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a b s t r a c t

We propose ultra compact all-optical XOR, XNOR, NAND and OR gates based on photonic crystal multi-

mode interference waveguides for binary-phase-shift-keyed signals. The logic gates have been

simulated and analyzed by finite difference time domain method. The extinction ratio between the

ON state and the OFF state for XOR, XNOR, NAND and OR gates are more than 28.6 dB, 28.6 dB, 25 dB

and 26.6 dB in the whole C-band, respectively. The proposed structure can achieve logical function

when the radius of all rods is fabricated with relaxed error tolerance within �10% to 30% from designed

parameters. The device possesses ultra compact size with approximately 6.9 mm�6.7 mm. The

proposed logic gates may potentially be used as key components in all-optical information networks

for processing binary-phase-shift-keyed signals.

Crown Copyright & 2013 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

All-optical signal processing techniques are expected to be the
main supporting techniques in future all-optical information net-
works [1,2]. As key components in all-optical networks, all-optical
013 Published by Elsevier Ltd. All

sts and Telecommunications,

Tel./fax: þ86 10 6228 2153.
logic gates would achieve various networking functions [3] such as
addressing, and header recognition, etc.

On the other hand, binary-phase-shift-keyed (BPSK) format has
been studied extensively owing to its better optical signal noise
ratio (OSNR) and nonlinearity tolerance than the on-off-keyed
(OOK) format, especially in ultra-long-haul submarine systems
[4–7]. Therefore, it is truly significant to design the device with
logic functions for BPSK signals.

However, during the past few decades, most all-optical logic
gates were achieved for OOK signals [8–10]. The all-optical logics
rights reserved.
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for BPSK signals have been reported very little except the optical
logic gates based on multi-mode interference waveguides
reported in [11]. In order to design the logic gate with simple
structure, ultra compact size and without additional control light,
we adopt photonic crystals (PCs). PCs offer great promise in
designing key ultra compact devices in all-optical integrated
circuits with significant reduction in the size and power con-
sumption. The size of PCs all-optical logic gates can be reduced to
the order of wavelength. Many all-optical logic gates based on
photonic crystal have been reported [12–19], and these photonic
crystal logic gates have potential to be key component in future
integration circuit. It is highly significant to design the devices
that possess lower power consumption, more compact size and
higher fabrication error tolerance for BPSK signals and large-scale
integrated system.

Multimode interference waveguides are attracted by some
scholars [20–23], especially for photonic crystal multimode inter-
ference waveguides are widely applied in the design of all-optical
devices, including all-optical logic gate [19], terahertz photonic
Fig. 1. Schematic of W2-wave

Fig. 2. (a) Dispersion curves for the prefect photonic crystal and the computational sup

super-cell (inset). (c) Dispersion curves for the W5-waveguide and the computational
crystal switch [23], wavelength de-multiplexing [24,25], and
polarization beam splitter [26,27], due to their simple structure,
low loss and large optical bandwidth.

In this paper, we propose all-optical XOR, XNOR, NAND and
OR functions based on photonic crystal multimode interference
waveguides. For our designed logic gates, the logical value of
the input is determined only by the phase information, and the
logical value of the output is determined only by the amplitude
information. Finite difference time domain (FDTD) method has
been used for numerical simulations, and the FDTD method can
be performed by the simulation software of Rsoft. The extinc-
tion ratio between the ON state and the OFF state for XOR,
XNOR, NAND and OR gates are no less than 28.6 dB, 28.6 dB,
25 dB and 26.6 dB in the whole C-band (1530 nm–1565 nm),
respectively. In addition, we discuss the fabrication tolerance of
the logic gate. The proposed device can achieve logic functions
and keep good performance when the radius of all rods
is fabricated with error tolerance within �10% to 30% from
designed parameters.
guide and W5-waveguide.

er-cell (inset). (b) Dispersion curves for the W2-waveguide and the computational

super-cell (inset).



Table 1

Parameters about the modes of W5-waveguide for TM waves at 0.278 (a/l).

Frequency (a/l) Mode

number-n

Parity Propagation

constant-b(2p/a)

Lc¼p/(b0�bn)

0.278 Zero order-0 even 0.3896 —

First order-1 odd 0.3425 10.5a

Second order-2 even 0.247 3.5a
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2. Theory analysis

2.1. Guided mode property

We will design the all-optical logic gates based on two kinds of
photonic crystal waveguides that W2 and W5-waveguide as shown
in Fig. 1, where Wn stands for a PC waveguide with n rows of
dielectric rods removed along the !-K direction of the crystal (the
removed rods from waveguides are marked as dashed circle as
shown in Fig. 1). Here, we consider two dimensional photonic
crystal waveguide structures composed of triangular lattice Si rods
in SiO2 background. The refractive index of the Si rods is 3.48 and
their radius r is 0.2a, where a is the lattice constant of photonic
crystal. The refractive index of the background-SiO2 is 1.45.

The dispersion curves of perfect photonic crystal, W2-waveguide
and W5-waveguide are calculated by plane wave expansion (PWE)
method, respectively. The band gap of the perfect photonic crystal
exists in the frequency ranges of 0.2622�0.3596 (a/l) with TM
polarization, as shown in Fig. 2(a). The dispersion curves of
W2-waveguide and W5-waveguide are illustrated in Fig. 2(b)
and (c), respectively, and the insets are the super-cells used for
calculation. From Fig. 2(b) and (c), we can see that for the two
waveguides, W2-waveguide holds one mode between frequency of
0.286(a/l) and the top of band gap, therefore ensure single-mode
propagation in this frequency range. The W5-waveguide holds three
modes between frequency of 0.286(a/l) and the top of band gap
therefore ensure multi-mode propagation in this frequency range.

If we use four guided modes of W5 waveguide to produce self-
imaging effect, the operation frequency should be located in the
frequency scope between 0.286 and 0.3. But this operation
frequency scope is very small and is not suitable for designing
the optical devices, and therefore we consider choosing three
guided modes of W5 waveguide to produce self-imaging effect,
and the operation frequency scope should be located in the scope
between 0.286 and the top of band gap. And next, we simulate the
mode field to find the optimal operation frequency which can let
optical signal propagate well. And the simulation results can be
seen in Figs. 3 and 4. Figs. 3 and 4 show the mode filed in
frequency 0.275, 0.278, and 0.282 (a/l) for W2 and W5 wave-
guide, and it can be seen that the mode field is strongest in 0.278
(a/l). Therefore we choose the frequency of 0.278 (a/l) to serve as
operation frequency of optical device.
Fig. 3. Mode field in frequency (a) 0.275(a/l), (b)

Fig. 4. Mode field in frequency (a) 0.275(a/l), (b)
2.2. Self-imaging theory

The mode propagation analysis (MPA) method is very useful to
describe the self-imaging phenomena in multimode waveguide
[26]. It is assumed that the input wave is well confined to the
guiding region not to excite the radiation modes. So the total field
c(x, z) in the multi-mode waveguide at a distance x can be
expressed as a sum of all guided modes [26]:

cðx, zÞ ¼
Xp�1

n ¼ 0

cnfnðzÞexp ½jðb0�bn

�
x� ð1Þ

where jn(z) is the modal field distribution, cn is the field
excitation coefficient, p is the number of modes, and the subscript
n denotes the order of modes (n¼0, 1, 2, y, p�1). exp[j(b0–bn)x]
is mode phase factor, where b0 and bn are the propagation
constants of the fundamental mode and the nth mode. The field
excitation coefficient cn can be estimated using overlap integrals
based on the field-orthogonality relation as

cn ¼

R
cðx, zÞfnðzÞdzR

f2
nðzÞdz

ð2Þ

The profile of c(x, z) and the types of images formed are
determined by the modal excitation coefficient cn and by the
properties of the mode phase factor exp [j(b0–bn)x]. The shortest
coupling length between the fundamental mode and the nth
mode is defined as [23]:

Lc ¼
p

b0�bn

ð3Þ

We choose the frequency of 0.278(a/l) to study. The para-
meters about these modes at 0.278(a/l), including propagation
constant, the symmetry property of modal field patterns and the
0.278(a/l), (c) 0.282(a/l) for W2 waveguide.

0.278(a/l), (c) 0.282(a/l) for W5 waveguide.



Fig. 5. Open-ended W5-waveguide with two input ports.
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coupling length Lc, are listed in Table 1. According to (3), Lc

between zero order mode and first order mode is 10.5a, and Lc

between zero order mode and second order mode is 3.5a at
0.278(a/l).

2.3. Logic model design

In order to design the appropriate length for multimode
interference (MMI) region to achieve logical function, we firstly
study on the open-ended W5-waveguide [26] as shown in Fig. 5.
If the two input light with the same phase are launched into
the two input ports at the same time, the components along z

direction of the two inputs light will cancel out, and the
components along x direction of the two inputs light will be
superimposed. This case is equivalent to that one input light is
launched vertically into the W5-waveguide at z¼0 along the x

direction, and then single image and double image will appear
alternatively [27]. If the input light with the different phase is
launched at the same time, in those positions where zero order
mode couples with first order mode and second order mode, some
coupling components of the two inputs will canceled out because
of opposite phase and other coupling components of the two
inputs will be superimposed because of same phase. In order to
achieve logical function, we need to find the appropriate position
that the superimposed components will emerge at only one side
of the MMI region as much as possible, then the output ports will
be laid at this position to get maximum output light power.

To design the appropriate length of W5-waveguide and verify
the above-mentioned analyses, we observe the steady-state field
distributions in an open-ended W5 waveguide, as shown in Fig. 6,
by using the 2D FDTD method. The phase difference (F1–F2) is
assumed to be 901, �901, 01 and 1801, where F1 and F2 are the
phases of two inputs light on port A and port B, respectively. It is
assumed that two input light signals have the same intensity,
wavelength and polarization.

From Fig. 6, we can see that there are some expected
phenomena occurred in the position where the length of MMI is
3.5a. When input light with F1¼01 on port A and input light with
F2¼�901 on port B are launched into W2-waveguide at the
same time, light superimposes on one side of the W5-waveguide.
When input light with F1¼01 on port A and input light with
F2¼901 on port B are launched into W2-waveguide at the same
time, light superimposes on other side of the MMI region. When
input light with F1¼01on port A and input light with F2¼01 on
port B are launched into W2-waveguide at the same time, single
image and double image of input light appear alternatively in
MMI region. When input light with F1¼1801on port A and input
light with F2¼01 on port B are launched into W2-waveguide at
the same time, two input light propagate along two sides of MMI
region.

Through prior self-imaging theoretical analysis, we know that
the shortest coupling length Lc between zero order mode and
second order mode is 3.5a at 0.278(a/l),which is close to 4a.
Therefore, we infer that Lc between zero order mode and second
order mode is the appropriate length of W5-waveguide. There-
fore, we choose 4a as the length of the W5-waveguide; the basic
logic model is designed as show in Fig. 7. Where port C serves as
logic output port; port A and port B serve as two input ports.
3. Optimization and analysis for the logic model

3.1. Optimization for the logic model

We optimize the logic model shown in Fig. 7 for three aspects
of extinction ratio, conversion efficiency and transmission ratio.
The structure of MMI mainly influences the performance of logic
gate, especially the rods around the MMI. We firstly study the
impact of rods-A (shown in Fig. 7) on the performance of logic
gate. We shift the rods-A to observe the change of the transmis-
sion ratio and extinction ratio, while input light with phase
F1¼01on port A and input light with phase F2¼�901 and 901
on port B. Two input light signals have the same intensity,
wavelength and polarization. The direction of shifting rods-A is
signed as Fig. 7 (lined out as red arrow) and the distance of
shifting is defined as d. Then we calculate the transmission ratio
and extinction ratio of the logic model with various d, and the
results are shown in Figs. 8 and 9, respectively. The transmission



Fig. 6. Field distributions at the 1550 nm for open-ended W5-waveguide.
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is defined as

TR¼
PC

PAþPB
� 100% ð4Þ

where PC is the power of the logic output port C and PAþPB is the
total input power. The extinction ratio is defined as [11]:

ER¼ 10 log10
P1

P0
ð5Þ

where P1 is power of logic 1 obtained on output port C and P0 is
power of logic 0 obtained on output port C, respectively. For the
logic output port, logic 1 is achieved when logic output port have
maximum output power, and logic 0 is achieved when logic
output port have minimum output power.

From Fig. 8, we can see that only the concave transmission
peak (lined out as dashed elliptical) move to low frequency when
increasing the shifting-distance d. Comparing to the peak when
d¼0, the peak when d is bigger than 0 are all located in the
frequency that is lower than the case of d¼0. Only when d¼0.4a,
the peak move to the high frequency, but this high frequency is
also lower than the frequency of the peak when d¼0. Therefore,
from the whole moving tendency, the peak moves to lower
frequency. Therefore, the shifting of rods-A can increase the
bandwidth of normalized transmission of not less than 80%, and
the bandwidth is widest when d is 0.5a. The shifting of rods-A also
can increase the operating bandwidth of the ON to OFF logic-level
extinction ratio of not less than 15 dB as shown in Fig. 9, and the
bandwidth is widest when d is 0.5a. The shifting-distance d is set
as 0.5a. According to a¼l� f, where a is lattice constant, l is
the work wavelength of the logic gate, and f is the operation
frequency of logic gate. We can adjust the logic model to operate
at the whole C-band by setting lattice-constant a¼1550�
0.278 nmE430 nm.

Next we study the impact of rods-B on the performance of the
logic gate. In our proposed logic gate, W5-waveguide serves as
MMI. We modify radius of the first row rods-B (shown in Fig. 5) of
W5-waveguide to observe the change of the extinction radio,
while input light with phase F1¼01on port A and input light with
phase F2¼�901 and 901 on port B. The results are shown in
Fig. 10. From Fig. 10, we can see that when the radius R is 0.17a,
the ER is more than 28.6 dB with frequency scope from 1522 nm
to 1566 nm. The ER of the case of R¼0.17a is higher than other
cases, and have wider frequency bandwidth than other cases
when ER is 28.6 dB. Through optimization above, we propose
logic gate model as shown in Fig. 7, where the shifting distance of
rods-A is d ¼0.5a and the radius of rods-B is R¼0.17a.

3.2. Performance analysis

We analyze the extinction ratio, conversion efficiency and
transmission ratio of all-optical logic gate model shown as in
Fig. 7. The extinction ratio is shown as Fig. 10, and we can see that
the extinction ratio is more than 28.6 dB in the whole C-band
(1530–1565 nm).

We change the phase F1 of input light on port A from �1801
to 1801 while phase F2 of input light on port B is 901. The
conversion efficiency Z is defined as [11]:

Z¼ PC

Pmax
� 100% ð6Þ

where PC is the power of logic output port C, and Pmax is the
maximum output power. The conversion efficiency spectra are
shown in Fig. 11. We can see that the change case of conversion
efficiency with phase F1 when phase F2 is fixed.

Fig. 12 shows the wavelength dependence of the transmission
in the whole C-band for the logic model. From Fig. 12, we can see
that, the transmission of logic model is over 93% in the whole
C-band.
4. Examples of the logic gate with XOR, XNOR, NAND and OR
functions

4.1. Definition of logic value for BPSK signals and logical behavior

analysis

The proposed logic gate can operate two-channel BPSK signals
and can achieve different logic functions for different combina-
tions of BPSK signals. Next, we will discuss XOR, XNOR, NAND and
OR logic functions as examples to illustrate the logic behaviors of
the proposed logic gate.

For each logical function, it is achieved by inputting two kinds
of BPSK signals (BPSK1 on input port A and BPSK2 on input port B)
and corresponding logical definition of logic 1 and 0 is illustrated
in Table 2. It can be seen from Table 2; the logic gate will process
these two signals for XOR calculation when BPSK1 with logic 1
and 0 defined by phase 01and 1801respectively and BPSK2 with
logic 1 and 0 defined by phase 901and �901respectively; the logic
gate will process these two signals for XNOR calculation when
BPSK1 with logic 1 and 0 defined by phase 01and 1801respectively
and BPSK2 with logic 1 and 0 defined by phase �901and



Fig. 7. Structure of logic model with XOR, XNOR, NAND and OR functions. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)

Fig. 8. Transmission ratio as a function of normalized frequency with various d. Fig. 9. Extinction ratio as a function of normalized frequency with various d.
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901respectively; the logic gate will process these two signals for
NAND calculation when BPSK1 with logic 1 and 0 defined
by phase �901and 901respectively and BPSK2 with logic 1 and
0 defined by phase 01and 901respectively; the logic gate will
process these two signals for OR calculation when BPSK1 with
logic 1 and 0 defined by phase 1801and 01respectively and BPSK2
with logic 1 and 0 defined by phase 1801and 901respectively. In
order to illustrate the principle of processing BPSK signals better,
we give the corresponding schemas of logic gate with XOR, XNOR,
NAND and OR logical functions for different BPSK signals respec-
tively, as shown in Fig. 13.

Then, we simulate proposed logic gate and measure its logical
output for different kinds of combinations of the inputs which can
achieve XOR, XNOR, NAND and OR functions according to Table 3.
The field distributions of logic gate at the whole-C band with XOR,
XNOR, NAND and OR functions are shown in Fig. 14. The behavior
of logic gate with XOR, XNOR, NAND and OR functions for
simulation is in accordance with Table 3. Therefore, this proposed
all-optical logic gate can function as XOR, XNOR, NAND and OR
gates for different input BPSK signals.

4.2. Extinction property of logic gate

We analyze the extinction property of this logic gate for XOR,
XNOR, NAND and OR functions, respectively. The extinction rate
of logic output port C is calculated as (7) which is defined as [11]:

ER¼ 10 log10

Py

Px
ð7Þ

where Py and Px is power of logic 1 and logic 0 obtained on output
port C, respectively. Subscript y and x represents operation step 1,



Fig. 10. Extinction ratio as a function of normalized frequency with different R.

Fig. 11. (a) Conversion Efficiency of logic model, when phase-F2 of input light on

port B is 901.

Fig. 12. Normalized transmission of logic model, where a is 430 nm.

Table 2
The definition of logic value of BPSK signals on input ports (A and B).

Logic functions Port-A Port-B

BPSK1 BPSK2

Logic value Logic value

1 0 1 0

Phase Phase Phase Phase

XOR 01 1801 901 �901

XNOR 01 1801 �901 901

NAND �901 901 01 901

OR 1801 01 1801 901

Fig. 13. (a), (b), (c) and (d) are schemas of logic gate with XOR, XNOR, NAND and

OR logical functions for different BPSK signals, respectively.

Table 3
Truth table for the XOR, XNOR, NAND and OR gates.

Operation steps Logic input Logic output on Port-C

Port-A Port-B XOR XNOR NAND OR

1 1 1 0 1 0 1

2 1 0 1 0 1 1

3 0 1 1 0 1 1

4 0 0 0 1 1 0

W. Liu et al. / Optics & Laser Technology 50 (2013) 55–64 61
2, 3 and 4 shown as Table 3, respectively. The extinction rate of
logic output port C for XOR, XNOR, NAND and OR functions
is shown in Fig. 15(a), (b), (c) and (d), respectively. As shown
in Fig. 15(a) and (b), the extinction ratio of logic gate with XOR
and XNOR functions almost exceeds 28.6 dB on the whole C-band
(1530 nm–1565 nm). The extinction ratio of our proposed XOR
structure may exhibit a better performance than the XOR struc-
tures in [11,17,19], the minimum extinction ratio of XOR struc-
ture in [11] is 21.5 dB in the whole C-band, the extinction ratio of
XOR structure in [17] is between 17 dB and 20.1 dB, and the



Fig. 14. Field distributions to show the performance of the proposed all-optical logic gate with XOR, XNOR, NAND and OR functions for different BPSK signals, respectively.

Fig. 15. (a), (b), (c) and (d) are extinction ratio of the logic gate with XOR, XNOR, NAND and OR functions, respectively.

W. Liu et al. / Optics & Laser Technology 50 (2013) 55–6462
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minimum extinction ratio of XOR structure in [19] is 6.79 dB in
the whole C-band. As shown in Fig. 15(c) and (d), we can see the
extinction ratio of logic gate with NAND and OR functions almost
Fig. 16. Fabrication error tolerance of XOR model.

Fig. 17. Field distributions of the logic model with XOR function (a)–(e) at l¼1550 nm w

On Port B, F1¼901 and �901 represent logic 1 and logic 0, respectively.
exceed 25 dB and 26.6 dB on the whole C-band, respectively. The
extinction ratio of our proposed logic gate with OR function may
exhibit a better performance than the OR structure in [11], and
the minimum extinction ratio of OR structure in [11] is 22.3 dB in
the whole C-band.
5. Analyses of fabrication tolerance

In order to analyze the practical applications of the above-
mentioned logic models, we will discuss the fabrication error
tolerance of logic model-XOR gate. We assume that all the
rods radius in the logic models with D% error from theoretical
designed parameters, and the fabrication tolerance D can be
express as follows:

Rerror ¼ Rtheory � 1þD ð8Þ

where Rerroris the radius of each rod that has error comparing to
theory design value, Rtheory is theory design value of the radius
of each rod, and D is the error proportion and is named error
tolerance. Then we have calculated the spectrum of the extinction
ratio when all the rods are �10%, 10%, 20% and 30% larger than
theoretical designed parameters, as shown in Fig. 16. From Fig. 17,
we can see that, for D¼�10%, 10%, 20% and 30%, the ON to OFF
logic level extinction ratio in the whole C-band is 10 dB, 25 dB,
ith D% error. On Port A, F1¼01 and 1801 represent logic 1 and logic 0, respectively.



Table 4

Operating bandwidth Dl of the ON and OFF logic-level extinction ratio not less

than one value with D% error.

ER (dB) Dl (nm)

D¼0 Z28.6 35

D¼�10% Z10 35

D¼10% Z25 35

D¼20% Z20 35

D¼30% Z10 35
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20 dB and 10 dB, respectively. We summarize the analytical
results of operating bandwidth Dl of the ON and OFF logic-level
extinction ratio more than one value when the model has D error
in Table 4. The field distributions of XOR gate at l¼1550 nm with
D% error are illustrated in Fig. 17. The fabrication error tolerance
of our proposed logic model may exhibit a better performance
than logic structure in [19]. The rods radius of the XOR logic [19]
needs to be controlled with not more than 5% fabrication error
through simulation analysis, and rods radius of the logic model in
this paper can be controlled within �10% to 30% fabrication error
with well performance.
6. Conclusion

We propose photonic crystal all-optical XOR, XNOR, NAND,
and OR logic gates based on multi-mode interference waveguide.
The device operations for the TM wave have been simulated and
analyzed by the FDTD method. The device possesses ultracompact
size with approximately 6.9 mm�6.7 mm. We analyze the perfor-
mance of proposed logic structure for extinction ratio, conversion
efficiency, transmission ratio and fabricate tolerance. The ON and
OFF logic-level extinction ratio for XOR, XNOR, NAND and OR
gates are more than 28.6 dB, 28.6 dB, 25 dB and 26.6 dB in the
whole C-band, respectively. The conversion efficiency is no less
than 98%. The transmission ratio is no less than 93% in the whole
C-band. And we analyze the fabrication tolerance of the XOR logic
model, when all rods radius are larger than criteria parameters
from �10% to 30%. For D¼�10%, 10%, 20% and 30%, the ON to
OFF logic level extinction ratio in the whole C-band is 10 dB,
25 dB, 20 dB and 10 dB, respectively. The device is potentially
important for future all-optical information integrated networks.
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