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Abstract: In this paper, a novel plasmonic all-optical half-subtractor and full-subtractor are designed
for optical computing. The structure of plasmonic subtractors consists of a metal–insulator–metal
(MIM) waveguide and rectangular ring resonators covered by a graphene layer. Due to the nonlinear
optical properties of graphene, the states of the plasmonic resonators can be controlled by the pump
intensity of a pump beam focused on the graphene layer. The resonators can work as all-optical
switches with an ultra-fast response time to constitute optical logic devices according to the directed
logic mechanism. A finite-difference time-domain method is utilized to numerically investigate the
transmission of the output signals which represent the results of subtraction operations. Simulation
results obtained indicate that the proposed plasmonic devices have the ability to implement half-
subtraction and full-subtraction with a small feature size and fast response time, and provide a new
concept and method for the design and realization of optical computing devices.

Keywords: surface plasmon polaritons (SPPs); all-optical subtractor; graphene; MIM waveguide

1. Introduction

With the rapid development of machine-learning techniques, especially artificial
neural networks (ANNs), the need for high-speed and energy-efficient computing architec-
tures has become more and more urgent [1,2]. However, as Moore’s law is slowing and
nearing its end, traditional electronic computing circuits are faced with increasingly diffi-
cult challenges, such as the unavoidable physical limits of nano-fabrication technique [3].
Moreover, the time delay of each electronic logic device cascaded to enable computing op-
erations will inevitably accumulate, resulting in degradation of the circuit performance [4].
Therefore, it is urgently required to develop a novel mechanism which can overcome the
limitations of traditional electronic systems to enable computing operations.

Owing to the unique properties of photons as opposed to electrons, optical computing,
which uses light to carry information and implement logic computing, has advantages,
such as large bandwidth, low latency, high speed of signal propagation, and the capability
of parallel processing [5–9]. Thus, optical computing is considered to increase the efficiency
of information processing beyond traditional electron computing [10]. It has huge potential
in various fields, especially those with requirements for high-throughput and on-the-fly
data processing, such as ANNs. Optical neural networks (ONNs), which build ANNs with
optical computing devices, offer a promising and effective approach to further improve
the performance of ANNs [11–13]. Optical computing will become an important core
technology for the next stage of information processing.

One of the most fundamental and crucial technologies associated with optical comput-
ing is optical logic operation [14]. There is a strong and growing interest by researchers
to develop optical logic devices with better performance to meet different requirements.
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Schemes which underpin optical logic operations widely employ the mechanism of directed
logic (DL) [15]. In DL, the optical signal is transmitted in the optical network composed of
optical switches whose status is controlled by electrical signals. The optical signals output
from the ports represent the logical operation results of the electrical input signals [16,17].
Since the electrical signals applied in all optical switches are parallel, change to each switch
state can be implemented almost simultaneously such that their operations are independent
of each other. Then, thanks to the high transmission speed of photons, the computed results
can be propagated in the optical network much faster than by electrons in wires. Moreover,
the latency of each switch does not accumulate so that the overall delay of the device is
drastically reduced [18–20]. The DL mechanism combines the advantages of maneuverabil-
ity of electrical signals and the high performance of optical signals. It is believed to be the
best candidate for the next-generation computer [9,21].

Due to the great significance of DL in optical computing, a lot of work has been carried
out on DL in recent years. Firstly, researchers designed and manufactured optical devices to
implement directed logic gates, such as AND/NAND, OR/NOR, and XOR/XNOR [22–24].
Then, more complex optical devices were proposed to realize computing functions such
as full-addition, numeric compare, and matrix-vector multiplication [25–29]. However,
such optical devices based on a DL mechanism are almost always realized on a silicon-
on-insulator (SOI) platform. While silicon photonics is recognized as a viable technology
that could revolutionize traditional electronic information processing, it still suffers from
a common problem of optical devices, that is, the diffraction limit. In other words, the
implementation of sub-wavelength-scale optical logic devices is still difficult to achieve
on silicon photonics [30]. Moreover, electro-optical switching in silicon-based optical logic
devices has had negative effects on response time and power consumption [31,32]. Thus, it
is critical to develop novel methods to enable optical computing. Surface plasmon polari-
tons (SPPs), localized surface electromagnetic waves along metal-dielectric interfaces, have
the unique capacity to overcome diffraction-based limitations and can enable the control
and manipulation of light at the nanoscale [33]. In addition, it has been demonstrated that,
with the help of nonlinear materials, such as graphene, plasmonic all-optical switching can
be achieved with an ultra-fast response time of picoseconds [34–36]. Therefore, plasmonic
devices represent an ideal platform to implement ultra-fast logic operations for optical
computing at the nanoscale.

Motivated by the aforementioned considerations, a novel all-optical half-subtractor
and full-subtractor are proposed in this paper. Plasmonic rectangular ring resonators
covered by a graphene layer work as all-optical switches to produce these subtractors
according to the DL method. Due to the nonlinear optical properties of graphene, the
intensity of a pump beam focused on the graphene layer can control the states of the
all-optical switches with low power consumption and fast response time and can function
as logic input. The transmission of output signals can represent the results of logical
operations. The subtract operations are simulated and verified numerically using the
finite-difference time-domain (FDTD) method. These proposed plasmonic devices not only
implement subtract operations with a small feature size and fast response time, but also
demonstrate effective applications of SPPs in optical computing devices.

2. Architecture and Theory
2.1. All-Optical Switch

As we have described previously, the most critical part of the DL device is the optical
switch. In this work, plasmonic rectangular ring resonators covered by graphene act as
optical switches. Compared with circular and rectangular resonators, the bending structures
in the corners of rectangular ring resonators are beneficial to enhance transmission [37].
Figure 1a is a 2D schematic diagram of the rectangular ring resonators (MRs). w is the
width of the waveguides and the ring resonator. a and b are the lengths of the short and
long sides, respectively. r represents the radius of the bending structure in the corners.
d1 and d2 are the distances between the MRs and the waveguides. The insulator in the
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metal–insulator–metal (MIM) waveguides and the MRs is air, the refractive index of which
is n = 1. Silver is the metal material used due to its low ohmic loss. According to the Drude
model [38], the permittivity of silver can be given by:

εm(ω) = ε∞ −ω2
p/(ω2 + iωγ) (1)

Here, ω is the angular frequency of the optical wave, the dielectric constant at in-
finite frequency is ε∞ = 3.7, the bulk plasma frequency is ωp = 1.38 × 1016 Hz, and
γ = 2.73× 1013 Hz is the electron collision frequency [39]. Based on these parameters, a
material model of silver can be built for the simulations.

Figure 1. (a) 2D schematic diagram of the plasmonic rectangular ring resonator. (b) 3D schematic
diagram of the plasmonic rectangular ring resonator covered by a graphene layer which works as an
all-optical switch.

According to coupled mode theory [40], the transmission of SPPs waves in the rectan-
gular ring resonator can be theoretical analyzed. S+n and S−n (n = 1, 2, 3, 4) represent the
input and output energy in the waveguides. The propagation direction of the incident wave
is from the Input port to the Through port, and the subscript p = ± represents whether
the propagation direction of the wave is the same as that of the incident wave. a, which
displays the energy amplitudes, can be characterized as:

da
dt

= (jωn −
1
τo
− 1

τe
− 1

τe ′
)a +

√
1

τe1
ejθS+1 +

√
1

τe2
ejθS−2 +

√
1

τe3
ejθS+3 +

√
1

τe4
ejθS−4 (2)

ωn is the resonance angular frequency of MR and θ represents the phase of the cou-
pling coefficient. The other parameters in this equation represent the decay rate in MR.
For instance, 1/τo is the decay rate due to the internal loss in the resonator. 1/τe and 1/τe

′

are the decay rates due to the escape of power from the resonator into the waveguides.
1/τ1,3 represents the decay rate as the waves propagate along the direction of the incident
wave in the waveguides. Conversely, 1/τ2,4 is the decay rate of waves that propagate in the
opposite direction to the incident wave in the two waveguides. Additionally, according to
the principle of energy conservation, the energy conversion equations can be obtained as:

S+2 = S+1 − e−jθ

√
1

τe1
an (3)

S−1 = S−2 − e−jθ

√
1

τe2
an (4)

S−3 = S−4 − e−jθ

√
1

τe4
an (5)
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S+4 = S+3 − e−jθ

√
1

τe3
an (6)

Combining the Equations (2) to (6), we can determine the transmission of the SPPs
waves at each output port of the MR.

T =

∣∣∣∣S+2
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Among them, the transmission at the Through port (T) and the Drop port (D) is worthy
of attention. It can been seen from the above equations that, when the frequency of the
incident optical wave ω = ωn, the transmission at the Through port (T) will be minimized.
Conversely, the Drop port will have the maximum transmission (D). This is the resonance
state of the MR. Based on the above analysis, it is clear that, when the frequency of the
incident optical wave is constant, the amount of energy output from each port of the
resonator can be controlled by changing the resonance frequency of the MR (ωn). In this
way, the MR can perform the function of an optical switch. As is well-known, the resonance
wavelength of the rectangular ring resonator can be obtained by the resonant condition
according to standing wave theory:

m · 2π =
2π

λn
(2a + 2b + 2πr)Re(Ne f f ) + φ (10)

Based on Equation (10), the resonance wavelength λn is affected by different factors,
such as the geometric parameters of the resonator, the refractive index (RI) of the material,
etc. Since the structural parameters of the resonator are difficult to change after the device is
manufactured, adjustment of the resonance wavelength by changing the RI of the material
is currently the most common method used.

In traditional DL devices, control of the RI is usually achieved by the electro-optical
effect, the response time of which can no longer meet requirements. Therefore, it is
imperative to find a feasible method to control the RI with a faster response time. Recently,
utilizing the nonlinear properties of graphene has been demonstrated to be a workable
method by researchers. The RI of graphene can be changed by varying the pump intensity
of the pump light irradiated on its surface due to its nonlinear optical properties [41,42].
According to the third-order nonlinear optical Kerr effect, the RI of monolayer graphene
can be obtained as:

n = n0 + n2 I (11)

Here, n0 and n2 are the linear and nonlinear RI of graphene, respectively. I represents
the pump intensity of the pump light. The giant negative nonlinear RI of graphene has
been confirmed in the visible and near-infrared regime using many methods, such as
the Z-scan method, the four-wave mixing technique, and the optical Kerr gate experi-
ment [43–46]. In this work, n0 = 2.4 and n2 = −1.2× 10−7 cm2/W based on previous
experimental results [45,47]. In the plasmonic device, the field reinforcement caused by
plasmonic resonances can induce a nonlinearity enhancement of graphene. A stronger in-
teraction between the plasmonic resonances and graphene can be induced by the coupling
between SPPs and the charge carriers of graphene. This process will create an enormous in-
crement in the RI of the ambient dielectric surroundings, which can induce variation in the
resonance properties of the plasmonic nanostructures [48]. This has been confirmed by the
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experimental measurements of Reckinger et al. [49]. Therefore, the resonance wavelength
of the plasmonic resonator can be tuned with the help of graphene to perform the function
of an optical switch.

Moreover, the response time of a plasmonic device is determined by the nonlinear
response time of the nonlinear optical Kerr material [50]. So, in our work, the response time
of the proposed plasmonic all-optical switch depends on the nonlinear optical response
of graphene. There are two processes for the nonlinear optical response of graphene: first,
the electron–hole pairs are excited to achieve another Fermi—Dirac distribution through
photonics thermalization by carrier–carrier intraband scattering and phonon emission; this
process takes hundreds of femtoseconds. Then, interband carrier relaxation and hot phonon
emission occurs, which takes around one to two picoseconds [46,51]. Therefore, the total
nonlinear optical response time of graphene is about 2 ps. This unique characteristic of
graphene provides a viable and effective method to develop various optical devices with an
ultra-fast response time, such as an all-optical switch. For instance, Zhang et al. proposed a
low power and ultra-fast all-optical multi-channel plasmonic switch at telecommunication
wavelengths utilizing graphene covered on the cavity [34]. Ono et al. proposed an ultra-
fast and energy-efficient all-optical switch with graphene-loaded deep-subwavelength
plasmonic waveguides [35]. Wang et al. designed a three-channel all-optical plasmonic
switcher whose cavity is covered by graphene; the switcher can realize ultra-fast switch-
ing via pump light [52]. Moreover, graphene has also been used to achieve all-optical
tunable on-chip plasmon-induced transparency with ultra-fast response time [42,53,54].
All the above studies have demonstrated that an ultra-fast response time can be achieved
using the nonlinear properties of graphene in plasmonic devices. The ultra-fast response
time of the device proposed in this work is also based on the same mechanism.

Hence, in our proposed plasmonic device, the rectangular ring resonator is covered
by a single layer of graphene to work as an all-optical switch whose switch status can be
controlled by the pump light. Figure 1b shows a 3D schematic diagram of this plasmonic
all-optical switch. The thickness of the silver slab is 100 nm based on previous experimen-
tal research and the thickness of the monolayer graphene is assumed to be 0.5 nm [32].
In order to verify the switch functions, it is simulated numerically using the FDTD method.
In many studies concerning plasmonic devices with nonlinear optical Kerr materials, re-
searchers have usually paid more attention to change in the plasmonic nanostructure
resonance properties induced by variations in RI due to the nonlinear properties of the
materials used, such as graphene. Usually, the graphene covering the top of the plasmonic
resonators will be treated as an optical nonlinear material filling the resonators during
simulations. The experimental results of some studies are in good agreement with the sim-
ulated results obtained using this method [31,50,55]. As an approximation, which previous
related works have usually adopted, we focus on the resonance properties and transmission
situation of the proposed plasmonic resonator when the RI of graphene changes due to its
nonlinear optical Kerr effect.

According to Equation (10), the resonance wavelength of a plasmonic rectangular ring
resonator is related to the RI of the dielectric material. Based on the analysis above, we
know that the resonator is covered by a single layer of graphene, which will cause change in
the RI of the dielectric material under different pump intensities. Therefore, the resonance
properties of the plasmonic rectangular ring resonator are changed accordingly—intuitively,
the resonance wavelength will shift to different values. So when the intensity of the pump
light changes, the transmission of the same wavelength optical signal will also change.
The proposed plasmonic all-optical switch is realized in this way. Figure 2a shows the
simulation results for one kind of proposed all-optical switch. The structural parameters of
this plasmonic resonator are as follows: The widths of the bus waveguide and resonators
are w = 50 nm. The side lengths a and b are 200 nm and 350 nm. The outer and inner radii
of the bending structure in the corners are 100 nm and 50 nm, respectively (r = 75 nm).
The coupling distances between the bus waveguides and the resonators d1(2) are both
20 nm. It can been seen from the simulated transmission spectra that, when the intensity
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of the pump light focused on the graphene layer is 0 MW/cm2, the transmission at the
Through port of the resonator is 98.21% and that of the Drop port is 0.04% at a wavelength
of 850 nm. In this case, 850 nm is not the resonance wavelength of the plasmonic resonator
and the plasmonic resonator is in a non-resonance state. So when the SPPs waves with
850 nm pass through the resonator, they will not couple into the resonator and propagate
along with the bus waveguide. So, most power will be output from the Through port
and no power will be detected at the Drop port. When the intensity of the pump light
increases to 10.53 MW/cm2, the transmission at the Through and Drop ports changes to
1.55% and 75.01%. This is because the RI of graphene and the dielectric material in the
resonator both change, and the resonance wavelength of the plasmonic resonator shifts
to 850 nm. When the SPPs waves with 850 nm pass through the resonator, the resonator
changes to a resonance state. Most SPPs waves with wavelength 850 nm will couple into the
resonator and, finally, output from the Drop port. That is, by varying the pump intensity
of the pump light, the switching states of the device are significantly changed, so it can
work as an all-optical switch. Based on the computational functions to be achieved, we
designed another kind of all-optical switch with alternative structural parameters whose
simulated transmission spectra are shown in Figure 2b. In this structure, the widths of the
bus waveguide and the resonators are w = 50 nm. The short side length a is 200 nm and
the long side length b is 362 nm. The outer and inner radii of the bending structure in the
corners are 100 nm and 50 nm (r = 75 nm). The coupling distances d1 and d2 are 35 nm and
25 nm, respectively. According to the simulated transmission spectra of the second kind
of plasmonic all-optical switch shown in Figure 2b, when the pump intensity increases
from 0 MW/cm2 to 10.53 MW/cm2, the transmission at the Through port changes from
98.54% to 42.19%. The transmission at the Drop port increases from 0.09% to 41.75%. The
SPPs waves can be output from the Through port and the Drop port of the resonator with
similar transmission. In our FDTD simulation, the transmission is defined as a function
which returns the amount of power transmitted through the power monitors, normalized
to the source power. This is consistent with the definition of transmission in the simulation
software we used, Lumerical FDTD Solutions [56].

Figure 2. (a) Transmission spectra of rectangular ring resonator covered by a layer of graphene for
pump intensities I = 0 MW/cm2 and I = 10.53 MW/cm2. (b) Transmission spectra of specially de-
signed rectangular ring resonator covered by a layer of graphene for pump intensities I = 0 MW/cm2

and I = 10.53 MW/cm2.

2.2. Plasmonic Subtractors

After verifying the feasibility of the plasmonic all-optical switches, we designed
a plasmonic all-optical half-subtractor according to the DL mechanism. The structure
diagram of the proposed half-subtractor is shown in Figure 3. It comprises three MRs
covered by a graphene layer which work as all-optical switches. MR1 and MR2 are the
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first kind of all-optical switch whose transmission spectra are shown in Figure 2a. MR3 is
the second kind of all-optical switch whose transmission spectra are shown in Figure 2b.
These optical switches are cascaded by MIM waveguides. In particular, a square resonator
is introduced at the waveguide crossing to reduce crosstalk [57,58]. There is an input
port where the optical wave is coupled into the device. In this plasmonic half-subtractor,
the pump light signal focused on the surface of graphene covered on MR1 represents the
minuend A. When its pump intensity is 0 MW/cm2, the state of the input signal A is “0”. In
contrast, when the pump intensity increases to 10.53 MW/cm2, the state of the input signal
A is “1”. Similarly, the pump light focused on the surface of graphene covered on MR2
represents the subtrahend B, and MR3 is controlled by the pump light, which represents the
signal A. In this way, the minuend A and the subtrahend B are input into this plasmonic
half-subtractor by pumping light to control the states of the optical switches. Depending
on the state of each optical switch, the SPPs waves can output from port D and Bout. When
the transmission of the signal output from port D is greater than the threshold value, the
difference in half-subtraction is “1”. Otherwise, the difference in half-subtraction is “0”.
Similarly, transmission of the signal output from port Bout represents the output borrow
results of the half-subtraction.

Figure 3. 2D schematic diagram of the proposed plasmonic half-subtractor.

In the same way, we also propose a plasmonic full-subtractor. The structure diagram
of the proposed plasmonic full-subtractor is shown in Figure 4. It comprises six MRs which
work as all-optical switches. Among them, MR1,2,3,4,6 are the first kind of all-optical switch
whose transmission spectra are shown in Figure 2a. MR5 is the second kind of all-optical
switch, which has similar transmission at the Through and Drop ports in a resonance state.
The pump light signal focused on the surface of graphene covered on MR1 represents
the minuend A. The pump light focused on the surface of graphene covered on MR2
represents the previous borrow Bin. MR3 is controlled by the pump light which represents
the signal A. The states of MR4, 6 depend on the subtrahend B. The pump light which
controls the states of MR5 represents the signal B. Thus, the propagation path of SPPs in the
device is controlled by the input signal minuend A, subtrahend B, and previous borrow Bin.
When one of the transmissions at port D1, D2, or D3 is greater than the threshold, the
difference in full-subtraction is “1”. Otherwise, the difference in full-subtraction is “0”.
Similarly, if one of the signals output from port Bout1 or Bout2 has a transmission larger than
the threshold, the output borrow result of the full-subtraction is “1”. if the transmission
of the signal is smaller than the threshold, the output borrow result of the full-subtraction
is “0”.
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Figure 4. 2D schematic diagram of the proposed plasmonic full-subtractor.

According to the operating principle of the proposed plasmonic all-optical half-
subtractor and full-subtractor, the equivalent logic diagrams are shown in Figure 5a,b,
respectively. They can help us theoretically analyze the output results of the proposed
plasmonic subtractors and verify their computational functions.

Figure 5. (a) Equivalent logic diagram of the proposed plasmonic half-subtractor. (b) Equivalent
logic diagram of the proposed plasmonic full-subtractor.

3. Results

In Section 2, the plasmonic all-optical switch, the basis of the proposed plasmonic
subtractors, is theoreticallly analyzed using coupled mode theory and numerically verified
by the FDTD method. We also briefly introduce the principle and implementation of all-
optical subtractors based on plasmonic optical switches. In order to understand the details
of the proposed plasmonic devices in implementing subtraction operations, the results of
the transmission characteristics and magnetic field distributions are also studied using the
FDTD method. The simulation software we used for the numerical study is Lumerical
FDTD Solutions. A 2D FDTD method is utilized in this work to study the transmission
characteristics of the proposed plasmonic subtractors. It has been reported that 2D FDTD
simulation has the same, or very similar, results to 3D simulation in studies of the MIM
waveguide plasmonic structure. During the FDTD simulations, the metal material silver
is modeled using the Drude model [59]; the parameters of silver are taken from [60]. To
ensure convergence of the simulation results, the mesh sizes in the x- and y-directions are
chosen to be ∆x = ∆y = 5 nm. The absorbing boundary condition is set to be a perfectly
matched layer (PML). The SPPs are excited by the standard mode source in Lumerical FDTD
Solutions which injects a fundamental guided mode into the plasmonic waveguide [61],
while the standard mode source injects a Gaussian pulse signal [62]. The injection axis is
the x-axis and the direction is forward. The source (P1) is located in the waveguide near the
input port, as shown in Figures 3 and 4. The power monitors are located in the waveguide
near the output ports, as shown in Figure 3 (P2 and P3) and Figure 4 (P2, P3, P4, P5, and P6).
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3.1. Simulated Results of the Plasmonic Half-Subtractor

As we have previously described, the minuend A and the subtrahend B are introduced
into the proposed plasmonic half-subtractor by the pump intensity of the pump light
focused on the surface of graphene covered on the MRs. The resonance wavelengths
of all the MRs change according to the signal minuend A and the subtrahend B. This
causes switching of the all-optical switch states. When optical waves with wavelength
850 nm are injected into the device from the input port, if the signal minuend A and the
subtrahend B are both equal to “0”, the pump intensities of the pump light focused on
MR1 and MR2 are 0 MW/cm2. The propagation paths of the SPPs will not change when
they pass through these two MRs. They will directly output from the device along the
bus waveguide, with no signal output from ports D and Bout. According to the simulated
spectra shown in Figure 6a, the transmission detected at ports D and Bout is 0.593% and
0.652%. This result is in accordance with the Hz field distribution at 850 nm of the proposed
half-subtractor shown in Figure 7a. Therefore, the difference and output borrow results of
the half-subtraction for the input state AB = 00 are both “0”.

When the input minuend A is “0” and the subtrahend B is “1”, the pump intensity
of the pump light focused on MR1 remains 0 MW/cm2, and the pump intensity, which
controls the state of MR2, increases to 10.53 MW/cm2. So the SPPs wave exits directly
from the Through port of MR1, and, when it comes to the coupling area of MR2, it couples
into MR2 and exits from the Drop port of MR2 since the resonance conditions of MR2
are changed with the pump light focused on its graphene layer. Thus, the SPPs waves
arrive at the coupling area of MR3. Since MR3 is controlled by the signal A and A = 1, the
resonance states of MR3 are also changed. Moreover, MR3 is specially designed so that
the Through and Drop ports have similar transmission in the resonance state. Therefore,
the SPPs waves couple into MR 3 and output from port D and port Bout. It can be inferred
from the simulated results shown in Figure 6b that the transmission values at port D and
port Bout are 20.96% and 23.61%, respectively. The values are both larger than the threshold
of 10%. This result can also be inferred from the Hz field distribution at 850nm shown in
Figure 7b. So the difference and output borrow results of the half-subtraction for the input
state AB = 01 are both “1”.

Figure 6. Transmission spectra detected at port D and port Bout of plasmonic half-subtractor for
different input states: (a) AB = 00. (b) AB = 01. (c) AB = 10. (d) AB = 11.
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Figure 7. Hz field distribution of plasmonic half−subtractor at wavelength 850 nm for different input
states: (a) AB = 00. (b) AB = 01. (c) AB = 10. (d) AB = 11.

For the situation when the input minuend A is 1 and the subtrahend B is 0, the pump
intensities controlling the state of MR1, MR2, and MR3 are 10.53 MW/cm2, 0 MW/cm2,
and 0 MW/cm2. So the SPPs waves will couple into MR1 and exit from its Drop port.
Then, as the states of MR2 and MR3 are non-resonant, most SPPs waves will continue
to travel along the bus waveguide and output directly from port D with transmission
56.79%. The transmission at port Bout is 0.002%, which means that there is almost no SPPs
wave output from the port Bout. This coincides with the simulated transmission spectra in
Figure 6c and the field distribution in Figure 7c. So the result of half-subtraction for the
input state AB = 10 is “10”.

As the input minuend A and the subtrahend B are both equal to “1”, the pump
intensities applied to MR1 and MR2 are 10.53 MW/cm2. These MRs are both switched to
the resonant state. Hence, the SPPs waves will couple into the MR1,2 and output from their
Drop port. Almost no energy is emitted from ports D and Bout. The transmissions detected
in ports D and Bout are 0.692% and 0.001% according to the simulated transmission spectra
shown in Figure 6d. The field distribution in Figure 7d also confirms this result. So the
difference and output borrow results of the half-subtraction for the input state AB = 1 are
both “0”.

Table 1 shows the transmission at the port D and Bout as well as the logical Boolean
value it represents for each input state based on the FDTD simulated results. According
to Table 1, we can conclude that the proposed plasmonic device can implement the half-
subtraction operation.

Table 1. Transmission and Boolean values at each port of the proposed half-subtractor for all input states.

Input State Transmission at
Port D

Transmission at
Port Bout

Difference Output Borrow

AB = 00 0.593% (0) 0.652% (0) 0 0
AB = 01 20.96% (1) 23.61% (1) 1 1
AB = 10 56.79% (1) 0.002% (0) 1 0
AB = 11 0.692% (0) 0.001% (0) 0 0

3.2. Simulated Results of Plasmonic Full-Subtractor

Similar to the working principle of the half-subtractor, the logic input signals of
the full-subtractor are also fed into the proposed device in the form of pump intensities.
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The pump light signal focused on the surface of graphene covered on MR1 represents
the minuend A. MR2 is controlled by the pump light, which represents the previous
borrow Bin. MR3 is controlled by the pump light, which represents the signal A. The
states of MR4, 6 both depend on the subtrahend B. The pump light which controls the
states of MR5 represents the signal B. As long as one of the transmissions at ports D1, D2,
or D3 is larger than the threshold of 10%, the difference in full-subtraction is “1”. If the
transmission detected at port Bout1 or Bout2 is larger than 10%, the output borrow result of
the full-subtraction is “1”.

When the input minuend A and the previous borrow Bin are both “0”, the pump
intensities focused on MR1 and MR2 are 0 MW/cm2 and they are in a non-resonance state.
So, the SPPs waves will not couple into MR1 and MR2. They will arrive at the coupling
area of MR4 directly through the bus waveguide. If the subtrahend B is also “0”, the
pump intensity which controls the state of MR4 is 0 MW/cm2. The SPPs waves will output
from the Through port of MR4 and no power will be detected at port D1 and port Bout1.
This coincides with the FDTD simulated results shown in Figure 8a, showing that the
transmissions at D1 and Bout1 are both 0.734%. Meanwhile, the transmissions at all other
ports are close to 0, which is less than the threshold 10%. Therefore, the difference and
output borrow results of the full-subtraction for the input state ABBin = 000 are both “0”.
Moreover, if the subtrahend B is “1”, the pump light focused on the graphene layer of
MR4 is 10.53 MW/cm2. So, MR4 changes to a resonance state and the SPPs waves will
couple into MR4 and output from port D1 and port Bout1 at a similar transmission due to
the splitter structure. The simulated transmission spectrum of the input states ABBin = 010
is shown in Figure 8b. The transmissions at port D1 and port Bout1 are both 22.87%. So, the
difference and output borrow results of the full-subtraction for the input state ABBin = 010
are “11”. The above results can also be obtained from the Hz field distribution at 850 nm
shown in Figure 9a,b.

When the input minuend A is “0” and the previous borrow Bin is “1”, the pump
intensity of the pump light focused on MR1 remains 0 MW/cm2, and the pump intensity
which controls the state of MR2 increases to 10.53 MW/cm2. MR3 also changes to a
resonance state since its control signal A is “1”. Therefore, the SPPs waves will not couple
into MR1, but couple into MR2 as well as MR3, and eventually arrive at the coupling area
of MR5. As the subtrahend B is “0”, the pump intensity which controls the state of MR5 is
10.53 MW/cm2 since it represents the signal B. The RI of MR5 changes under the influence
of graphene, which puts it in a resonance state. So the SPPs waves will couple into MR5.
Since MR5 is specially designed to have similar transmission at its Though and Drop ports,
the SPPs waves output from port D2 and Bout2 with transmission are 16.75% and 16.23%,
respectively, which can be obtained from the simulated transmission spectra shown in
Figure 8c and the Hz field distribution shown in Figure 9c. So the difference and output
borrow bits of the full-subtraction operation for the input state ABBin = 001 are “11”. As
for the situation when the subtrahend B is “1”, MR5 is in a non-resonance state since its
control signal B = 0. So, the SPPs waves will all output from the Through port of MR5,
in other words, port Bout2 of the whole device. Almost no power can be observed at port
D2. It can be inferred from Figure8d that transmission at port Bout2 is 38.98%, while the
transmission at the other ports has a value close to 0, as the input state ABBin = 011.
Therefore, the difference and output borrow results of the full-subtraction for the input
state ABBin = 011 are “01”.
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Figure 8. Transmission spectra detected at port D1, D2, D3, Bout1 and Bout2 of the plasmonic
full-subtractor for different input states: (a) ABBin = 000. (b) ABBin = 010. (c) ABBin = 001.
(d) ABBin = 011. (e) ABBin = 100. (f) ABBin = 110. (g) ABBin = 101. (h) ABBin = 111.
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Figure 9. Hz field distribution of the plasmonic full−subtractor at wavelength 850 nm for different
input states: (a) ABBin = 000. (b) ABBin = 010. (c) ABBin = 001. (d) ABBin = 011. (e) ABBin = 100.
(f) ABBin = 110. (g) ABBin = 101. (h) ABBin = 111.

The situation is relatively simple for the input state ABBin = 100 and 110.
Firstly, When the SPPs waves passes through the coupling area of MR1, it couples into the
resonator and mostly outputs from the Drop port since the resonance wavelength of MR1
changes to 850 nm under the influence of the pump intensity which represents the signal
minuend A = 1. Then, the pump intensities of the signals which control the resonance
state of MR2 and MR3 are maintained as 0 MW/cm2 since the previous borrow Bin and A
are both equal to “1”. So the SPPs waves will propagate along with the bus waveguide
and directly pass through MR2 as well as MR3. If the subtrahend B is “0”, which means
the pump intensity applied to MR6 is 0 MW/cm2, the waves will mostly output from port
D3. According to the simulated transmission spectra of the input state ABBin = 100, as
shown in Figure 8(e). The transmission detected at port D3 is 51.98%, while the other ports
have no transmission larger than the threshold of 10%, so the difference and output borrow
results of the full-subtraction for the input state ABBin = 100 are “10”. Moreover, if the
subtrahend B is “1”, which means the pump intensity applied to MR6 is 10.53 MW/cm2,
the SPPs waves will couple into MR6 and mostly output from the Drop port. In this case,
almost no SPPs will output from the ports that represent the result of full-subtraction, such
as D1, D2, D3, Bout1, and Bout2. This is confirmed by the simulated transmission spectra and
Hz field distribution for the input state ABBin = 110 shown in Figures 8f and 9f. Hence, the
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operation results of the proposed device when the input state is ABBin = 110 are difference
bit = 0 and output borrow bit = 0.

Compared with the cases of ABBin = 100 or ABBin = 110, the SPPs waves will couple
into the MR2 after they output from the Drop port of MR1 for the input case ABBin = 101 or
ABBin = 111. This is because the pump intensity which controls the state of MR2 increases
to 10.53 MW/cm2 since the previous borrow Bin = 1. The final results depend on the
signal represented by the subtrahend B. If the subtrahend B = 0, the SPPs waves will pass
through MR4 and output from its Through port. Almost no waves output from the ports
represents the operation result. In this situation, the final result of full-subtraction for the
input state ABBin = 101 is difference bit = 0 and output borrow bit = 0. If the subtrahend
B = 1, the SPPs waves will couple into MR4 and output from its Drop port since the state
of MR4 changes to a resonance state. In this case, the final result of full-subtraction for
the input state ABBin = 111 can be observed from the transmissions at port D1 and Bout1.
According to the simulated transmission spectra and the Hz field distribution for the input
state ABBin = 111 shown in Figures 8h and 9h, the transmissions detected at D1 and Bout1
are both 16.11%, which is larger than the threshold of 10%. So, the operation results of the
proposed full-subtractor when the input state is ABBin = 111 are difference bit = 1 and
output borrow bit = 1.

Table 2 shows the transmission at each port in the operation of the proposed plasmonic
full-subtractor based on the the simulated results using the FDTD method. Based on the
comparisons between the transmission and the threshold of 10%, the corresponding logic
Boolean value can also be obtained from Table 2. As we have mentioned previously, as
long as one of the transmissions at ports D1, D2, or D3 is larger than 10%, the difference in
full-subtraction is “1”. If the transmissions detected at port Bout1 or Bout2 are larger than
the threshold, the output borrow result of the full-subtraction is “1”. Based on the above
analyses, we can draw the conclusion that the proposed plasmonic device can accurately
realize the logic functions of the full-subtractor.

Table 2. Transmission and Boolean values at each port of the proposed full-subtractor for all in-
put states.

Input State Transmission Transmission Transmission Transmission Transmission Difference Output Borrowat Port D1 at Port D2 at Port D3 at Port Bout1 at Port Bout2

ABBin = 000 0.734% (0) 0.069% (0) 0.007% (0) 0.734% (0) 0.002% (0) 0 0
ABBin = 010 22.87% (1) 0.000% (0) 0.000% (0) 22.87% (1) 0.429% (0) 1 1
ABBin = 001 0.013% (0) 16.75% (1) 0.716% (0) 0.013% (0) 16.23% (1) 1 1
ABBin = 011 0.531% (0) 0.011% (0) 0.022% (0) 0.531% (0) 38.98% (1) 0 1
ABBin = 100 0.007% (0) 0.139% (0) 51.98% (1) 0.007% (0) 0.457% (0) 1 0
ABBin = 110 0.143% (0) 0.000% (0) 0.175% (0) 0.143% (0) 0.553% (0) 0 0
ABBin = 101 0.049% (0) 0.006% (0) 0.409% (0) 0.049% (0) 0.019% (0) 0 0
ABBin = 111 16.11% (1) 0.000% (0) 0.075% (0) 16.11% (1) 0.069% (0) 1 1

4. Comparisons

A comparison between our work and previous studies about optical computing de-
vices can show more intuitively the differences between them. Therefore, the proposed
plasmonic half-subtractor and full-subtractor are compared to previous works about plas-
monic logic computing devices, as depicted in Table 3.
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Table 3. Comparison between our proposed plasmonic subtractor and previous plasmonic optical
computing devices.

Works Computing
Functions

Simulation
Method Materials Proposed

Structure Footprint Operating
Wavelength

Performance
Measured

Ref.
[50]

Half-adder
Full-adder FEM-2D Gold

Nonlinear
Plasmonic

Nanocavities

Less than
15 µm × 15 µm 750 nm Transmission

Ref.
[63]

Comparator
One-Bit FEM-2D Gold MZI Based on

MIM Waveguides
Less than

10 µm × 10 µm 1000 nm Intensity and
Contrast Ratio

Ref.
[64] Half-adder FEM-2D Gold

Dielectric Crossed
Plasmonic

Waveguides
10 µm × 28 µm 800 nm Intensity

Ref.
[65]

Half-adder
Half-subtractor

Finite-
difference

Time-domain
Not given

MZI Based on
Plasmonic MIM

Waveguides
75 µm × 8 µm 1550 nm Output

Optical Power

Ref.
[66]

Half-adder
Half-subtractor

Finite-
difference

Time-domain

Silicon
Oxynitride

Y-shaped Power
Combiners Based

on Plasmonic
MIM Waveguides

11 µm × 6 µm 1550 nm Intensity

This
work Half-subtractor

Finite-
difference

Time-domain
Silver

Cascaded
Plasmonic

Rectangular Ring
Resonator

3.2 µm × 1.6 µm 850 nm Transmission

This
work Full-subtractor

Finite-
difference

Time-domain
Silver

Cascaded
Plasmonic

Rectangular Ring
Resonator

3.2 µm × 1.6 µm 850 nm Transmission

5. Conclusions

In conclusion, a novel all-optical half-subtractor and full-subtractor were designed
based on plasmonic ring resonators to combine the advantages of all-optical switches and
the DL mechanism. Due to the nonlinear optical properties of graphene, the states of the
plasmonic resonator can be controlled by applying the pump light whose pump intensity
represents the logic input on the covered graphene layer. Hence, the plasmonic ring
resonators can work as all-optical switches with ultra-fast response time. Then, according
to the DL mechanism in realizing optical logic devices, the plasmonic ring resonators
covered by the graphene layer are cascaded with the MIM waveguide to constitute an
all-optical half-subtractor and full-subtractor. The numerical simulation results using the
FDTD method indicate that these plasmonic devices can accurately realize the operations
of half-subtraction and full-subtraction for all input logic states. The proposed plasmonic
devices can not only implement subtract operations with a small feature size and ultra-fast
response time, but also provide a new concept and method for the design and realization
of optical computing devices. They can extend the application scenario of SPPs in the field
of optical information processing.
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