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All-Optical Digital Logic Based on Unidirectional Modes

Jie Xu,* Yamei Luo, Sanshui Xiao, Fengwen Kang,* and Kosmas L. Tsakmakidis*

Standard electronic computing based on nanoelectronics and logic gates has
upended our lives in a profound way. However, suffering from, both, Moore’s
law and Joule’s law, further development of logic devices based solely on elec-
tricity has gradually stuck in the mire. All-optical logic devices are believed to
be a potential solution for such a problem. This work proposes an all-optical
digital logical system (AODLS) based on unidirectional (one-way propagation)
modes in the microwave regime. In a Y-shaped module of the AODLS, the
basic seven logic gates, including OR, AND, NOT, NOR, NAND, XOR, and
XNOR gates, are achieved for continuous broadband operation relying on the
existence of unidirectional electromagnetic signals. Extremely large extinction
and contrast ratios are found in these logic gates. The idea of “negative logic”
is used in designing the AODLS. Moreover, the authors further demonstrate
that the AODLS can be assembled to multi-input and/or multi-output logical
functionalities, which is promising for parallel computation. Besides, numer-
ical simulations perfectly fit with and corroborate the theoretical analyses

At present, many kinds of optical
logic gates (LGs), have been achieved
in micro-ring resonators,*7l  Mach-
Zehnder interferometers,’#1% plasmonic
nanostructures,™™  photonic  crystals
(PhCs),>8  microcavities,®?!  mag-
netic??2l or 2D material-based sys-
tems.[3-2¢] The aforementioned all-optical
LGs are limited by one or more following
conditions: 1) the discrete and/or narrow
operating band,”] 2) different input-
output frequencies (f, # fou),>?® 3) the
complex fabrication processes, and 4) rel-
atively low signal-to-noise ratio. Besides,
the logic states in the above LGs are
dependent on the input-output energy
intensities, or the polarizations/phase or
DC potential, resulting in the low extinc-

presented here. The low-loss, broadband, and robust characteristics of this
system are outlined and studied in some detail. The AODLS consisting of
unidirectional structures may open a new route for all-optical calculation and

integrated optical circuits.

1. Introduction

Moore’s law has indicated and underlined the direction for the
development of electrical communication for almost 50 years
now. To achieve even faster communications with less energy
consumption and smaller devices, a new generation of devices
is needed. Optical communication, owing to its ultra-fast data
transmission, immune to cross-talkl"?l and minimal or even
zerol¥l energy loss, is believed to be a promising candidate.

tion ratio (ER) and contrast ratio (CR)
between logic “0” and logic “1”. To our
knowledge, the ER and CR in the previ-
ously reported works are usually below
30 dB.?l To a certain extent, the values
of the ER and CR could be enlarged by
improving the manufacturing process or
the monitoring technology. However, the
error rate (Er) will remain more or less the same. To achieve
ultra-high-performance optical communication, precise logic
states are required, and in this work, we shall show that the
unidirectional mode-based devices have the potential for
achieving this goal.

Unidirectional (one-way) modes are those electromagnetic
(EM) modes that are allowed to propagate only in one direc-
tion. They can be attained in several different structures, for
example, the magneto-optical (MO) heterostructures,30-34
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topological metamaterial,*” and topological photonic crys-
tals (PhCs).3®% The MO heterostructures, without doubt, are
technically the most simple way to build one-way waveguides.
The robust one-way propagating EM waves without backscat-
tering have been observed in the laboratory by designing non-
reciprocal MO PhCs.3® In 2017, we found that owing to the
one-way property, the MO heterostructure terminated by metal
layers could overcome the time-bandwidth limit because of the
broken Lorentz reciprocity.?! Recently, we have proposed sev-
eral MO one-way waveguides in which interesting functionali-
ties such as slow light,3%3% bidirectionally rainbow trapping and
releasing, and true rainbow trappingl*?*! were achieved. The
one-way propagation characteristic is very suitable and desired
for designing LGs because the one-way modes are insensitive
to disorders and bends,*>*! and the noise barely exists in such
devices. However, how to assemble one-way structures flexibly
and make them work as multiple LGs is currently an ongoing
progress.[*

In this paper, we propose the LGs and the all-optical digital
logical system (AODLS) based on robust unidirectional modes.
In the AODLS, the ER and CR are found to diverge in theory,
while the error rate (Er) is negligible. Applying the logical
and negative logical concepts, multiple LGs are achieved in a
single Y-shaped module of the AODLS for the whole relatively
broad one-way band. More interestingly, besides the advan-
tages of the enormous ER and CR and incredibly small Er, the

www.advopticalmat.de

unidirectional-modes based AODLS could be used in parallel
operation®! with multiple inputs and/or outputs due to its
expandability. This work aims to point out a new path for all-
optical calculations, with the simple universal AODLS being
easily extendable to other higher regimes.

2. The Y-Shaped Module of the AODLS

In this subsection, we first study the propagation characteris-
tics in the basic module of the AODLS. The schematic of the
AODLS is shown in Figure 1. As one can see, the system is
constructed by three basic elements/arms, that is, ‘A’, ‘B’, and
‘C’, which are built by three types of magnetized yttrium-iron-
garnet (YIG) materials. The yellow and blue colored materials
represent the YIG with remanence, and the magnetization
directions are +z and —z, respectively. The last kind of the
YIG layer is magnetized by an external magnetic field (EMF)
By (—2). For simplicity, the above YIG layers are named YIG-1,
YIG-2, and YIG-3, respectively. The zoom-in picture in Figure 1
shows one of the basic Y-shaped modules of the AODLS. To
clearly illustrate how the module works for logic operations,
we investigate the propagation characteristics of the guiding
modes in the arms ‘A’, ‘B’, and ‘C’. Due to the existence of the
magnetization, the relative permeability of YIG-1, YIG-2, and
YIG-3, respectively takes the following forms

mmm PEC

YIG-1(remanence direction +z)
mmmm YIG-2 (remanence direction -z)
mmmm YIG-3 (magnetic field direction -z)

Figure 1. The schematic of the all-optical digital logical system (AODLS). The yellow, blue, and green colored materials represent YIG-1 with remanence

(+2), YIG-2 with remanence (-z), and YIG-3 under an EMF (-z).
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@y = 27yB, is the precession angular frequency, and @, = 27 x
3.587 x 10° rad s7! is the characteristic circular frequency.!
By, , and @, are the magnetic bias field, the angular fre-
quency and the characteristic circular frequency, respectively.
According to the Maxwell’s equations and the boundary condi-
tions, one may readily calculate the dispersion equations in the
above three “arms,” and the equations are written as follows

Py O e [&HL}O aQ
p  tanh(yd) p, [p tanh(ad)

L R [&mi‘” ]=o (‘B) (3)
P tanh(ond) p, [ tanh(ad)

Prpp %o (C) (4)

P tanh(oyd)

where oy and o are the attenuation coefficients of the surface
magnetoplasmons (SMPs) in the YIG-1/2 and YIG-3. The
complete one-way propagation (COWP) bands are character-
ized by the asymptotic frequencies (AFs), and deriving from
Equations (2)—(4), we find that

Dpr_p1 =0
WaF_p2 = + Dy
2w0+wm+wr—\/(2a)0+wm+wr)2—8w0wr 5
Wpar_N1 = )
4
200, + 0, + @, +\/(2a)0 + 0+ 0,) — 8w 0,
WDpr_N2 =
4
for ‘A’, and
—(2ap + W, —a>r)+\/(2a)0 + O — ;) +8W0;
Wpr_p1 =
4
Dpr_p2 =0y + Dy (6)
Oar_N1 =0,
200, + 0, — @, +\/(2a)0 + W0y — ) +8Wy0,
WaF_N2 =
4
for ‘B’, and
Wpr_p = O; (7)
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for ‘C’. We note here that wa; p and @, y are the AFs for
k — +oo and k — —oo, respectively. It is clear that the three arms
possess one same AF, that is, wzr = @, which is the only AF in
the arm ‘C’ while the other arms have two additional AFs. To
further explore the dispersion relations in the arms, we plotted
the dispersion diagram for @, = 0.5@,, (@, = 107 x 10° rad s77,
the characteristic circular frequency) and d = 0.054,, (4, =
27c/ wy,). In this case, as shown in Figure 2a, there are two
COWP regions in the arm ‘A’, and four AFs (marked by arrows)
are observed as well.

Moreover, the waves in both COWP regions can only
propagate in the same direction, that is, +x direction.
Similarly, two COWP bands are found in the arm ‘B’ (see
Figure 2b) whereas the SMPs in the lower COWP_N band
propagate in the opposite direction, that is, in the —x direc-
tion. Furthermore, only one COWP_P band is observed
in the arm ‘C’ (see Figure 2c¢). The COWP bands in the
three structures are 0.1482w,, < @ < 0.7174w,, (COWP_P1)
and 1.2105@, < ® < 15m, (COWP_P2) for the arm ‘A’,
0.2105@,, < w< 0.7174@,,, (COWP_N) and 0.8660w,, < @< 1.5,
(COWP_P) for the arm ‘B’, and 0 < @ < 0.7174®,, (COWP_P)
for the arm ‘C’. Notably, the lower limit of the COWP_P
band in the arm ‘B’ is not wr_y, because it is less than
(=@ (@ + @, )) that indicates the edge of the lower bulk zone.
Also crucial is the fact that the COWP bands of the SMPs in
the three arms overlap with each other in some regions, for
example, 0.2105@,, < @ < 0.7174@,, region. Nevertheless, as
shown in Figure 2d, the guiding waves (“P-mode”) within the
overlapped band in the arm ‘A’ of the Y-shaped module can not
couple to the opposite modes (“N-mode”) in the arm ‘B’ but
can propagate to the arm ‘C’ due to the robust one-way propa-
gation property. Similarly, there is another one-way channel
between the arms ‘B’ and ‘C’. As shown in Figure 2e,f, the arm
‘B’ is equivalent to the arm —B’ in which the EM waves within
the overlapped band have positive group velocities. Because of
the symmetry, the arm —A’ in this case can only sustain the
“N-mode” (see Figure 2e).

In short, the waves in the arms ‘A’ (-‘A’) and ‘B’ (—'B’) can
only propagate toward the joint of the module while the waves
in the output arm ‘C’ always depart from the joint, constructing
two independent one-way channels. Besides, for 1.2105w,, <
o < 1.409@,,, the corresponding guiding waves in the arm ‘A’
can only travel to the arm ‘B’ since there are no EM modes in
the arm ‘C’. The black points in Figure 2 indicate the cut-off
frequencies (@) of the SMPs and the bulk modes, which may
affect the boundaries of the COWP bands.

In order to further explore the broad COWP band, we
studied the correlation between d and @cp in Figure 3a—c
as @, = 0.5w,,. As a result, the COWP bands in the arms ‘A’,
‘B’, and ‘C’ remain almost the same for thin cases, while for
d > 0.067A,, the lower COWP bands in the arms ‘A’ and ‘B’
become narrow because of the drop-down bulk modes. More-
over, according to our calculation, we found that wcg > 1.50,, as
d < 0.0474,,. Furthermore, we plot AFs and @, as a function of
@y as d = 0.054,, to demonstrate the impact of the EMF on the
COWP bands. As demonstrated in Figure 3d, the COWP_P1
gradually narrows down when enlarging B, while the COWP_
P2 is slightly widened when enhancing the EMF in the arm ‘A’.
Complicated change of the COWP bands is observed in
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Figure 2. The dispersion diagram of three arms, that is, a) ‘A’, b) ‘B’, and c) ‘C’, of the Y-shaped logical module. The red and black lines indicate the
surface modes and lowest-order bulk modes, respectively. The other parameters are @y = 0.5, d = 0.051,,,, and @, = 277x 3.587 x 10° rad s7'. d,f) Two
one-way channels in the Y-shaped module. e) The dispersion diagram of the arms —A" and —‘B’.

Figure 3e, in which the maximal total bandwidth of the COWP
bands in the arm ‘B’ occurs around @ = 0.4@,,. Additionally,
the one-way region of the arm ‘C’, different from the arms ‘A’
and ‘B’, remains unchanged (see Figure 3f) regardless of the
EMF because this arm only contains the YIG with remanence.
To achieve the broadband optical logic operation based on uni-
directional modes, relatively broad COWP bands are required.
Thus, according to the above analyses, we choose d = 0.041,,
and @ = 0.4@,, in designing the AODLS in the following work.
We note that there are multiple band gaps in the dispersion dia-
grams of the SMPs, which should have further interesting uses
in optical isolators and switches. In this work, however, we just
focus on the unidirectional modes and their related applica-
tions in the logic gates (LGs) and logic operations.

Similar to Figure 2a,b, Figure 4a,d shows the dispersion dia-
grams of the arms ‘A’ and ‘B’ as d = 0.044,, and @y = 0.4®,,, and the
bandwidths of the COWP bands in the arms ‘A’ and ‘B’ are respec-
tively 0.59063,, (COWP_P1, 0.1268,, < @ < 0.7174@,,), 0.2681,,
(COWP_P2, 11319@,, < o < l4wm,), 0.5225@, (COWP_N,

Adv. Optical Mater. 2023, 11, 2201836 2201836 (4 of 11)

0.1949,, < < 0.7174@,,), and 0.6638@y, (COWP_P, 0.73620, <
o < 14w,). Moreover, we further calculated the corresponding
group velocities (vg) of the unidirectional modes in Figure 4b,e.
As one can see, the EM signals in the COWP bands could propa-
gate with v, > 0.05¢ (c is the light speed in vacuum). We note here
that, due to the absence of the delay time and fan-in/fan-out,*!
the information processing in the proposed device should be
faster than in the electrical devices. In addition, the loss effect on
the arms was also studied as the damping coefficient v = 10w
as seen in Figure 4¢,f. One can easily see the difference between
the propagation lengths (L) in the upper and the lower COWP
bands. More specifically, the EM waves in the COWP_P1 band
in the arm ‘A’ could propagate about ten times longer than in the
COWP_P2 band. Hence, the lower COWP band should be more
suitable for the logic operations. According to our calculation, the
unidirectional EM waves in the arm ‘C’ can always propagate with
low loss (L > 10° mm). By far, we have studied the propagation
characteristics, including the unidirectionality and low loss, in
three arms of the basic Y-shaped module of the AODLS. In what

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. The cut-off frequencies (marked by black points in Figure 2) as a function of the thickness parameter in the arms a) ‘A, b) ‘B’, and c) ‘C’.
d-f) The limits of the COWP bands as a function of @y in the arms ‘A’, ‘B’, and ‘C’.

follows, we will show how the one-way channels or the Y-shaped
module can work as the LGs.

3. Realization of the Basic Logic Gates

As we discussed above in the proposed Y-shaped structure in
Figure 4, the arms ‘A’ and ‘C’ can support unidirectionally for-
ward propagating modes whereas the arm ‘B’ can only support
backward modes. Here we consider the operating frequency
within the region of 0.1949@,, < @ < 0.7174w,, (see Figure 4).
In this condition, the launched one-way waves in arm ‘A’. due
to the unidirectionality, could near-perfectly couple with the for-
ward modes in arm ‘C’ and output in the end. Similar unidirec-
tional signal transmission happens in the ‘B’—‘C’ channel. Due
to the two one-way channels, our proposed Y-shaped module
can work as the OR and AND gate.

On the one hand, for the OR gate, we treat the existence of
the EM signal in the arms as logic “1” while, on the contrary,
the zero-energy state is regarded as logic “0” (see Figure 5b).
The default value/state in the OR gate is set to be logic “0”.
Relying on such a principle, any one of the input logic “1”
(input unidirectional EM signal) will lead to the output logic “1”
(output unidirectional EM signal), indicating the OR operation.
On the other hand, the AND operation requires two input logic
“1” to generate output logic “1”. Nevertheless, the positive logic
used in the OR gate can not be used to achieve the AND gate.
Here, we introduce the negative logic to achieve the AND gate

Adv. Optical Mater. 2023, 11, 2201836 2201836 (5 of 1)

based on the Y-shaped module. As contrasted with the OR gate,
in the AND gate, we treat the EM propagation as logic “0” and
treat no energy flow as logic “1,” and set the default value to
be logic “1” for both inputs and output (see Figure 5c). In the
AND gate, any one of the input EM waves (logic “0”) will lead
to output logic “0”.

By utilizing the similar negative logic, the Y-shaped module
can also serve as the NOT gate. As shown in Figure 5d, three
channels of the proposed module can all work as the NOT
gate, in which the EM energy represents logic “1” for the
input arm and logic “0” (negative logic) for the output (see
Figure 5e). The input and output default values are logic “0”
and logic “1,” respectively. In this condition, the launched EM
waves unidirectionally travel through the ‘A—C’, ....B’~C’, or
‘A—B’ channels, and meanwhile the input logic “1” turns to
output logic “0,” indicating the NOT operation. The colored
panels in Figure 5a,e demonstrate the operating bands of the
inputs of the LGs. It is worth noting that in what follows, all
the parameters of the Y-shaped module are the same as those
in Figure 4.

Different from the other optical LGs,®"1% our designed MO
module can achieve multiple LGs functionalities in the same
device without modifying. For instance, in Figure 6, we per-
formed two simulations in the Y-shaped module as f= 0.5f,, by
using the finite element method (FEM). In the first simulation
(leftmost picture), the EM wave was excited in arm ‘A’ and as we
expected, it traveled through the joint part and unidirectionally
coupled into arm ‘C’. In the next simulation, the EM wave with

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. The dispersion diagrams of a) the ‘A’ and d) the ‘B’ configurations as d = 0.044,, and @, = 0.4, b,e) The group velocities and
¢,f) the propagation distances of the one-way modes in the COWP regions. In the lossy cases, the relaxation angular frequency v=10w.

a backward propagation direction was launched in the arm ‘B’
and similarly, it propagated along the ‘B’—'C’ channel without
backscattering. Accordingly, the input logic states in the first
simulation are respectively [“1”, “0”] for the OR gate, [“0”, “1”]
for the AND gate and [“1”,] for the NOT gate. On the contrary,
the input logic states in the second simulation are respectively
[“0”, “1”] for the OR gate, [“1”, “0”] for the AND gate, and [, “1”]
for the NOT gate. Based on the proposed theory in Figure 5,
the output logic states in the two simulations are the same
for both logic operations. The more clear results are exhibited
in the rightmost truth tables. Due to the negative logic, the
output logic states of the simulations are logic “0” in the AND
and NOT operations while in the OR operation, the output
read logic “1”. Consequently, the Y-shaped module is capable
of being used in multiple logic operations, and it is a multi-
function LGs, which is potential for high-performance optical
communication or calculation.

In addition, the Y-shaped module can also serve as the uni-
versal gates, that is, the NOR and NAND gates. For the NOR
operation, the principle is similar to that of the NOT gate except
for the number of input signals. As shown in Figure 7a, because
of the one-way characteristic, either input with logic “1” (EM
signal) will lead to the output logic “0,” implying the NOR oper-
ation. Moreover, the NAND gate can be achieved by thoroughly
utilizing the negative logic in the NOR gate. In a word, com-
pletely replacing the logic states in the NOR gate to the opposite

Adv. Optical Mater. 2023, 11, 2201836 2201836 (6 of 11)

ones, that is, “1” — “0” and “0” — “1” (see Figure 7b,c). We fur-
ther performed another two similar simulations like the ones in
Figure 6 to verify the NOR and NAND operations for a different
working frequency f = 0.4f,,. As demonstrated in Figure 7d,e,
the different inputs logic states will lead to output logic “0” for
the NOR gate and logic “1” for the NAND gate. All the results
of the simulations fit well with our theoretical analyses. Thus,
we conclude here that our proposed Y-shaped module can not
only work as the single basic LG, that is, the OR, AND, NOT,
NOR, and NAND gates, but it can also work as a multiple out-
puts logical device. Besides, the XOR and XNOR gates could
be easily achieved by comparing the EM energy intensity of the
output and inputs of the Y-shaped configuration. For example,
we could treat the existence of the output EM signal as logic “1”
only if there is only one input EM signal, implying the XOR
operation. One should also note that the logic states in our
proposed LGs directly rely on the existence of the robust uni-
directional EM signal, which is far more precise than the other
proposed LGs. For example, in the simulation of OR opera-
tion (see Figure 6), the intensity of the logic “0” is nearly zero
(P, = 0) while the intensity of the logic “1” is obvious nonzero
(P, #0), implying infinite CR and ER,®) and the Er in this case
is negligible since it is easy to distinguish two logic states. Our
designed LGs based on the one-way channels/modes can work
in continuous and relatively broad COWP bands, which is
another distinct feature of this kind of all-optical LGs.
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Figure 5. Basic OR, AND, and NOT gates based on the Y-shaped module. a) The schematic diagram of the OR and AND gates with two inputs and one
output. b) The schematic diagram of the NOT gates with one input and one output. c—e) The theory of realization of the OR, AND, and NOT digital LGs.

4. The AODLS for Multi-Input and/or
Multi-Output Logic Operations

Optical computations are characterized by super-fast data trans-
mission relying on fan-in and fan-out,®! and our proposed
unidirectional-modes-based LGs indeed have a continuous,
broad operating band. Moreover, since the basic LGs have been
achieved, by utilizing the Y-shaped module consisting of three

f: OSfm
Input-1

\

—>
Output

/ Input-2

YIG-based arms, in what follows, we will show how such a
module could be used in designing AODLS with the ability to
expand to multi-input and/or -output optical logic system. The
schematic of the AODLS is shown on the left side of Figure 8.
It needs to be emphasized that, in this subsection, we only
consider the logic operations in the lower COWP regions, that
is, 0.1948w,, < @ < 0.7174w,,. To clearly show the possible signal

' AND gate:

—> IInputJiInput—Z:Output}
Output:-___|____|____|
00 1 0 0
[ Bl Bl
1t 0 ' 0 !
]

Figure 6. Numerical simulations and the truth tables of the achievement of the OR, AND, and NOT gates in one shot.
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Output
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Figure 7. a) The schematic diagram of the NOR and NAND gates. b,c) The theory of realization of the NOR and NAND gates. d,e) Numerical simula-

tions and the truth tables of the NOR and NAND gates.

transmission, we added the black arrows in the schematic of
the AODLS, which represent the propagation directions of the
one-way channels. In the AODLS, six alternative outputs or logic
operations can be chosen for two inputs. It is worth mentioning
that the AODLS works with two inputs can be easily extended to
the four-input logic device by suitably assembling the Y-shaped
modules. Besides, the impinge part/module, as shown in the
enlarged upper right picture in Figure 8, is a left-hand connected
‘A-B—C’ module while the above Y-shaped module has a right-
hand connection. In this incident module, the input EM waves
from the arm ‘C’ can simultaneously transmit to the arms ‘A’
and ‘B’. More clear results are displayed in the right diagrams, in
which we injected an input EM signal with = 0.5f,,, and three air
holes with radius r = 1 mm were put on the YIG-YIG interfaces
to further verify the robust unidirectionality of the incident EM
modes. As one can see, the input EM wave perfectly bypassed
the air hole in the arm ‘C’ and then split into two EM waves
which still possess the robust one-way propagation characteristic.
Thus, the incident module guarantees the NOT logic operation
while part of the EM signal participates in other logic operations.

Adv. Optical Mater. 2023, 11, 2201836 2201836 (8 of 11)

In Figure 9, we performed a FEM simulation in our designed
AODLS. As expected, the input signal was unidirectionally
transmitted along the one-way channels and exited via the out-
puts. Virtually no crosstalk or noise was observed during the
logic operations, and the propagation characteristics of the EM
wave are perfectly consistent with our theoretical analyses. More
importantly, the proposed AODLS exhibits exotic multi-output
logic operation with one-time input based on the robust unidi-
rectional propagation of the EM signal(s). The OR, AND, NOT,
NOR, and NAND gates were simultaneously achieved as dem-
onstrated in the shaded truth tables in Figure 9. Moreover, the
AODLS has great potential for complex logic operations due to
its expansibility, precision, and broadband characteristic. Theo-
retically, no matter how complex the logic operation is, one can
always achieve the specific logic operation by combining the
unidirectional EM signal (logic “1” or “0”) and the input-output
intensities/phases. Furthermore, the unidirectional modes-
based LGs, compared to the electrical ones, are more efficient
since it is far easier to distinguish the existence of the EM
signal(s) than to differentiate the relatively high and low levels.
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Figure 8. Realization of multiport parallel logical computation system based on the Y-shaped module. The black arrows represent the path directions
for the EM waves/signals.
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Figure 9. Multi-output logic operation in the AODLS as the input EM wave with f= 0.5f,,.
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5. Conclusion

In summary, we have proposed a novel, robust, AODLS based
on unidirectional modes. In the theoretical analysis, oppo-
sitely propagating SMPs are identified in the Y-shaped module.
Relying on broadband one-way channels and/or the negative
logic concept, we have shown that the Y-shaped module can be
used to achieve all basic logic gates independently or simulta-
neously. Moreover, we have further designed the AODLS based
on the Y-shaped configurations. By simply jointing the mod-
ules, we have achieved multi-output logic operations, which
imply parallel computation. All logic operations are dependent
on the existence of unidirectional EM signals, resulting in
ultra-precise all-optical logic operations. We emphasize that
the proposed microwave AODLS could be extended to higher
frequency regimes once opposite (one-way) SMPs are found
and judiciously utilized.’” Owing to the broad operating band,
robust signal transmission, precision, composability, and exten-
sibility, our proposed AODLS could become a novel platform
for optical calculations and optical communication, and it is
here believed that it has a great potential for designing inte-
grated optical circuits.
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