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Abstract

This paper reports a new optical analog-to-digital converter (OADC) design based on non-
linear X-shaped photonic crystal ring resonators (X-PCRRs). The dielectric rods made of
silicon and nonlinear rods composed of doped glass are used to form X-PCRRs. The pro-
posed structure consists of a nonlinear three-channel demultiplexer and an optical encoder.
The nonlinear demultiplexer converts the continuous input signal into three quantized dis-
crete levels, and the optical encoder generates two-bit binary codes depending on the out-
put channel number of the demultiplexer. Two well-known plane wave expansion and finite
difference time domain methods are applied to study and analyze the photonic band struc-
ture and light propagation inside the PhC-based structure, respectively. The wide TM pho-
tonic band gap of the fundamental PhC covers the second window of telecommunication
in the C-band. Our calculations reveal that the proposed OADC has a maximum response
time of about 4 ps and a sampling rate of 125 GS/s that is much faster than the designed
ADC in previous studies. The proposed ADC also has a total footprint of 1785 pm? with a
minimum leakage loss.

Keywords Analog-to-digital converter - Photonic crystal - Nonlinear ring resonator -
Optical Kerr effect - Demultiplexer - Optical encoder

1 Introduction

Photonic crystal fibers (PCFs) and photonic crystal slabs (PCSs) are appropriate tools
for implementing all-optical telecommunication systems and networks (Sinha and Rawal
2008). These structures are periodic arrays of dielectric materials (Rahmani and Mehdi-
zadeh 2018; Saghaei et al. 2017; Sharifi et al. 2016). They have many applications in the
design of logic gates (Andalib and Granpayeh 2009; Hussein et al. 2018; Moradi et al.
2019; Younis et al. 2014), optical filters (Alipour-Banaei et al. 2014; Foroughifar et al.
2021; Guo et al. 2019; Naghizade and Saghaei 2020a; Rakhshani and Mansouri-Birjandi
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2013), encoders and decoders (Moniem 2016; Monisha et al. 2018; Mostafa and El-Rabaie
2019; Naghizade and Khoshsima 2018; Parandin 2019; Parandin et al. 2018; Rajasekar
et al. 2020; Yang et al. 2017; Naghizade and Saghaei 2020b), comparators (Fakouri-Farid
and Andalib 2018; Jile 2020), adders and subtractors (Hosseinzadeh Sani et al. 2020a;
Moradi et al. 2018; Moradi 2019), registers (Martinez-Dorantes et al. 2017; Pahari and
Guchhait 2012), optical fibers (Aliee et al. 2020; Diouf et al. 2017; Ghanbari et al. 2018,
2017; Saghaei 2017; Saghaei et al. 2016a, 2016b, 2015), demultiplexers (Mehdizadeh and
Soroosh 2016; Saghaei et al. 2011; Saghaei and Seyfe 2008; Talebzadeh et al. 2017; Wen
et al. 2012), sensors (Alden Mostaan and Saghaei 2021; Hosseinzadeh Sani et al. 2020b;
Kowsari and Saghaei 2018; Nasirifar et al. 2019; Tabrizi et al. 2021; Tavakoli et al. 2019),
PhC fibers (Ebnali-Heidari et al. 2014; Raei et al. 2018; Saghaei 2018; Saghaei and Ghan-
bari 2017; Saghaei and Van 2019), switches (Alipour-Banaei et al. 2015; Chen et al. 2006;
Danaie and Kaatuzian 2011; Mehdizadeh et al. 2017a), interferometers (Danaee et al.
2019; Gu et al. 2007; Saghaei et al. 2019), and memories (Alexoudi et al. 2020; Kuramochi
et al. 2014; Uda et al. 2018), as well as all-optical clocked sequential circuits including
flip-flops (Kumar et al. 2010; Sethi and Roy 2014), synchronous and asynchronous coun-
ters (Kaur and Kaler 2014; Poustie et al. 2000). Another important application is the use
of photonic crystals in the optical analog-to-digital converter. An OADC generates binary
code from the light intensity of the input signal. Researchers have shown that the optical
behavior of PhC-based structures depends significantly on the refractive index. However,
we know that due to the optical Kerr effect, the refractive index of the dielectric mate-
rial depends on the intensity of the incoming light. Overall, this means that PhC-based
structures can be used in the design of OADCs because their optical behavior can be con-
trolled by light intensity. Miao et al. (2006) reported a two-bit OADC by the use of cas-
caded beam-splitters. Youssefi et al. (2012) applied a nonlinear optical Kerr effect on 2D
photonic crystals. They designed a two-bit OADC including two drop filters with a selec-
tive reflector. It has a maximum speed of 45 GS/s in an area of 252 pm?. Sani et al. (2020)
proposed a two-bit OADC using nonlinear ring resonators with AlGaAs dielectric rods.
This converter has a sampling rate of 220 GS/s and an area of about 778 pm?. Fasihi (2014)
designed another two-bit OADC using a PhC structure based on cascading splitters. It can
be used to form the design of two- and three-bit OADCs in the PhC structure. Tavousi and
Mansouri-Birjandi (2018) has recently proposed a successive approximation-like four-bit
full OADC using photonic crystal ring resonators (PCRRs) with nonlinear rods. Jafari et al.
(2018) also reported a design of an OADC based on the optical Kerr effect in the PhC
structure, which performs properly at the C-band (1550 nm). A cavity was also designed
using nonlinear materials in order to convert the optical analog signals into digital numbers
with a speed of 1 TS/s. The best results are achieved in this study; unfortunately, they were
examined based on the Kerr effect’s unreal value. As a result, no material could be found
with this highly nonlinear refractive index.

The present study will address all mentioned issues in previous studies and propose
high-speed OADC based on nonlinear PCRRs. We propose an OADC for generating stand-
ard binary codes from the input optical analog signal. The proposed structure consists of
two main parts: a nonlinear demultiplexer for performing the quantization task, and an
optical coder for generating two-bit standard codes from the quantized levels coming from
the nonlinear demultiplexer. In order to perform the required simulations and calculations,
the plane-wave expansion and finite-difference time-domain (FDTD) methods are used. In
order to take advantage of the nonlinear Kerr effect, we included the nonlinear coefficient
in the numerical method and used the nonlinear FDTD method for simulating the proposed
structures. The rest of the paper is organized as follows: In Sect. 2, the design procedure of
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the proposed OADC is presented, in Sect. 3 the numerical results are discussed, and finally,
in Sect. 4, the paper is closed with the conclusion.

2 Physical structure and analysis

A schematic view of a conventional ADC consisting of a quantizer and an encoder is
shown in Fig. 1a. The figure proposes a new design of two-bit OADC based on nonlinear
PCRRs. The sampling and quantization are performed via a nonlinear demultiplexer and
coded via a binary encoder. The nonlinear demultiplexer quantizes the optical input signal
into four discrete levels depending on the signal intensity, and the coder assigns a two-bit
binary number to every level. The fundamental PhC structure used for designing the OAC
has a square lattice of dielectric rods in the air bed. The refractive index and radius of the
dielectric rods are assumed to be n=3.46 and R=0.2 a, respectively, where a is the lattice
constant of the structure (i.e., the distance between two centers of adjacent dielectric rods).

2.1 The band diagram

Figure 1b shows the band diagram of the fundamental PhC structure. It has been calculated
through the plane wave expansion (PWE) method using the BandSOLVE software. The
figure reveals that the fundamental structure has two photonic band-gap (PBG) regions in
TM mode (shown in blue) and one PBG in TE mode (shown in red).

The first PBG region in TM mode is in the normalized frequency range of
0.28 <a/A<0.45, and by choosing a=600 nm, the PBG will be in the wavelength range of
1333 nm <A <2142 nm. Considering the PBG region, this fundamental PhC is suitable for
designing optical devices at the third communication window in TM mode.
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In order to realize the proposed OADC, we need to carry out two main steps. First, we
should sample and quantize the incoming light and then produce two-bit binary codes cor-
responding to these levels.

2.2 Nonlinear demultiplexer

A nonlinear demultiplexer is used as the quantizer of the proposed ADC. This part converts
the continuous input signal into three quantized discrete levels.

This quantization is based on the optical intensity of the input signal, and therefore the
demultiplexer should be designed to direct the input light to the desired output depending
on its intensity. To achieve this goal, we used three nonlinear PCRRs for the basic demul-
tiplexer design. As shown in Fig. 2a, three hexagonal structures were used as the main
part (called core) of the PCRRs. In order to take advantage of the nonlinear optical Kerr
effect, we placed a set of X-shaped dielectric rods inside the core. These rods were made
of doped glass whose linear refractive index and nonlinear optical Kerr coefficient are 1.4
and 107'* m?/W, respectively. They are shown in pink in Fig. 2b. The optical behavior of
the demultiplexer can be controlled using nonlinear rods in each of the resonators. The
resonant wavelength of the PCRR depends on the refractive index of the core rods. Due to
the optical Kerr effect of nonlinear rods, the refractive index of nonlinear rods increases by
increasing the light intensity that it changes the resonant wavelength.

The frequency response of the proposed demultiplexer is shown in Fig. 3 for the input
pulse width of 8 ps. As seen, the demultiplexer has three resonant modes at1552nm,
1562 nm, and 1571 nm, respectively. The demultiplexer outputs in terms of time for differ-
ent input optical intensities (f;,) are shown in Fig. 4. The amount of normalized power at
01, 02, and O3 are shown in green, red, and blue curves, respectively.

In Fig. 5, the optical signals’ distribution inside the demultiplexer is shown for dif-
ferent values of input optical intensity. According to Fig. 4, for 0<1/;,<0.51,,( where
Iy=1 W/pm?), none of the demultiplexer ports will be ON, but when the optical intensity
of the input signal is at 0.5/, <1, <I,, I,<I;,<1.5],, and 1.51,< I, <2I,, O3, Ol, and O2
will be ON, respectively. It is due to the nonlinear optical Kerr effect and refractive index
dependency of the ring resonators’ resonant mode. When the optical intensity is less than
0.51,,, none of the resonant rings can couple the optical beam to their corresponding output
ports because the optical signal’s central wavelength is different from the resonant mode of
the rings.
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Fig.2 a The proposed three-channel demultiplexer and the b the nonlinear PCRR
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Fig.4 The demultiplexer outputs in terms of time for different input optical intensities of a 0 </, <0.5, b
0.51y< 1, <1y, ¢ Iy<1;;<1.5 [y, and d 1.5 I, <1, <2l

Figure 4a shows that the normalized power for all the output ports is less than 10%. By
increasing the optical intensity to more than 0.51, and less than [, the third ring’s resonant
mode will coincide with the central wavelength of the input signal. Therefore, as shown in
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Fig.5 Optical behavior of the nonlinear demultiplexer for the optical intensities of a 0</;,<0.5/), b
0.51y< 1, <1y, ¢ ly<1l;;<1.5 [y, and d 1.5 I, <1, <2l

Fig. 4b, the normalized power for O3 is about 95% and for other channels is less than 2%.
If we increase the optical intensity to [, </;, <1.5],, the normalized power for Ol is about
75% and for other channels is less than 5% (See Fig. 4c). Finally, when the optical intensity
is in the range of 1.51,<I;, <2I, the normalized power for O2 is about 95% and for other
channels is less than 2% (See Fig. 4d).

2.3 Optical encoder

Once discrete signal levels are generated, assigning a two-bit binary code to each level is
necessary. It is performed using an optical encoder proposed in this study and shown in
Fig. 6. As seen, it consists of three input ports, two waveguides created by removing two
rows of dielectric rods, two X-shaped ring resonators, a Y-branch power splitter, and two
output ports. As seen, the encoder input ports are I, I,, and I3, and its output ports are Ol
and O2. In this structure, the R1 ring can couple the optical waves from WGI1 to WG2,
and R2 couples the optical waves from WG3 to WG4. Note that it is impossible to couple
waves from WG2 to WG1 and WG4 to WG3 using R1 and R2, respectively, because the
light intensity in WG2 and WG4 waveguides does not correspond to the intensity required
for coupling in resonators. As we mentioned earlier, R1 and R2 are nonlinear X-shaped
ring resonators; therefore, their optical behavior and resonant modes depend on the optical
intensity propagating inside the waveguides.
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Fig.6 The schematic view of the designed optical encoder in this study

The encoder’s input ports have been connected to the output ports of the nonlinear
demultiplexer; therefore, the intensity of incoming light to the encoder is different. As a
result, the optical intensities inside WG1 and WG3 are different from the optical intensi-
ties propagating inside WG2 and WG4. For the optical intensities coming from /; and I,
inside WG1 and WG3, the resonant mode of R1 and R2 matches the central wavelength of
the optical waves, so R1 and R2 will drop optical waves from WG1 and WG3 into WG2
and WG4, respectively. However, for the optical intensities coming from I, inside WG2
and WG4, the resonant mode of R1 and R2 does not match the central wavelength of the
optical waves. Therefore R1 and R2 cannot drop optical waves from WG2 and WG4 into
WGI1 and WG3, respectively. The optical behavior of the designed encoder is shown in
Fig. 7. As shown in Fig. 7a, when I, is ON, considering the optical intensity coming from
I, the resonant mode of R1 coincides with the optical signal, so R1 will couple the optical
signal from WGI to WG2, and O1 will be ON. When I, is ON, the Y-branch splits the light
intensity of I, into two equal values, and each of these intensities does not match the cor-
responding resonator coupling mode. Then R1 and R2 cannot couple the optical waves due
to low light intensity, so the optical beams travel toward O1 and O2 and turn them ON (See
Fig. 7b). When I; is ON, considering the optical intensity coming from /3, the resonant
mode of R2 coincides with the input optical signal; thus, R2 will couple the optical signal
from WG3 to WG4, and O2 will be ON (See Fig. 7c).

3 The proposed OADC

In order to design an OADC, the nonlinear demultiplexer is connected to the optical
encoder.

An 8757 matrix of triangular-latticed silicon rods forms the base structure of our
OADC. All physical parameters of the structure are in accordance with the values stated in
the first paragraph of this section. In order to realize the proposed OADC inside the basic
PhC structure, we need to create five resonant rings and six waveguides. The schematic
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Fig.7 The optical behavior and output time response of the proposed encoder for three input states of a I;
is active, 1, and /5 are inactive, b I, is active, /, and /5 are inactive, ¢ I; is active, /; and /, are inactive

view of the proposed OADC is shown in Fig. 8 where it has one input and two output
ports (called O0 and O1). WGI serves as the input waveguide. The end of WG is open in
order to prevent back reflection of the optical signals toward the input port. Three X-shaped
ring resonators labeled as R1, R2, and R3 perform the optical quantization process. WG2,
WG3, and WG4 guide the dropped optical waves through R1, R2, and R3 toward the R4
and R5 resonators, respectively. The optical properties of R1 and R3 are the same as R4
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Fig.8 The schematic view of the proposed two-bit OADC

and RS, respectively. However, the optical properties of R2 are different from R4 and RS.
Therefore, R4 can drop the optical waves from WG4 into WGS, but it cannot drop optical
waves from WGS5 into WG4 due to its low optical intensity. In addition, RS can drop the
optical waves from WG2 into WG6, but it cannot drop optical waves from WG6 into WG2.
As discussed in the previous subsection, all the optical ring resonators are nonlinear, which
means their optical behavior and resonant modes depend on the optical intensities propa-
gating inside the waveguides. Additionally, it was mentioned that R1, R2, and R3 drop
optical waves with different optical intensities. When R1 and R5 have similar optical and
structural parameters, they will drop optical waves with the same intensities; therefore, RS
will drop optical waves coming from R1 inside WG2 to WG6.

Similarly, when R3 and R4 have similar optical and structural parameters, they will drop
optical waves with the same intensities; therefore, RS will drop optical waves coming from
R3 inside WG4 into WGS. The ends of WG5S and WG6 are connected to the O0 and Ol
output ports, respectively. When R2 drops optical waves into WG3, the Y-branch splits the
light intensity into two equal values, and each of these intensities does not match the cor-
responding resonator coupling mode. R4 and RS cannot couple the optical waves to WG4
and WGS due to low light intensity. Thus the optical beams travel toward O0 and O1 using
WGS5 and WG6, respectively.

The optical behavior of the proposed OADC is shown in Fig. 9. For the optical intensity
of the input signal in the range of 0<I;, <0.5/, as discussed earlier, due to the mismatch
between the resonant mode and the central wavelength of the resonators, none of the reso-
nators would couple the optical beam from the input port to their corresponding output
waveguides. Therefore, both of the output ports will be OFF, as shown in Fig. 9a, and the
generated logical code will be "00". Furthermore, Fig. 10a shows that the normalized pow-
ers for both output ports are less than 5%. When the optical intensity is about 0.5/, < I;, <1,
R3 will couple the optical beam from WG1 into WG4, and the optical beam will travel
toward R4 through WG4. Then R4 drops the optical waves from WG4 into WGS5; thus,
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Fig.9 The optical behavior of the proposed OADC for the optical intensities of a 0<1/;,<0.5],, b
0.51y< 1, <1y ¢ ly<1l;;<1.5 [y, and d 1.5 I, <1, <2l

00 will be active; however, there is no optical beam in WGS5, and the O1 is inactive (See
Fig. 9b). Therefore, in this case, the generated binary code is “10.” Figure 10b shows that
the normalized output powers of O0 and Ol are about 70% and 5%, respectively. In this
case, the time required for the normalized power at OO0 to reach the steady-state is about
2.5 ps.

For an optical intensity in the range of I,<I;, <1.5/), R1 will couple the optical beam
from WG1 into WG2, and the optical beam will travel toward R5 through WG2, and R5
drops the optical waves from WG2 into WG6, so O1 will be active; however, there is no
optical beam in OO0 (See Fig. 9d). As a result, when [, <I;, <1.5], the generated code will
be “01.” Figure 10d shows that the normalized output powers of O0 and O1 are about 2%
and 95%, respectively. In this case, the steady-state time is about 2.5 ps.

Finally, when the input optical intensity is in the range of 1.5/, <I;, <21,, R2 will couple
the optical beam from WGI into WG3, and the optical beam will travel toward R4 and RS
through WG5S, WG6. R4 and RS cannot drop the optical waves from W5 or W6, so O1 and
00 will be active (See Fig. 9c). As a result, when 1.5, <I;, <21, the resulting code will be
“11.” Figure 10c shows that the normalized powers for both output ports are about 45%. In
this case, the steady-state time is about 3.2 ps.

Figure 11 shows The output powers versus time for input optical pulses with the dura-
tion of 8 ps and intensities of (a) 0<I;, <0.5/,, (b) 0.5,<I;, <1, (c) [y<I;;<1.5 I, and
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Fig. 10 The normalized power at the proposed OADC’s output ports versus time for the optical intensities
of a 0</;,<0.5/), b 0.5], <1, <Iy, ¢ Iy<I,,<1.5 Iy, and d 1.5 I < I}, <2,

(d) 1.5 I, <1, <2I,. For the proposed OADC, the maximum rise and fall times are 2.5 ps
and 1.5 ps, respectively (See Fig. 11c). Therefore, the sampling rate will be 125 GS/s for a
two-bit ADC.

The working states of the proposed OADC are shown in Fig. 9 and listed in Table 1.
Table 2 compares the results of the proposed structure with the results of articles pub-
lished in recent years. The proposed structure’s important advantages are high transmission
power, low delay, low total loss consisting of leakage and waveguide losses, and the adjust-
ability of every X-PCRR’s resonance modes with the variations of the input optical power.

4 Conclusion

In summary, we proposed a new design of a two-bit optical OADC using five nonlinear
X-PCRRs. This structure consisted of a three-channel demultiplexer followed by a two-bit
binary encoder. Sampling and quantizing have been carried out by demultiplexer employ-
ing three X-PCRRs in which every X-PCRR consisted of linear and nonlinear dielectric
rods. Two other X-PCRRs help optical encoder generates two-bit binary codes. The perfor-
mance of the proposed OADC was numerically studied using the PWE and FDTD meth-
ods. The proposed structure has a maximum sampling rate of up to 125 GS/s, maximum
time response of 4 ps, and a total footprint of 1785 um?. The proposed structure can easily
be generalized to the OADC with greater accuracy, meaning more output bits.
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Fig. 11 The output powers versus time for input optical pulses with the duration of 8 ps and intensities of a
0<I,<0.5), b 0.5I,< I}, <1y, c Iy<I;,< 1.5, and d 1.5 I, <[}, < 2],

Table 1 Working States of the - - .
I Digital
Proposed OADC nput intensity Output (%) igital output
states
00 o1 00 ol
0<1,<0.51, 2 2 0 0
0.51,<1,, <1, 70 5 1 0
Iy<I, <151, 2 95 0 1
15 Iy <1, <21, 45 45 1 1

Table2 The comparison between the suggested structure and the structures in previous papers

‘Works Sampling rate  Accuracy Steady-state time Footprint (um?)
(GS/s) (bits)
Youssefi et al. (2012) 45 2 18.3 252
Mehdizadeh et al. (2017b) 52 2 14 924
Mehdizadeh et al. (2017c) 77 2 7.2 1520
Sani et al. (2020) 220 2 2.5 778
Xin and Linfeng (2020) 250 2 2 2016
This Work 125 2 4 1785
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