optical switch.
The advantage of silicon waveguide based MRR is that the
overall losses can be relatively low [38]. Pure silicon has
an absorption loss much smaller than 0.1 dB/cm at a
wavelength of 1.55 pum. Scattering loss is also very low.
Curvature loss is in negligible levels. Insertion loss is also
very low at the wavelength of 1.55 um.

We have conducted numerical simulations to validate
the proposed model and analyze the reversible logic circuit
performance for non-return-to-zero (NRZ) input data pulse
format using MATLAB simulation platform. The
transmission eq. (1) and eq. (2) is utilized to obtain the
simulation results. The simulation work of all optical
reversible logic gates is carried out on silicon waveguide
based micro-ring resonator. Silicon waveguide based
micro-ring resonator is a powerful device to realize the
ultra-fast all optical switch. We choose probe input beam
power 0.1mW such that there is no variation of refractive
index of the material of OMRRs for input probe beam and
other parameters as mentioned in the section 2. The
proposed model can also handle pulses of return-to-zero
(RZ) data format, which are widely used in modern optical
communications, and can be generated by appropriate
laser sources [39]. Data rate of the circuit for simulation is
considered as 100 Gbps and maximum speed can be
extended up to 250 Gbps [40-41].

Fig. 7(a) shows the simulation result for Peres gate
where inputs A=[00001111],B=[00110011]and
C=[0101010 1] with the corresponding outputs X= [0
0001111],Y=[00111100]andZ[01010110].

Fig. 7(b) shows the simulation result for Toffoli gate
where inputs A=[00001111],B=[00110011]and
C=[0101010 1] with the corresponding outputs X= [0
0001111],Yy=[00110011]andZ[01010110].
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Fig. 7. (a) Simulation result for Peres gate,
(b): simulation result for Toffoli gate

Fig. 8(a) shows the simulation result for Fredkin gate
where inputs A=[00001111],B=[00110011]and
C=[0101010 1] with the corresponding outputs X= [0
0001111],Y=[00110101]andZ[01010011].

Fig. 8(b) shows the simulation result for TR gate
where inputs A=[00001111],B=[00110011]and
C=1[0101010 1] with the corresponding outputs X= [0
0001111],Y=[00111100]andZ[01011001].
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Fig. 8. (a) Simulation result for Fredkin gate,
(b): Simulation result for TR gate

In order to evaluate the performance of the gates, we
define and calculate different metrics such as optical delay,
optical cost, garbage output, extinction ratio (ER), contrast
ratio (CR) [42-43]. The optical cost of an all optical
reversible logic gate is the number of optical switches
required to design the reversible logic gate. Further, delay
constitutes an important metric, the delay of each 1x1 gate
and 2x2 reversible gate is taken as unit delay called A.
Another most important features of a reversible gate is its
garbage output i.e., every output of the gate which is not
used as input to other gate or as a primary output is called
garbage output.

As the Toffoli gate [Fig. 4(b)] and Fredkin gate [Fig.
5(b)] can be implemented using 4 ring resonator based
optical switches thus the optical cost of Toffoli gate and
Fredkin gate is same and is considered as 4. As the Peres
gate [Fig. 3(b)] and TR gate [Fig. 6(b)] can be
implemented using 5 ring resonator based optical switches
thus the optical cost of Fredkin gate is considered as 5.

The high value of extinction ratio (ER) distinguishes
between the high (‘1°) levels to the low (‘0”) levels very
clearly. The ER can be defined as

1

P
ER (dB) =10 Iog(%) (11)
I:>I’I’l";lX

1
where Pin
values of the peak intensity of high (‘1’) and low (‘0’)
level respectively. We have plotted ER against the
different coupling coefficient with constant radius (3.05
um) of the ring for the above seven reversible logic gates
and are shown in Fig. 9(a). Similarly we have also plotted
ER against the different radius with constant coupling
coefficient (0.22) for the above seven reversible logic
gates and are shown in Fig. 9(b). From Fig. 9(a,b), the
maximum value of ER is obtained as 12.23 dB for Fredkin
reversible logic gate at the optimum operating point.
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Fig. 9. (a) Extinction ratio against coupling coefficient,
(b) extinction ratio against radius of the ring, (c) contrast
ratio against coupling coefficient, (d) contrast ratio
against radius of the ring
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The eqg. (1) and eqg. (2) and the output simulation
results of Fig. 7 and Fig. 8 are employed to obtain
different values of ER and CR at various values for
coupling coefficents as well as for the radius of the MRR
respectively.

The output contrast ratio (CR) is defined as the ratio

of mean value of output intensity for ‘1’ (Priean) to the

mean output intensity for ‘0’ ( P2_ ) and given as

1
P

CR (dB)= 10 |og(%) (12)
mean

We have plotted CR against the different coupling
coefficient with constant radius (3.05 um) of the ring for
the above seven reversible logic gates and are shown in
Fig. 9(c). Similarly we have also plotted CR against the
different radius with constant coupling (0.22) coefficient
for the above seven reversible logic gates and are shown in
Fig. 9(d). From Fig. 9(c,d), the maximum value of CR is
obtaining as 23.54 dB for Peres reversible logic gate at the
optimum operating point.

4. Discussion and applications of reversible
logic gates

4.1. Reversible half adder/subtractor composite
circuit

The all optical reversible half Adder/Subtractor
Design consists of one Toffoli gate (TG) and one TR gate
and their interconnections are shown in the Fig. 10. The
numbers of Garbage inputs are 2 represented by logical
zero and the Garbage output is only 1 represented by G.
The proposed design of all optical reversible half
adder/subtractor is optimized in terms of the optical cost,
the delay and garbage output compared to the existing
counterparts [44].

G
A— x & A X ||
B — TG v B B TR Y_Sumeiff
=ADEB
C=0 —— ZF— c
Carry Borrow
=AB =AB
C=0
Fig. 10. Circuit for all optical reversible half
Adder/Subtractor

4.2. Reversible full adder and subtractor circuit

The all optical reversible full Adder Design consists
of two PG gates only, and their interconnections are shown
in the Fig. 11. The numbers of garbage inputs are 2

represented by logical zero. The Garbage outputs are 2
represented by G1 to G2.

Gl &
B | mill o—la .
A——  pg y|[MEE B PGyl Sm

—ABEEC

00— 7 —c z

B 0

BC

Carry

Fig. 11. Circuit for all optical reversible full Adder

The all optical reversible full Subtractor Design
consists of two TR gates only, and their interconnections
are shown in the Fig. 12. The numbers of garbage inputs
are 1 represented by logical zero. The Garbage outputs are
2 represented by G1 to G2.

Gl G2
B X J C— A X J
A TR v A@B B TR v Difference
=A@EBPC
C=0 L= C Z Borrow
AB

Fig. 12. Circuit for all optical reversible full subtractor

5. Conclusion

In this paper, the possibility of using silicon
waveguide based MRRs as nonlinear all-optical switches
is described through TPA effect. Silicon waveguide based
MRRs allow lower propagation losses and lower
fabrication cost and required low pump power of 1.82 mW.
The all-optical scheme of reversible Peres gate, Toffoli
gate, Fredkin gate and TR gate using silicon waveguide
based micro-ring resonator are presented and described in
this paper. Simulation results confirming described
method are also presented in this paper. The variation of
extinction ratio (ER) and contrast ratio (CR) with coupling
coefficient and radius of the ring are also studied and
satisfactory results obtained. Different arithmetic (half
adder/subtractor, full adder and subtractor) operations in
reversible system are also designed with these gates. The
proposed designs are optimized in terms of the optical cost
and the delay and garbage output compared to the existing
counterparts. The theoretical models developed and the
simulation results obtained will be useful to perform
different arithmetic and logic operations in the reversible
logic-based optical information processing.
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