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ABSTRACT— In this paper, we proposed an all
optical 4-to-2 encoder that has 4 input and 3
output ports. This device generates a 2 bit
binary code based on which input port is active.
We used nonlinear photonic crystal ring
resonators along with optical power splitter for
realizing the proposed encoder. In this device
the switching rate and area are obtained about
333 GHz and 612um? respectively.

KeywoRrbDs: Kerr effect, Optical encoder,
Photonic bandgap, Photonic crystal.

|.INTRODUCTION

Optical logic devices are important building
blocks that can be wused in all optical
networking and optical signal processing. High
speed and high band width are the major
benefits of optical networks and optical signal
processing [1]. In order to avoid undesirable
delays imposed by conversion from electrical
to optical and optical to electrical in optical
networks, we need all optical networks in
which all process is done in optical form [2].
The main prerequisite for realizing all optical
networks is to have all optical devices. Optical
logic devices such as optical logic gates,
decoders, multiplexers and encoders are the
fundamental elements in optical logic circuits
used for optical signal processing.

Optical encoder is a logic device that has 2N
input and N output ports. Optical encoder
generates an N bit code based on which input
port is active. Beside their applications in
optical signal processing systems, optical
encoders are one the main building blocks in
all optical analog to digital converters (ADCs).
In realizing optical ADCs after creating
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discrete levels of input analog signal, we need
an optical encoder to convert the discretized
levels of input analog signal into standard
binary codes [3-5].

Photonic crystals (PhCs) can be used for
designing all optical devices. Periodic
distribution of refractive index in these
structures results in photonic band gap (PBG),
with which they can control and confine the
propagation of optical waves inside very
compact dimensions [6]. PhC based devices
are scalable and very flexible. Therefore, by
changing lattice constant or other structural
parameters of the structure it is possible to
easily control the optical behavior of the
device [7-9].

Due to these properties, it has been shown that
PhCs are suitable for designing many optical
devices such as optical filters [10-14],
demultiplexers [15-17], switches [18-20], logic
gates [21-24], and decoders [25-27].

Moniem [28] proposed an all optical 4-to-2
digital encoder, in which he combined 4
resonant rings with T-waveguide to design the
proposed encoder. The switching speed and
area of this encoder are 500 GHz and 1225
um? respectively. By combining elliptical ring
resonators and PhC waveguides,
Hassangholizadeh-Kashtiban et al. proposed
an all optical 4 to 2 reversible encoder [29].
The area of this structure is 217 pm?. Alipour-
banaei et al. [30] proposed another optical
encoder by combining self-collimation effect
of PhC structures with power splitters and
reflectors, in which the lattice constant is 1
um, which results in a large area (3795 um?).
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Also its performance is very sensitive upon the
phase of input light. They reported response
time as long as 1.4 ps for their presented
structure.

In this paper, we aim to design a compact all
optical 4-to-2 optical encoder whose area and
switching speed are suitable for employing in
optical integrated circuits (OICs). For this
purpose, we will combine nonlinear Kerr
effect with PhC ring resonator structure. We
used plane wave expansion (PWE) and finite
difference time domain (FDTD) methods
[31,32] for analyzing and simulating the
proposed structure and obtaining its optical
behavior.

The rest of the paper is organized as follows:
in section 2 we will propose the basic photonic
crystal ring resonator based switch structure
used for designing the encoder, in section 3 we
are going to discuss the design procedure and
simulation results of the optical encoder and
finally in section 4 we will conclude from our
work.

Il. FUNDAMENTAL SWITCH

For realizing the proposed 4-to-2 optical
encoder we need to design a fundamental
switch. The basic PhC platform used for
designing the optical switch is a 29x23 array
of silicon rods with square lattice in the z and
x directions. The rods are oriented along the y-
axis. The refractive index and radius of the
dielectric rods are n=3.46 and r=0.2*a
respectively, where a=600 nm is the lattice
constant of the structure.

Figure 1 shows that this structure has three
PBG regions and we choose the one with the
largest width, which is at 0.28<a/A<0.41 in
TM mode which are equal to 1463nm<1<2142
nm. In this mode, z-component of the
magnetic field is zero. Blue and red colors
indicate TM and TE modes in band structure
respectively.

The fundamental switch is composed of two
parallel optical waveguides and a nonlinear
resonant ring which is sandwiched between
these waveguides. In the proposed switch, the
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upper and lower waveguides are called bus
and drop waveguides respectively. As shown
in Fig. 2a, the fundamental switch has four
ports labelled as A, B, C and D. Port A is the
input port and B, C and D are forward
transmission, backward drop and forward drop
ports. Around the core we put 24 rods made of
doped glass, which are shown via green color
in Fig. 2(a). The linear refractive index and
Kerr coefficient of the doped glass are no=1.4
and =10 m?W [5]. The variation of
normalized light intensity at the output ports of
the proposed switch is shown in Fig. 2(b).
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Fig. 1. The band structure of the fundamental PhC.

I

Portlh

Port C

o o o
o o

Nomaized Qutput
-

Pin (Wika?)
®
Fig. 2. (a) The schematic and (b) the normalized
light intensity at output ports of the fundamental
switch.
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One can see that for lower optical intensities
the port B is OFF, and by increasing the input
intensity it will turn ON gradually. In this
paper the normalized threshold required for the
output ports to be considered ON (i.e. Logic 1)
Is set to be 0.4, also optical intensities less than
0.1 normalized value will be considered OFF
(i.e. logic 0). The resonant rings include the
nonlinear rods whose refractive indices are
depend on the launched optical power in the
ring. This issue results in changing power loss
for different optical power. So, the difference
of the intensity summation in both ends of the
device is occurred.

Distribution of optical waves inside the switch
for two different optical intensities are shown
in Fig. 3. For optical intensity less than
0.2 KW/um?, most of the optical waves will
drop into drop waveguide and travel toward
port C, however for optical intensities more
than 1.2 KW/um? most of the optical waves
will travel toward port B.
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Fig. 3. Distribution of optical waves inside the
structure for (a) Low and (b) High input optical
power intensities.

This phenomenon is due to the Kerr effect and
refractive index dependency of the PhC
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structures optical behavior. When the optical
power intensity is low, the central wavelength
of the input light coincides with the resonant
wavelength of the resonant ring, so the ring
will drop light waves into drop waveguide.
However, when the optical power intensity
reaches to the threshold value, the variation of
the refractive index of the dielectric rods, will
shift the resonant wavelength of the resonator
so that the central wavelength of the input light
will not coincide with the resonant wavelength
of the resonator. Therefore, the input light will
not be dropped into drop waveguide and will
travel toward port B.

I11. OPTICAL ENCODER

The fundamental PhC platform employed for
designing the proposed encoder is a 35x50
array of dielectric rods with square lattice. The
structural parameters such as refractive index,
radius and lattice constant are the same as the
proposed switch. So the band structure
diagram and PBG region will be the same too.

The proposed optical encoder is composed of
three optical waveguides — namely W1, W> and
W3 —, two ring resonators — namely R; and R»
— and an optical power splitter, as shown in
Fig. 4. By removing 3 complete rows of
dielectric rods the waveguides were created at
the appropriate  locations inside  the
fundamental platform. The power splitter is
simply created by combining two waveguides
with a T-branch structure. The power splitter
has two branches — namely upper and lower
branch — that are labeled with PSU and PSL
respectively.

The first ring resonator (R1) is placed between
W, and PSU and the second ring resonator
(R2) is placed between W3 and PSL. The
proposed encoder has four input ports and
three output ports. The input ports are labeled
with lo, I3, I2 and Is. The output ports are
labeled with V, O1 and O,. O1 and O- are the
binary output ports and V is used for
distinguishing the completely OFF state of the
encoder from the state in which lo is active.
The power splitter is designed completely
symmetrical so that, it splits the optical
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intensity coming from port I3 into 2 identical
parts.

After finalizing the design procedure, we are
going to simulate the proposed structure and
study its optical behavior. For this purpose, we

employed optical waves with 4=1550 nm and

optical power intensity of Po=0.7 KW/ u m? at

each input port. We have to mention that the
required threshold for the output ports to be
considered ON is 0.4 normalized power. The
working states of the encoder are as follows:
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Fig. 4. The final sketch of the proposed encoder.

State 1: When all input ports are OFF (i.e.
lo=11=1=13=0) which is shown in Fig. 5(a) all
the output ports will be OFF, and the encoder
generates "00" at the output ports and VV=0.

State 2. When lp=1land I1=I,=13=0, which is
shown in Fig. 5 (b), the optical power entering
the structure from lo will propagate in W1 and
travel toward port V, and will not reach to O,
and O.. So that V will be ON and O; and O
will be OFF (i.e. V=1, and 01=0,=0). The
normalized power intensity at port V will be
about 95%. When lo is ON the encoder
produces "00" binary code at the binary output
ports. For both state 1 and state 2, 0,01=00
therefore using port V one can distinguish
these states. On the other hands, if no input is
applied to the device, port V will be OFF and
shows O20:=00 is due to no input signal and
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device is inactive. However, port V will be ON
for lo=1 and 11=I2=13=0 and shows one of the
input ports (lo) is active.

State 3: when I1=1 and lo=I>=I3=0, which is
shown in Fig. 5(c), the optical waves entering
the structure from 11 will propagate inside W-
and travel toward R1. As discussed in section 2
when optical intensity is about 0.7 KW/um?,
R1 cannot drop all of the light waves from W
into PSU, so that the great portion of the light
waves will travel toward port O1 but there is
no optical power at O.. The normalized light
intensity at port O1 and O will be about 51%
and 1% respectively. Therefore, in this case O
is ON and O: is OFF and encoder generates
"01" binary code at the output ports. In this
case V is OFF.

State 4: when I>=1 and lo=Il1=I3=0, which is
shown in Fig. 5(d), the optical waves entering
the structure from 1, will propagate inside W3
and travel toward R.. As discussed in section 2
when optical intensity is about 0.7 KW/pm?,
R2 cannot drop all of the light waves from W3
into PSL, so that the great portion of the light
waves will travel toward port O. but there is
no optical power at O1. The normalized power
intensity at port O and Oz will be about 1%
and 51% respectively. In this case O; is OFF
and O, is ON and encoder generates "10"
binary code at the output ports. In this case V
is OFF.

State 5: when I3=1 and lo=1:=1>=0, the optical
signals entering the structure from Iz will be
divided into 2 identical parts by the power
splitter, one part propagates inside PSU and
travel toward R, and the other part propagates
inside PSL and travels toward R>. Therefore,
the amount of optical power intensity near
each resonator will be about 0.35 KW/um?. So
according to Fig. 2(b), Ry and R can drop the
light waves from PSU and PSL into W> and
W3 respectively, so that light waves will travel
toward O; and O2. The normalized power
intensity at both O; and O ports will be about
43%. Therefore, in this case O1 and Oz are ON
and encoder generates "11" binary code at the
output ports. In this case V is OFF. This is
shown in Fig. 5(e).
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(e)
Fig. 5. The working states of the proposed encoder,
(a)|o=|1=|z=|3=0, (b) lo=1 and |1=|2=|3=0, (C) 1:=1
and |o=|2=|3=0, (d) 1,=1 and |0=|1=|3=0, (e) 1s=1 and
|o=|1=|2=0.
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Fig. 6. The time response of the structure for
different states (a) lo=1 and l1=I,=15=0, (b) 1,=1 and
|0=|z=|3=0, (C) 1,=1 and |o=|1=|3=0, (d) 13=1 and
|0=|1=|z=0.

Figure 6 shows the time response of the
proposed structure, in these diagrams the
vertical axis represents the normalized power
at the output ports and the horizontal axis
shows the “cT” parameter in “um”, by
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dividing the values of the horizontal axis into
c=3x108 m/s, one can obtain the time values in
second. According to Fig. 6 the delay time for
the aforementioned working states are ti=0.05,
3, 3, and 2.5 ps (where i=2, 3, 4, and 5
represents the different working states
discussed above).

A shown in Figs. 6(a-c), the normalized power
exceeds 1. This issue is due to the resonance
phenomenon in both rings. Haus presented a
transmission line method based on LC (or
second order) circuit for light propagation in
cavity and ring resonators [33]. He
demonstrated the constructive interferences
could be related to the resonance phenomenon.
As far as we know the overshoot can be
occurred at underdamped case of a second
order circuit.

The maximum delay time for the proposed
structure is about t=3ps, so that the switching
rate of the proposed encoder will be about 333
GHz. These states are summarized in Table 1
and are shown schematically at Fig. 6.

As shown in Table 1 for the proposed structure
one can distinguish state 1 (i.e. lo=11=12=13=0)
from state 2 (i.e. lo=1 and I:=I>=13=0). The
total area of the proposed structure is about
612um?.

In order to evaluate the presented device, a
comparison between this work and others [28-
30] is presented in Table 2. Maximum
response time and overall area of the structure
are denoted with Trs and Area respectively.
One can see the proposed device is more
compact than Ref [28, 30]. Although in Ref
[30] the low response time is obtained, using
self-collimation  effect results in more
sensitivity rather than the proposed structure in
this work. In addition, large area is taking
account as an important disadvantage for Ref
[30]. Contrast ratio between the normalized
power margins for logics 1 and 0 is a
significant issue in designing all optical
devices. Table 1 demonstrates that this
parameter is obtained as large as 0.42 for the
proposed device. The calculated value for the
mentioned ratio is more than obtained ratio in
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Ref [29] (0.35) and is suitable for light
coupling from output ports to other devices.
With regard to the obtained results, the
presented structure can be proposed for using
in optical integrated circuits.

Table 1. All working states of the device.

Outputs
Inputs Normalized Logic Level
Output Power
lo Ih 12 Iz V 02 01 VvV 02 01
0 0 0 O 0 0 0 0 O 0
1 0 0 0 095 0 0 1 0 0
0 1 0 O 0 001 051 0 O 1
0 0 1 0 0 051 001 O 1 0
0 0 0 1 0 043 043 0 1 1

Table 2. Comparison between obtained results in this
study and other works.

Reference Tres (PS) Area (um?)
[28] 2 1225
[29] Not reported 217
[30] 1.4 3795

This work 3 612

1\V.CONCLUSION

In this paper we proposed an all optical 4-to-2
encoder, using 2D PhC structures. The
proposed structure was realized by combining
optical waveguides, ring resonators and power
splitter. The maximum rise time and switching
rate were obtained about 3ps and 333 GHz
respectively. The overall area of the proposed
structure is about 612um?. The proposed
structure can generate a 2 bit binary code
according to which input port is active.
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