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ABSTRACT

All-optical logic gate based on photonic crystal waveguides is a promising technique in future high-speed all-optical
signal processing. In this paper, we propose a XOR logic gate based on two dimensional triangular lattice photonic
crystals composed of cylindrical silicon rods in air. The main structure of the device is a line defect asymmetric Y
branch waveguide. It is expected that there should be a phase shift between the two input beams. Hence, if an
appropriate initial phase is introduced, the two input beams may interfere constructively or destructively to realize the
logical functions. The simulation results show that the proposed all-optical photonic crystal waveguide structure could
really function as XOR logic gates. The interference section length and width of photonic crystal waveguide structure
are optimized for achieving the optimal performance for the proposed XOR logic gates. This device is potentially
applicable for photonic integrated circuits.
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1, INTRODUCTION

As the development of high-speed and high-capacity telecommunication systems, the demands for all-optical signal
processing techniques are rapidly increasing[1-4]. All-optical logic gates are key elements in all-optical signal
processing techniques such as addressing, switching, header recognition, data encoding, and encryption. So far, several
schemes have been investigated to realize various all-optical logic functions[5-8]. These approaches have showed some
advantages, but which are difficult to operate at very high speed data rate. The inevitable spontaneous emission noise
affects the operation performance. In addition, logic implementation techniques are usually limited to mach-zehnder
interferometer and fiber-based devices.

The all-optical exclusive-OR (XOR) is one of the common and basic logic operations required in data processing and
label switching networks[9-10]. In addition, XOR gate together with other logic gates can construct advanced all-optical
processing circuits, such as half-adder, full-adder, etc. [11]. Formerly, all-optical XOR gate was demonstrated using a
nonlinear optical loop mirror. However, its bulky size and poor power efficiency hindered its practicality. In addition, it
could be realized by utilizing cross-gain modulation and cross-polarization modulation in a semiconductor optical
amplifier (SOA), at 10- and 5-Gb/s signal speeds, respectively. [12-14]. However, the data patterning effect in SOA
always induced severe system degradations when the input signals were in on—off keying (OOK) format.

In recent years, photonic crystal based optical devices have attracted significant research efforts [15-16]. The ability to
interact with light on a wavelength scale promises ultra-compact structures for optical integrated circuits. In photonic
crystal waveguide devices, photons with wavelength within the bandgap cannot propagate through the crystal. Due to the
periodic arrangement is destroyed so placing some defects in the crystal and it is possible to build a waveguide to guide
light along certain path.
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Photonic crystal based optical logic gates are considered as key components in future photonic integrated circuits and
such optical devices have attracted significant research efforts in recent years. However, most of the reported works were
based on nonlinear optics [17-19], which suffered from certain fundamental limitations, such as power consumption and
narrow operating frequency range. In this paper, we propose and discuss a XOR logic gate based on two dimensional
triangular lattice photonic crystals composed of cylindrical silicon rods in air. The main structure of the device is a
line-defect-induced asymmetric Y branch waveguide. The simulation results show that the proposed all-optical
photonic crystal waveguide structure could really function as XOR logic gates. By appropriately choosing the
interference section length and width of photonic crystal waveguide structure, the optimal performance for the proposed
XOR logic gates is achieved.

2, OPERATION PRINCIPLE AND STRUCTURE ANALYSIS

In this paper, we propose a XOR logic gate based on two dimensional triangular lattice photonic crystals composed of
cylindrical silicon rods as shown in Figure 1. The schematic diagram of the proposed XOR optical logic gate is shown in
Figure 2. The main structure of the device is a line defect asymmetric Y branch waveguide. It is expected that there
should be a phase shift between the two input beams. Hence, if an appropriate initial phase is introduced, the two input
beams may interfere constructively or destructively to realize the logical functions.

To verify our conjecture, we consider a two dimensional triangular lattice photonic crystals composed of cylindrical
silicon rods in air. The radius and the dielectric constant of the silicon rods are » = 0.35a and &= 11.56, respectively,
where a is the lattice constant. According to the band diagram of our structure as shown in Figure 3, the bandgap opens
for the frequency range of 0.4447-0.5378(a/A) for the E-polarized mode (electric-field is parallel to the rod axes), where
A is the wavelength in free space. The width and the central width of bandgap are 0.093 and 0.491, respectively. The
results are same in three 'K, MK, and KT directions of the band diagram mentioned above. So, a line defect is created
and the photons with wavelength within the bandgap can propogate along certain path.
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Figure 1, A array of two dimensional triangular lattice photonic crystal composed of cylindrical silicon rods in air, where r is the
radius and a is the lattice constant of the silicon rods, respectively.

Proc. of SPIE Vol. 7135 71353Y-2



3. RESULTS AND DISCUSSIONS

The computational simulation is carried out by using a finite-difference time-domain (FDTD) method and an E-polarized
Gaussian wave with full width at half maximum 4a is used. A monochromatic wave of the frequency 0.491(a/)) is
launched into the photonic crystal device along the three I'K, MK, and KI" directions.
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Figure 2, Schematic diagram of the proposed XOR optical logic gate.
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Figure 3. Band diagram of the photonic crystal structure for both E-polarized and H-polarized modes.
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Table I shows the truth table for XOR logic gates. The logic 0 and 1 in the truth table indicate without and with
input/output signal, respectively. From the computational simulation, it is clear that, whether the output signal of XOR is
high (1) or low (0) depending on the two input signals indicated by the pairs (00), (01), (10), (11). The behavior of the
XOR for input (01), (10) and (11) is shown in Figure 4, Figure 5 and Figure 6. In the frequency 0.491(a/A), the output
intensity for logic 1 is more than 90% of the input ones and the output intensity for logic 0 is less than 15% of the input
ones. The simulation results show that the proposed all-optical photonic crystal waveguide structure could really
function as XOR logic gates.

Table 1 Truth table for XOR logic gates.

A B Y
0 0
0 1 1
1 0 1
1 1 0

Figure 4, The behavior of the proposed XOR optical logic gate for input (0,1)

Figure 5. The behavior of the proposed XOR optical logic gate for input (1,0)
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Figure 6, The behavior of the proposed XOR optical logic gate for input (1,1)

In order to achieve the optimal performance for the proposed XOR logic gates, the effect of interference section length(L)
and width(W) of photonic crystal waveguide structure as shown in Figure 2 are investigated. Figure 7(a) and (b) plots
the -factor for XOR logic gates as a function of the output transmission power for logic 1 signal under different
interference section lengths and widths, respectively. It is found that there exists an optimized output transmission power
value, more than 90% of the input ones, for a given waveguide length 13a and a given waveguide width 5a. Figure 8(a)
and (b) plots the -factor for XOR logic gates as a function of the output transmission power for logic 0 signal under
different interference section lengths and widths, respectively. It is found that there exists an optimized output
transmission power value, less than 15% of the input ones, for a given waveguide length 13a and a given waveguide
width 5a. It is obvious that the optimal interference section length and width of photonic crystal waveguide structure
can be obtained.
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Figure 7. The -factor for XOR logic gates as a function of (a) the output transmission power for logic 1 signal under different

interference section lengths and (b) the output transmission power for logic 1 signal under different interference section
lengths widths.
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Figure 8, The -factor for XOR logic gates as a function of (a) the output transmission power for logic 0 signal under different

interference section lengths and (b) the output transmission power for logic 0 signal under different interference section
lengths widths.

4, CONCLUSIONS

In this paper, a all-optical XOR gate based on two dimensional triangular lattice photonic crystals composed of
cylindrical silicon rods in air has been proposed and demonstrated. The main structure of the device is a line defect
asymmetric Y branch waveguide. The simulation results show that the proposed all-optical photonic crystal waveguide
structure could really function as XOR logic gates. The interference section length and width of photonic crystal
waveguide structure are optimized for achieving the optimal performance for the proposed XOR logic gates. The
device sizes are expected to be drastically reduced to a scale of a few tens of micrometers and the device can constructe
advanced all-optical processing circuits, such as half-adder, full-adder, etc.

REFEREMCES

[1] Fujisawa, T. and Koshiba, M., ” Finite-element modeling of nonlinear Mach-Zehnder interferometers based on
photonic-crystal waveguides for all-optical signal processing,” Journal of Lightwave Technology, 24(1), 617-623
(2006).

[2] Jianji Dong, Xinliang Zhang, Songnian Fu, Jing Xu, Shum, P. And Dexiu Huang, ” Ultrafast All-Optical Signal
Processing Based on Single Semiconductor Optical Amplifier and Optical Filtering,” IEEE Journal of Selected
Topics in Quantum Electronics, 14(3), 770-778 (2008).

Proc. of SPIE Vol. 7135 71353Y-7



[3] Janz, C.,” All-optical signal processing with photonic integrated circuits,” 2000 Optical Fiber Communication
Conference, 3, 90-92(2000).

[4] Poustie, A., ” Semiconductor devices for all-optical signal processing,” 31st European Conference on Optical
Communication (ECOC 2005), 3, 475-478(2005).

[51J. Y. Kim, J. M. Kang, T. Y. Kim, and S. K. Han, “All-optical multiple logic gates with XOR, NOR, OR, and NAND
functions using parallel SOA-MZI structures: Theory and experiment,” Journal of Lightwave Technology,

24(9), 3392-3399 (2006).

[6] T. A. Ibrahim, R. Grover, L.-C. Kuo, S. Kanakaraju, L. C. Calhoun, and P.-T. Ho, “All-optical AND/NAND logic
gates using semiconductor microresonators,” IEEE Photonic Technology Letters, 15(10), 1422—-1424(2003).

[7] T. Fjelde, D. Wolfson, A. Kloch, B. Dagens, A. Coquelin, I. Guillemot, F. Gaborit, F. Poingt, and M. Renaud,
“Demonstration of 20 Gb/s alloptical logic XOR in integrated SOA-based interferometric wavelength converter,”
Electronic Leters, 36(22), 1863—1864(2000).

[8] H. Soto, J. D. Topomondzo, D. Erasme, and M. Castro, “All-optical NOR gates with two and three input logic signals
based on cross-polarization modulation in a semiconductor optical amplifier,” Optic Communication, 218(4 ),
243-247(2003).

[9] B. S. Robinson, S. A. Hamilton, S. J. Savage, and E. P. Ippen, “40Gbit/s alloptical XORusing a fiber-based folded
ultrafast nonlinear interferometer,” Proceeding of Optical Fiber Communication Confference, 561-563(2002).

[10]J. H. Kim, Y. M. Jhon, Y. T. Byun, S. Lee, D. H. Woo, and S. H. Kim, “All-optical XOR gate using semiconductor

optical amplifiers without additional input beam,” IEEE Photonic Technology Letters, 14(10), 1436-1438(2002).

[11] A. J. Poustie, K. J. Blow, A. E. Kelly, and R. J. Manning, “All-optical full adder with bit-differential delay,” Optic
Communication, 168, 89-93(1999).

[12] H. Soto, D. Erasme, and G. Guekos, “5-Gb/s XOR optical gate based on cross-polarizationmodulation in

semiconductor optical amplifiers,” IEEE Photonic Technology Letters, 13(4), 335-337(2001).

[13] K. Zoiros and T. Houbavlis, “Ultrafast all-optical Boolean XOR logic using semiconductor optical

amplifier-assisted Sagnac switch,” Proceeding of Conference in QELS 2005, 2, 960-962(2005).

[14] C. Bintjas, M. Kalyvas, G. Theophilopoulos, T. Stathopoulos, H. Avramopoulos, L. Occhi, L. Schares, G. Guekos,
S. Hansmann, and R. Dall’Ara, “20 Gb/s all-optical XOR with UNI gate,” IEEE Photonic Technology Letters,
12(7), 834-836(2000).

[15] D. Zhao, J. Zhang, P. Yao, X. Jiang, and X. Chen, “Photonic crystal Mach-Zehnder interferometer based on
self-collimation,” Appl. Phys. Lett. 90, 231114-1 (2007).

[16] B. Miao, C. Chen, S. Shi, and D. W. Prather, “A high-efficiency in-plane splitting coupler for planar photonic
crystal self-collimation devices,” IEEE Photon. Technol. Lett. 17, 61-63 (2005).

[17]M. F. Yanki, S. Fan, M. Soljaci¢, and J. D. Joannopoulos, “All-optical transistor action with bistable switching in a
photonic crystal cross-waveguide geometry,” Optical Letters, 28, 2506-2508 (2003).

[18] N. Moll, R. Harbers, R. F. Mahrt, and G.-L. Bona, “Integrated all-optical switch in a cross-waveguide geometry,”
Appl. Phys. Lett. 88, 1711041-3 (2006).

[19] Z.H. Zhu, W.M. Ye, J.R. Ji, X.D. Yuan, and C. Zen, “High-contrast light-by-light switching and AND gate based on
nonlinear photonic crystals,” Opt. Express 14, 1783-1788 (2006).

Proc. of SPIE Vol. 7135 71353Y-8



	SPIE Proceedings
	MAIN MENU
	Contents
	Search
	Close


