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In this paper, a novel all-optical analog-to-digital converter (AOADC) is proposed and simulated for proof
of principle. This AOADC is designed to operate in the range of telecom wavelength (1550 nm). A cavity
made of nonlinear Kerr material in photonic crystal (PhC), is designed to achieve an optical analog-to-
digital conversion with 1 Tera sample per second (TS/s) and the total footprint of 42 lm2. The simulation
is done using finite-difference time domain (FDTD) method.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electronic-to-optical conversion and vice versa in integrated
optical circuits and networks reduce the bandwidth and limit the
speed of operation. One of the best solution proposed is to take
advantage of all-optical devices. In recent years, all-optical devices,
such as switches [1–3], logic gates [2,4–6], add-drop filters [7,8],
and multiplexers [9,10]. based on photonic crystal (PhC) structures
have been designed and proposed with appropriate dimensions.
Nowadays, in modern communication systems, AOADCs in all-
optical networks and processors can lead to increase of speed
and bandwidth due to elimination of electronic conversion. How-
ever, AOADCs suffer from some limitations that hinder them to
be developed commercially. For example, The first generation
AOADC was designed based on a hundred-kilometer optical fiber
which was not possible to be considered in all-optical integrated
circuits [11,12]. Another structures was designed based on Chalco-
genide in which although a significant improvement was achieved
comparing the former mentioned structure, the dimension still is
too large (six centimeters) to be an appropriate candidate for opti-
cal integrated circuits [13]. There are various designs for AODCs
using PhCs; but operation speed of these devices is not acceptable
for ultra-high-speed optical processing [14–16]. In this paper, an
AOADC with tiny dimensions and maximum sampling rate up to
1 TS/s is proposed based on nonlinear Kerr effect in PhC. All the cal-
culations and simulations of the designed AOADC are done based
on Plane wave expansion (PWE) and finite-difference time domain
(FDTD) methods, respectively. While most of the research in this
area has been limited to theoretical and numerical analysis, there
have also been practical implementation of photonic crystal struc-
tures [17,18]. In this work, an analytical and numerical investiga-
tion of the novel all-optical analog-to-digital converter (AOADC)
is explored and AOADC mechanism is described analytically and
findings verified by structure FDTD simulations. The results of this
analytical and numerical investigation paves the path and set the
direction towards the realization of all-optical AOADC which can
find applications in communication and nanoplasmonic circuits.
The paper is arranged in following way. In part 2, a defected cavity
based on Kerr defect is designed and analyzed. Part 3 introduces
the designed ADC based on the discussed defected cavity. Finally,
the results are discussed and concluded in part 4.
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2. Defected cavity based to Kerr effect

In recent years, different logic gates and ADCs have been pro-
posed based on cavity and nonlinear properties due to their
high-speed performance and low-power consumption [19,20]. In
this paper, PhC is designed based on air rods with radii r = 0.3a
in GaAs substrate with refractive index of 3.49 at k ¼ 1550 nm,
and the lattice constant of a = 434 nm. Removing a row of rods in
the structure results in the band diagram of PhC, as shown in Fig. 1.

Removing two of the up and down rods along the deleted row
as shown in Fig. 2, a cavity is created with a specific resonant fre-
quency. Fig. 3 shows the model of the cavity of the structure. Based
on temporal coupled mode theory [21] (TCMT) near the resonant
modes, the waveguide transmission can be expressed by:
Fig. 1. The simulated band diagram of the designed PhC.

Fig. 2. Schematic of the designed PhC including removed rods and green dots
creating the cavity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Schematic of photonic crystal cavity model
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Fig. 4. Simulated transmission vs. wavelength for the PhC with the radii of the rods
around the defect of rC1 = 0.30a, rC2 = 0.31a, rC3 = 0.32a, and rC4 = 0.33a.

Fig. 5. Schematic of the designed PhC including the located nonlinear Kerr material
(black dots) within the cavity.
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Fig. 6. Simulated transmission vs. wavelength for the PhC with the nonlinear Kerr
defects with radii of rd1 = 0.25a, rd2 = 0.24a, rd3 = 0.23a and rd4 = 0.22a.
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Fig. 7. Simulated transmission vs. input power for radii of rd1 = 0.22a, rd2 = 0.23a,
rd3 = 0.24a, rd4 = 0.25a. at wavelength of k1 ¼ 1542; k2 ¼ 1545; k3 ¼ 1548, and
k4 ¼ 1551 nm

Fig. 8. The designed ADC having two output ports A and B.
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Fig. 9. Simulated output vs. input power for radii of rc = 0.33a and rd = 0.19a at
k ¼ 1550 nm.
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TðxÞ ¼
ðx�x0Þ2 þ 1

si

� �2

ðx�x0Þ2 þ 1
si
þ 1

sx

� �2 ð1Þ

wherex stands for the frequency of incident light andxc is the res-
onance cavity frequency, 1=si represents the decay rate intrinsic
loss, and 1=sx is the waveguide coupling loss [21]. At the resonance
frequency x0, the transmission function has a dip with a minimal

value of ð1=siÞ2=ð1=si þ 1=sxÞ2 and Fig. 4 demonstrates transmis-
sion of the structure of Fig. 2. As Fig. 4 shows, the resonant fre-
quency can vary by changing the radii of rods around the defects.
[19,20]. Adjusting the diameters of defects, it can be possible to
tune transmission dips wavelength.

As Fig. 5 illustrates, two rods with linear refractive indexes of
NL = 2.6 and nonlinear refractive indexes of N2 = 2.7e�9 m2/W are
located inside the cavity [17,18]. Figs. 6 and 7 demonstrate trans-
Table 1
Logic states level of proposed AOADC.

Input power Output Port A

0 mW < Pin < 2 mW 1:5 mW > PA

2 mW < Pin < 10 mW 1:5W < PA < 2:9 mW
10 mW < Pin < 25 mW 0:3 mw < PA < 1:5 mW
25 mW < Pin 1:5 mW < PA
mission of the structure of Fig. 5. The intensity of the incident light
alters the nonlinear Kerr refractive index and this changes the total
refractive index of Kerr medium. Consequently, the light resonant
frequency of the cavity can shift. Ignoring the nonlinear properties
of the defects (N2 = 0), the resonant frequency of cavity can be
shifted by changing the radii of the defects, as shown in Fig. 6.

By considering nonlinear properties of the defects, Fig. 7 shows
that the light transmission is dependent on the light intensity at
different wavelengths of k1 ¼ 1551; k2 ¼ 1548; k3 ¼ 1545, and
k4 ¼ 1542 nm which are according to the radii of rd1 = 0.22a, rd2
= 0.23a, rd3 = 0.24, rd4 = 0.25a, respectively. Increasing the radii of
nonlinear defects enhances their sensitivity to the incident light
intensity which leads to the resonant frequency shift at low input
light power. Also, the slope of transmission vs. input power
becomes sharp by increasing the radii of defects. So, by adjusting
the radii of defects and the radii of rods around defects, the sensi-
tivity of the structure to different light intensity can be tuned in
various designs and applications such as AOSDC.

3. The Novel AOADC

Fig. 8 shows the proposed AOADC having one input and two
outputs A and B. Port B is set within a cavity where the light will
be coupled into it, in the resonance condition. As it mentioned pre-
viously, the cavity is in resonance mode of a specific light intensity
so, If the input light intensity is high, both outputs will turn to ON
or equivalently logic ‘‘1”. Tuning the resonant frequency of the cav-
ity for the input light, the light in output A will have three states of
passing, blocking, and passing again by increasing the input light
intensity, as shown in Fig. 8. It can be seen that by increasing the
input power, the output power in ports A and B turn gradually
from logic ‘‘00” to ‘‘11”. In Table 1, the input power and the asso-
ciated logic levels are indicated for each output and Fig. 9 illus-
trates the variation of outputs powers vs input power value.

Figs. 10–13 show the simulated Hy accomplished b 2-D FDTD
method. As it can be seen in the figure and table, if the input light
Output Port B Logic

0:02 mW > PB ‘‘00”
0:02 mW < PB < 0:4 mW ‘‘01”
1:2 mW < PB < 2:4 mW ‘‘10”
2:4 mW < PB ‘‘11”



Fig. 10. Hy distribution for the designed ADC with the input power of 1.3 mW and
output logic of ‘‘00”.

Fig. 11. Hy distribution for the designed ADC with the input power of 8 mW and
output logic of ‘‘01”.

Fig. 12. Hy distribution for the designed ADC with the input power of 15 mW and
output logic of ‘‘10”.

Fig. 13. Hy distribution for the designed ADC with the input power of 28 mW and
output logic of ‘‘11”.
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Fig. 14. The temporal diagram for the two outputs with input light interrupted at
300 CT lm.
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power is 0 < Pin < 2 mW, the output of both ports A and B will be
‘‘0”, and if the input light power is 2 mW < Pin < 10 mW, the out-
put of ports B will be ‘‘0” and port A will be ‘‘1”. For the input light
power of 10 mW < Pin < 25 mW, the output of ports A and B will
be ‘‘0” and ‘‘1”, respectively. Finally, if the input light power is
25 mW < Pin, the frequency shift of cavity will occur again and
the output of both ports will become ‘‘1”.

Here, The temporal shape of the input pulse is square pulse with
300 CT (C = 3e8 m/s is the speed of light and T is time) length. By
applying CW signal to the system the output state will be ‘‘10”
and after 300 CT the source switches to OFF state. As Fig. 14 shows,
the outputreaches the stable state after 100 CT, while it reaches to
ON state in the 150 CT. So, the minimum time period for the input
pulse should be more than 1 ps which results in a ADC with max-
imum sampling rate up to 1 TS/s. Due to using only one cavity
which is very fast compared to the previously reported ADCs. In
order to study of the structure response to the Gaussian source
we applied 0.5 ps or 150 CT duration Gaussian signal to the system.
It is obvious that the system cannot response to pulses with lower
time duration (Fig. 15) The wavelength of laser source set to 1550
nm and wavelength of cavity resonance is 1540 nm. One of the
important parameters in here is detuning between laser source fre-
quency and cavity resonance frequency. This detuning governs the
bistability manner of the structure. Based on Refs. [17,18], bistabil-
ity appears when r >

ffiffiffi
3

p
where r ¼ ðxc �x0Þ=C;Q ¼ xc=2C, and

C is the full width half minimum (FWHM). Here we obtained
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Fig. 15. Simulated output vs. input power for the radius of defect of 23a and radius
of cavity rods of 0.32a.

Table 3
FDTD method parameters for simulation.

FDTD setup parameters value

grid size 0:025 lm
Simulation time 1000 CT
Boundary conditions PML
PML layers width 0:5 lm
Background index 1
Kerr nonlinearity 2:7e�9 m2=W2

time step 0.0125 CT

Table 2
Energy reflection in the structure.

State of the operation Reflected Power

‘‘00” 0 mW < Pref < 0:4 mW
‘‘01” 0:4 mW < Pref < 6 mW
‘‘10” 6 mW < Pref < 14 mW
‘‘11” 14 mW < Pref < 21 mW
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Fig. 17. Simulated output vs. input power for the radius of defect of 21a and radius
of cavity rods of 0.322a.
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r ¼ 1:718 and quality factor Q ¼ 71:591 of cavity with resonant
frequency xc ¼ 0:65 lm�1 and Dx ¼ ðx0 �xcÞ ¼ 0:005337 lm�1

And so there is no bistability manner in the proposed structure.
In the structure, at cavity resonance wavelength or 0:65 lm�1

the amount of reflected energy to the input port is considerable
where using this reflection provide possibility to increase the res-
olution of ADC, which results in adding extra output ports. Table 2
demonstrated energy reflection in the structure.

To adjust the ADC for higher power, the diameter of nonlinear
defects can decrease which leads to the shorter resonant fre-
quency. To adjust ADC to operate at 1550 nm and compensate
the frequency shift due to change in the radii of nonlinear Kerr
rods, the radii of the surrounding rods can increase, as discussed
in the previous section. In this phase, the radii of nonlinear rods
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Fig. 16. Simulated output vs. input power for the radius of defect of 23a and radius
of cavity rods of 0.32a.
are set to 0.21a and 0.23a, and the radii of surrounding rods are
set to 0.32a and 0.322a, and Figs. 16 and 17 show the simulation
results. As it is can be seen in Figs. 14 and 15, the ADC is sensitive
to the input power within the range of 0 to 13 mW and 0 to 18
mW, respectively. All of the simulations information and FDTD
model parameters are listed in Table 3.
4. Conclusion

In this paper, a structure for AOADC was proposed and simu-
lated. This two-bit AOADC has two output ports which change
their state according to the input signal intensity. The designed
AOADC operates in the range of communication wavelength
(1550 nm). A cavity made of nonlinear Kerr material was used in
this structure in order to obtain analog to digital conversion. Using
nonlinear Kerr properties and PhC, the operation speed of the
structure increased to 1 TS/s per second with the total footprint
of 42 lm2 which is a significant improvement comparing to the
previously reported AOADCs. Employing 2-D FDTD method, the
proposed structure was simulated for proof of principle.
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