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Abstract

Traditional logic circuit emits energy into the environment due to information loss, and it is
referred to be irreversible logic circuits. Reversible logic circuit is capable of diminishing
power loss, quantum cost, and garbage output. Many academics have recently embraced
reversible logic-based circuits exploiting all-optical technology to conduct their research.
In this article, all-optical reversible adder and subtractor have been implemented using
microring resonator-based Naveen Raymond reversible logic gate, for the first time to our
knowledge. MATLAB serves as the tool for design and analysis of the proposed archi-
tecture at almost 260 Gbps operational speed. The ultrafast response times and compact
design of the microring resonator-based circuits make them especially useful for digital
signal processing and communication systems. Some performance reflecting factors such
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as “quality factor”, “photon cavity lifetime”, “extinction ratio”, “contrast ratio”, “amplitude

modulation”, “on-off ratio”, and “relative eye opening” are explored and analyzed. Opti-
mized design parameters have been selected in order to build the model practically.

Keywords Microring resonator (MRR) - Adder - Subtractor - All-optical switch -
Reversible logic gate

1 Introduction

In today’s digital life, diminishing power dissipation is the serious goal of nanotechnol-
ogy. Conventional logic circuits are irreversible, and the logic calculations involved in
these circuits lose energy when information bits are lost. The energy wasted for losing
a bit of data is kT*In2 joules (Landauer 1961), where T is the absolute temperature
of the procedure being conducted and k is the Boltzmann constant. Bennett (Bennett
1973) demonstrated that reversible logic (RL) for computation can result in zero energy
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dissipation. Consequently, RL design has emerged as a feasible alternative to traditional
logic design. The RL has a broad variety of applications in nanotechnology like optical
computing and quantum computing, etc. (Fredkin 1990; Song et al. 2006). In RL circuit,
each individual input produces an individual output and vice versa, resulting in a 1-to-1
mapping of input and output vectors. RL circuits exploit the lowest possible number
of RL gates and unchanged inputs. RL also reduces both “garbage output (GO)” and
“quantum cost (QC)”. QC refers to the cost of every RL gate. RL has exclusive prop-
erties like no fan-out, no looping, etc. Also, the number of GOs, constant inputs and
utilized gates will be reduced by employing RL. Fredkin, Toffoli (Fredkin and Toffoli
1982), Feynman (Feynman 1985), Peres gate (Peres 1985), are some example of useful
RL gates.

The progress in recent digital signal processing and communication has encouraged
experts to investigate data speeds approaching terabits per second. In order to achieve these
speeds, the conventional carrier electron must be replaced by a photon. All-optical (AO)
approaches have been used in a great deal of research and development in the field of pho-
tonics in recent years. This covers a broad range of mathematical and logical designs. Mul-
tiple AO approaches are “Mach Zehnder interferometer (MZI)”, “semiconductor-optical
amplifier (SOA)”, “quantum-dot SOA (QD-SOA)”, “terahertz-optical asymmetric de-mul-
tiplexers (TOAD)”, “non-linear material (NLM)” and “microring resonator (MRR)”, etc.
(Qiu et al. 2020; Raja et al. 2021; Mukherjee 2021; Maji et al. 2023; Gosciniak et al. 2023;
Singh et al. 2021; Hossain et al. 2022a; Kumar et al. 2021; Choure et al. 2023; Saharia
et al. 2022) had been used to implement various arithmetical and logical designs for opti-
cal communication and signal processing. Two-photon absorption (TPA) can be used to
accomplish all-optical switching in the context of tunable MRRs. A molecule or atom can
absorb two photons at the same time by a nonlinear optical process called TPA, which pro-
duces an electronic transition with a larger energy than would be feasible with a single pho-
ton. As a result, TPA changes the refractive index of the material can lead to tunability in
the resonance frequency of MRR. The nonlinear effects of TPA can be used to manipulate
the amount of light that passes through the MRR by incorporating materials having TPA
properties into these resonators. This phenomenon holds great significance for a number
of applications, such as logic circuits and tunable MRRs. Also, the switching power of the
TPA-based MRR switch is 3 orders smaller than that of the Kerr type MRR switch (Chun-
Fei and Na 2009).

AO reversible adder and subtractor have been implemented by few researchers only.
SOA-based MZI has been used to design reversible Naveen Raymond gate (NRG) to
implement AO reversible adder and subtractor (Theresal et al. 2015). Another, SOA-based
MZI has been implemented to design AO reversible adder and subtractor in Kotiyal et al.
(2014). But, speed is limited for SOA-based devices (Kundu et al. 2023). For the first time
to our knowledge, AO reversible NRG has been implemented using only MRRs to design
reversible adder and subtractor which include the attractive characteristics of MRR, i.e.

CLINNT3 9 CLINT3

large “quality factor”, “ultrafast switching”, “compact size”, “improved bandwidth”, “low
power consumption”, “ease in fabrication”, etc. (Soref 2006; Rakshit and Hossain 2022).
MRR-based devices are ultra-fast because the “carrier lifetime” in an MRR cavity is very
short, in the order of picoseconds (Xu and Lipson 2007).

The following is the order of proposed manuscript. Section 1 discusses about the revers-
ible logic and the earlier works of AO reversible adder and subtractor. Section 2 illustrates
the working of MRR-based AO switch. MRR-based reversible NRG, adder and subtrac-
tor have been discussed in Sect. 3. Section 4 covers the simulation results of MRR-based

reversible NRG, adder and subtractor. Section 5 evaluates the important operational factors
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that impact the efficiency of the proposed designs and the conclusion is mentioned in
Sect. 6.

2 Silicon MRR: switching

MRR comprised of one (1) or two (2) straight waveguides (WGs) coupled to a circular-
shaped WG which comes with four (4) ports represented in Fig. 1 (Rakshit and Hossain
2022). Input (I/P) is employed at the “add port (AP)” and “input port (IP)”. The output
(O/P) signal is identified at the “through port (TP)” and “drop port (DP)”. A continuous
wave (CW) optical probe signal is employed at the IP of MRR. The weak probe signal does
not have any influence on the MRR material. The switching mechanism is come to realize
by applying a strong optical signal from the top of the MRR. When the round-trip “optical
path-length difference (OPD)” is an integer multiple of the MRR’s resonant wavelength
(Aes)> “ON resonance” of MRR occurs and only DP receives the signal that was employed
at the IP. Free carriers are released in the MRR, after applying optical pump, due to “two-
photon absorption (TPA)”. The “refractive index (RI)” of the material is then changed via
the “plasma-dispersion” effect (Xu and Lipson 2007). A m-phase shift will occur in the
MRR and I/P signal is switched from DP to TP. Absence and presence of pump are identi-
fied by “logic 0” and “logic 17, respectively. Logically, DP and TP output can be expressed
by ‘A’ and ‘A’, respectively if the pump is denoted by variable ‘A’. O/P fields of DP and TP
are expressed as below (Rakshit and Hossain 2022),

b WAT =k = Wy/T =k exp20¢)E N —W /K, \/kyx exp(jh)

t i Ei
- VT—hVT—hexp?(e) 1= Tk /T— ki exp(p)
(H

Coupling region
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(IP) (TP)
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(DP) +— (AP)

Coupling region
\/(l-kz)

Fig.1 MRR structure
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where W= (1 -p)'/2, x=W. exp(—%), ¢ = k”T'L, k; (=0.22) is “coupling coefficient
(CC)” between I/P WG and MRR, k, (=0.22) is CC between ring and O/P WG, “wave
propagation constant” is k,, where k,, = 2—”.116#, “resonant wavelength” is 4,,, (=1.55 pm),
“intensity attenuation factor” (of MRR) is a (=0.0005 um™') and “intensity insertion loss
coefficient” of coupler is vy, ring length is L (=27.61 pm), E;; is IP field and E;, is AP field.
The variations of DP and TP output intensity with respect to wavelength have been shown
in Fig. 2.

Equations (1) and (2) look like static description but these equations are basically dynamic
as Eil and Ei2 are time domain Gaussian laser source, though input Ei2 has not been used
here. The below equation has been considered in MATLAB as the Gaussian optical pulse
(Chun-Fei and Na 2009; Anashkina et al. 2016; Hong et al. 2017),

11—
Ey () = L
o\ 2w

where t is the time, p=mean, ¢ =standard deviation. Other parameters of Egs. (1) and (2)
are optimized value.

Also, square signal can be applied to the MRR-based devices (Hossain et al. 2022a). At
resonance, drop port output will remain high for a period of pulse width of respective Gauss-
ian or square pulse.

Equation 3 and 4 convey a relationship between the phase shift and the RI of MRR when
pump is applied (Hossain et al. 2022b),
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Fig.2 Variation of DP, TP output intensity with respect to wavelength
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where P,, is “average pump power”, t, (=3.75 ps) is “pulse separation”, 7 (=200 fs)
is the “pulse width”, hv (=49.725x 1072 J) is the “photon energy”, and the “TPA coef-
ficient” is # (=9.95x 107'° cm/W). A graph of phase change with average pump power is
depicted in Fig. 3. A single MRR requires 1.01 mW of pump power to shift the I/P signal’s
phase to &

3 MRR-based reversible adder and subtractor

Reversible adder and subtractor have been implemented using NRG. Again, MRR-based
NRG requires XOR gate. For this design, MRR-based 2-input XOR and AND gate have
been employed.

3.1 MRR-based all-optical XOR and AND gate

The XOR gate is a vital component for implementing AO reversible NRG. Its O/P will be
“logic 0” if two I/Ps are “logic 0” or “logic 1”, otherwise “logic 1”. 2-I/P XOR gate using
MRR has already been represented in our earlier work (Rakshit and Hossain 2022), which
is shown in Fig. 4. The I/P signals are working as “pseudo-pump” signals for the MRR.
Only one I/P is not enough to vary the “resonance” of the MRR. So, DP of MRR shows
“logic 1” and TP of MRR shows “logic 0”. If the two inputs are “logic 17, the total power
of I/Ps are doubled and shift the resonance of MRR, DP shows “logic 0” and TP shows
“logic 17 at this time. The operation of DP and TP verifies the 2-I/P XOR gate and AND
gate, respectively which is represented in Table 1. Simulation of 2-I/P XOR and AND are
given in Sect. 4.
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Fig.3 Change in phase with regard to average pump power
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S/
S | == XOR Output =P®Q
Fig.4 MRR-based XOR and AND gate
Table 1 Truth table of XOR and
AND gate InputP Input Q Output at DP Output at TP
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1

3.2 MRR-based all-optical NRG

NRG is a 4x4 RL gate. The I/Ps are P, Q, R, S and the O/Ps be A, B, C, D respec-
tively. NRG is employed to design reversible half adder (HA), half subtractor (HS), full
adder (FA) and full subtractor (FS). One NRG unit is required to implement HA and
HS, whereas two NRGs are required to implement FA and FS. The equations of NRG
are expressed as follows (Theresal et al. 2015),

A=P

B=P®Q
C=PODR

D=PO®S

®)

The block representation of NRG is depicted in Fig. 5 and the corresponding truth
table of NRG is given in Table 2.
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Fig.5 Block representation of NRG

Table 2 Truth table of reversible

NRG I/Ps O/Ps
P Q R S A B C D
0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 0
0 0 1 1 0 0 1 1
0 1 0 0 0 1 0 1
0 1 0 1 0 1 0 0
0 1 1 0 0 1 1 1
0 1 1 1 0 1 1 0
1 0 0 0 1 1 0 0
1 0 0 1 1 1 0 1
1 0 1 0 1 1 1 0
1 0 1 1 1 1 1 1
1 1 0 0 1 0 1 0
1 1 0 1 1 0 1 1
1 1 1 0 1 0 0 0
1 1 1 1 1 0 0 1

In Table 2, P, Q, R and S are the inputs and A, B, C and D are the outputs. Output A
from Table 2 can be expressed in sum of product (SOP) form,

A=P.ORS+PQRS+PQORS+PQRS
+P.ORS+PORS+PORS+P.ORS
=P.QR+P.QOR+PQR+P.QR
=P.Q+P.Q=P

Output B from Table 2 can be expressed in SOP form,
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=P.Q.R+PQO.R+P.OR+P.OR
=PQ+PO=P®Q
Output C from Table 2 can be expressed in SOP form,

C=P.Q.RS+P.QRS+P.QRS+P.QR.S
+P.QRS+P.ORS+PORS+PORS
=P.Q.R+P.QR+P.OR+P.OR
=PR+P.QR+P.OR
=R(P+P.Q)+P.OR
=R(P+ Q)+ P.O.R
=P.QR+P.OR
=PQ®R
Output D from Table 2 can be expressed in SOP form,

D =PQ.RS+P.OQRS+P.ORS+PORS
+P.ORS+PORS+P.ORS+P.ORS
=P.Q.S+P.QS+P.QS+P.Q.S
=PQ.S+P.S+P.0.S
=S(P+P.0) + P.0.S
=S(P+Q)+P.0.S

=S(P + Q) + PO.S
=(1_TQ)S +P.0S
=PO®S

Using these equations, Fig. 6 has been implemented.

NRG has been implemented using four MRRs, three beam splitters (BSs), five Erbium-
doped waveguide amplifiers (EDWAS). The working of the proposed AO reversible NRG is
given below that support the Eq. 5.

3.2.1 MRR1

Optical signal P and Q are applied to the MRR1. Optical signal P is split by BS1 and is
applied to MRR1. Another part works as the output A. Optical signal Q is split by BS2 and
is also applied to MRR1. Another part works as the pump signal for MRR3. The intensity
of P is decreased due to BS1 and EDWAL is used in the path so that it can be compensated
by EDWA that uses the same WG material (i.e. silicon) (Bharti and Sonkar 2022; Agazzi
et al. 2010). Similarly, the intensity of Q is decreased due to BS2 and EDWA2 and EDWA3
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Fig.6 MRR-based AO reversible NRG

are used in the path of MRR1 and MRR3 respectively. According to sub-Sect. 3.1, the DP
and TP output of XOR1 will be P @ Q and PQ respectively. The MRR and EDWA can be
combined into a single module to keep the footprint small and the function completely
manageable.

3.2.2 MRR2

Optical signal R and TP O/P of MRR1 (i.e. PQ) are applied to the MRR2. EDWAA4 is used
in the path of TP O/P of MRRI1 so that it can be compensated. The DP output of XOR2
will be PO @ R i.e. output C.

3.2.3 MRR3

DP output is split by BS3 and is applied to the IP of MRR3. Another part works as the
output B. Optical signal Q is split by BS2 and is also applied to MRR1. Another part works

as the pump signal for MRR3 which is applied through EDWA3. According to MRR prin-
ciple, the TP output of MRR3 will be Q (P & Q)=PQ.
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P A=P

Q B =P ® Q (Sum/Difference)
0 C =PQ (Carry)

0 D= FQ (Borrow)

Fig.7 Block representation of HA and HS using NRG

Table 3 Truth table of HA and /Ps HA HS
HS
Sum Carry Difference Borrow

P Q B C B D

0 0 0 0 0 0

0 1 1 0 1 0

1 0 1 0 1 1

1 1 0 1 0 0
3.2.4 MRR4

Optical signal S and TP O/P of MRR3 (i.e. PQ) are applied to the MRR4. TP O/P of
MRR3 is applied through EDWAS. The DP output of MRR4 will be PO @ S i.e. output D.

3.3 MRR-based all-optical reversible HA and HS using NRG

Reversible HA and HS are implanted using one NRG unit. Here, two I/Ps (R and S) are set
to “logic 0” which are termed as “ancilla” input. The output B shows the sum or difference
bit for HA and HS. The output C shows the carry bit for HA and the output D shows the
borrow bit for HS. The block diagram for HA and HS using NRG is shown in Fig. 7 and
the truth table for the HA and HS are shown in Table 3.

3.4 MRR-based all-optical reversible FA and FS using NRG

Reversible FA and FS are implanted using two NRG units (NRG1 and NRG2). Here, two
I/P bits P and Q are applied to NRG1. The O/Ps of NRG1 (P & Q, PQ and ;’Q) and input
carry or borrow bit (R) are connected to NRG2 as shown in Fig. 8. The sum and output
carry bit for FA are realized from the output B and C of NRG2 respectively. The difference
and output borrow bit for FS are realized from the output B and D of NRG2 respectively.
The truth table for the FA and FS are shown in Tables 4 and 5 respectively. The equations
for output carry and borrow have been verified with the standard equations for FA and FS.
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P POQ
P®Q

Q R P ® Q@ R (Sum/Difference)
PQ

0 R(P ® Q) ® PQ (Carry)
PQ _

0 R(P © Q)PQ (Borrow)

Fig. 8 Block representation of FA and FS using NRG

Table 4 Truth table of FA

Inputs Outputs

P Q Input carry, R Sum Output carry

0 0 0 0 0

0 0 1 1 0

0 1 0 1 0

0 1 1 0 1

1 0 0 1 0

1 0 1 0 1

1 1 0 0 1

1 1 1 1 1

Table 5 Truth table of FS Tnputs Outputs

P Q Input borrow, R~ Sum Output
borrow

0 0 0 0 0

0 0 1 1 1

0 1 0 1 1

0 1 1 0 1

1 0 0 1 0

1 0 1 0 0

1 1 0 0 0

1 1 1 1 1

4 Simulation results

For simulation purpose, “MATLAB” program is used. The optimum settings are simi-
lar to those in Hossain et al. 2022b, excluding the MRR radius (4.395 pum). For pump
signal, “logic 0” means its absence, whereas “logic 1” means its presence. For data
pulse, “logic 0” and “logic 1” are declared by absence and presence of optical signal
with 0.505 mW, respectively. MATLAB simulation of 2-input XOR and AND gate is
depicted in Fig. 9. The simulation of NRG is presented in Fig. 10. The simulation of HA
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Time(fs) x10*

Fig.9 MATLAB simulation of 2-input XOR and AND gate

and HS is shown in Fig. 11. The same for FA and FS are depicted in Fig. 12 and Fig. 13
respectively.

5 Discussion

The “pulse width” and “pulse period” of the data pulse used in the circuit being proposed,
have an effect on the speed of the device. The modeled circuit uses “picosecond mode-
locked fibre laser” as a data pulse. Its “pulse duration” is 3.75 ps (Deslandes et al. 2013).
The switching time from drop port to through port or vice-versa is 3.75 ps. It can be basi-
cally thought of as time delay of the MRR. So, the evaluated “switching speed” of the cir-
cuit is (1/3.75) ps, which is nearly 260 Gbps. By utilizing variable femtosecond lasers, data
rate can be adjusted (Sibbett et al. 2012).

Moreover, operational speed is also dependent on the “free carrier (photon) lifetime” in
MRR. To avoid “inter-symbol interference”, the free carriers created by the applied optical
pulse in the MRR should be recombined before the arrival of subsequent pulse. The “car-
rier lifetime (7, ) is defined as (Xu and Lipson 2007),

Teav = Q/lres/(znc) (6)

where c is the “speed of light” (in vacuum), Q is “quality factor” of MRR. The “full width
at half maximum (FWHM)” and A values are used to find the Q. The FWHM and A,
values for the circuit we have proposed are 2 nm and 1550 nm, respectively. The value of
Qs 775. The value of 7, is 0.64 ps, which is smaller than the “pulse duration” of 3.75 ps.
Any design that wishes to be evaluated for efficiency must have its performance metrics
examined. “Extinction ratio (ER)”, “contrast ratio (CR)”, “amplitude modulation (AM)”,
“on—off ratio (OOR)” and “pseudo eye diagram (PED)” are obtained numerically from
“MATLAB” simulation of NRG. These parameters show the excellence of O/P signal.
To eliminate noise, strengthen SNR, and make resonance simpler to detect, AM should
be smaller while CR and ER should have higher value. A CR and ER level of 10 dB is
adequate to guarantee that the majority of I/P is directed towards the O/P (Chao and Guo
2006). However, the AM level must be less than one decibel (Vardakas and Zoiros 2007).
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Fig. 13 MATLAB simulation of FS

The ER is explained in dB as (Hossain et al. 2023a),

Pl
ER(dB) = 101log (ﬁ) @)

max

where Pllnin is “minimum” peak intensity for “logic 1” and Pglax is “maximum” peak inten-
sity for “logic 0”. ER versus CCs is depicted with unchanged radius (4.395 um) in Fig. 14a.
Similarly, ER versus MRR radii is depicted with the unchanged CC (0.22) in Fig. 14b. ER
of the device is 15.96 dB with optimized parameters.

The ratio of mean or average O/P for “logic 1” (P}nean) and mean or average O/P for
“logic 0" (P°

mm) is referred to CR, and showed in decibel (Hossain et al. 2023a),
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Figure 15a represents the graph of CR versus CCs with fixed radius (4.395 pum) and
Fig. 15b represents the graph of CR versus MRR radii with fixed CC (0.22). CR of the
device being implemented is 22.37 dB with optimized values.

The AM is measures in decibels as (Hossain et al. 2023b),

min

Pl
AM (dB) = 10log <P1L) )

where, Ptlnax is “maximum” O/P values for “logic 1”. Figure 16a demonstrates AM versus
CCs with constant radius (4.395 um). AM versus MRR radii with unchanged CC (0.22) is
demonstrated in Fig. 6b. AM is 0.013 dB at optimal values.

Synchronization of narrow pulses is difficult if different sources are used. Synchroniza-
tion problem can be minimized by using single source. Inverted input can be generated by

an inverter circuit controlled to source. This type of source is also applied in Sethi and Roy
(2013).
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Fig.16 AM versus a CC b ring radii

However, if the inputs are not synchronized, the minimum and maximum level of
logic ‘1’ and logic ‘0’ can be of any value. Hence, the value of ER, CR and relative eye
opening will be decreased and value of AM will be increased. So, the output will be dis-
torted and affect the performance of the device.

Equations 7-9 are used to find the value of ER, CR and AM. Also, Fig. 10 has been
used to extract the data for ER, CR and AM. Here, MRR3 of Fig. 6 is only considered
to vary the coupling co-efficient or MRR radius. At one instance, MRR3 radius is fixed
and coupling co-efficient is changing gradually. At second instant, coupling co-efficient
is fixed and MRR radius is changing gradually. So, the maximum and minimum inten-
sity for logic ‘1’ and logic ‘0’ will be varied which can be observed from Fig. 10.

The OOR is evaluated by ratio of DP (T,,,,) and TP (T, ) intensity at resonance
(Hossain et al. 2023b),

min

Tmax(Drop port)

Tmin(Through port)

OOR = (10)

For the system to work efficiently, the OOR must be greater than 20 decibels. Fig-
ure 17 depicts the OOR, which is 39.11 dB.

An additional parameter is the pseudo eye diagram (PED) (Hong et al. 2017; Chao
and Guo 2006; Freude et al. 2012; https://optics.ansys.com/hc/en-us/articles/36003
6107074-Eye-Diagram-EYE-NTERCONNECT-Element). It is evident that the enve-
lopes of the 1-states and the O-states can be easily differentiated from one another. The
envelopes of the logic spaces have been strongly repressed, whereas the envelopes of
marks have a manageable vertical separation between them (Vardakas and Zoiros 2007).
The PED for NRG is given in Fig. 18a. The PED for HA and HS is given in Fig. 18b.
The PED for FA and FS is given in Fig. 18c. PED is depicted by the overlapping of
every potential O/P. The “logic 0” and “logic 1” envelopes may sharply be distinctive.
The “relative eye opening (0O)” is a supplementary factor of PED quality (Hossain et al.
2023b),

(Pliy = P
O = —_Mmin  max7

min 1 max (1 1)

min
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0=97.40% for reversible NRG, O=97.40% for reversible HA and HS. 0=96.80% for
reversible FA and FS.

6 Conclusion

In conclusion, MRR-based all-optical reversible adder and subtractor have been designed
exploiting MRR-based Naveen Raymond reversible logic gate. Naveen Raymond reversible
logic gate has been implemented using four MRRs only. All the proposed designs have
been numerically analyzed and verified against the truth table using MATLAB software.
An MRR requires only 1.01 mW of pump power to cause the switching phenomenon.
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Furthermore, the proposed circuits can work at a speed of nearly 260 Gbps. CR and ER has
their respective values of 22.37 dB and 15.96 dB. AM is 0.013 dB. The value of “on—off
ratio” is 39.11 dB at optimized parameter. The achieved Q factor is 775. The relative eye
opening is 97.40% for reversible NRG, half adder and half subtractor, and 96.80% for full
adder and full subtractor.
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