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Abstract. This paper presents a new design method for all-optical NAND and AND logic gates

based on 3x3 geneial interference multimode interference (GI MMD coupler. The whole device is

realizedon the silicon on insulator (SOI) platform. The transfer matrix method (TMM) and three

dimensional beam propagation method (3D-BPM) are used to optimally design these devices.
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1. Introduction

All-optical logic gates are important eler{rents in photonic signal processing systems. They h4ve

many applications such as adders, subtractors, header recognizers, parity checkers, and encryption

systems. In practice, it is desirable to implement all-optical logic gates having small size, low power

consumption and high-speed [1, 2].
There are many existing approaches for realizing optical logic gates. Many materials and devices

have been suggested for use in optical logic. So far, optical logic schemes have been mainly based on

nonlinear materials [3, 4]. The disadvantage of these approaches is that high optical powers are needed

in order to obtain a nonlinear interaction. In addition, since the nonlinear coefficient is often small,

long interaction lengths are generally required. Moreover, devices based on nonlinear effects are not

always suitable for circuit integration. Another disadvantage is that nonlinear materials are usually

expensive [5-9].
A second approach for realizing optical logic is to use semiconductor optical amplifiers (SOAs).

SOAs are devices that amplify an optical signal without the use of optical-plectrical-optical conversion

[10]. Amplification is achieved in materials that exhibit optical gain.

Recently, we have shown a general theory for realizing optical logic gates using MMI couplers

[1],l2].In this paper, we show that all-optical NAND and AND logic gates based on 3x3 GI MMI
couplers can be realized. Moreover, silicon on insulator (SOt) technology is used for the design of
MMI devices because SOI technology is compatible with existing complementary metal--oxide-

semiconductor (CMOS) technologies for making compact, highly integrated, and multifunction

devices [13, 14]. The SOI platform uses silicon both as the substrate and the guiding core material'

The large index contrast between Si (nr,=3.45 at wavelength 1550nm) and SiO, (n*o,:l'46) all-owq
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light to be confined within submicron dimensions and single mode waveguides can have core cross-

sections with dimensions of only few hundred nanometres and bend radii of a few micrometers with

minimal losses. The designs for the devices are optimized by the 3D-BPM method'

2. Design of All-optical NAND and AND Gates based on 3x3 GI-MMI couplers

Theory: The conventional MMI coupler has a structure consisting of a homogeneous planar

multimodl waveguide region connected to a number of single mode access waveguides [15]' The

MMI coupl., .un be opelrated using the general interference or restricted interference theory [16]'

considbr a 3x3 GI-MMI coupler having a width of the MMI tegionll'rr,, and a length Lrr,: Lo as

showninFig. 1; where a,(i:1,2,3)andbj (i=1,2,3) arethecomplexamplitudesofthesignalsat

input and output por1s, respectively; Ln is the beat length of the MMI coupler [15]'
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Fig. 1. A 3x3 GI-MMI structure used for realizing optical logic gates.

Using the transfer matrix method [15], the;elationship between the output complex amplitudes

b, ()=1,2,3) and the input complex amplitudes a,(i=1,2,3) of the device can be expressed by
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The amplitudes of signals at output ports 1,2 and 3 may be rewritten as
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It will be shown that the phases and amplitudes of input beams can be adjusted properly in order to

achieve all-optical NAND and AND gates.

If phase .hift"tr are added to input ports I and 3 of the MMI coupler as shown in Fig. 2 then an

all-optical NAND gate can be realized. It is assumed that a phase shifter having a phase 
"1^riX 

o1 -?L
3

is incorporated into input port l, the signal a', atthe output of the phase shifter can be expressed by
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Fig. 2. Structure for implementing a NAND gate based on a 3x3 GI-MMI coupler.

As a result, the new amplitude at output port 3 is given by

t -i4
b. =:- e ' t (-ar+ a2- a3)- ./3

(4)

If two optical attenuators are used at input ports 1 and 3 to reduce the input amplitudes by half,

then the complex amplitude at output port 3 is then given by

b, = | r-t? lo, -!a, + ar)l (s)" J3 2-'
Equation (5) shows that the complex amflitude b, at output port 3 is dependent of the complex

amplitudes at input ports 1, 2, and 3. When the signals at input ports 1, 2 and 3 have the same

amplitude and phase, the interference of these signals at output port 3 will be destructive. Thus, the

power at output port 3 will be zero for this case. For other cases, the power at output port 3 is non-

zero. This means that a NAND logic gate is formed at output port 3. It has two input ports (1 and 3)

and the output appears at output port 3. Input port 2 is used as a steady reference signal.

The 3D-BPM will now be used to veriff the operating principle of the NAND gate. It is assumed that

the whole device is designed for the SOI platform. The waveguide cross-section is shown in Fig. 3.

Fig. 2. Silicon waveguide cross-section used inthe designs.
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The core thickness is h"o =220nm and the access waveguide width is Wo = 500nm. The width

\* of the MMI coupler is large enough to limit crosstalk between two adjacent waveguides. In this

design, the width of the MMI coupler is chosen tobe Wrr, =6pm. The length of the MMI coupler is

optimised by the 3D-BPM method and is found to be L**,:99.8 pm at the operating wavelength of

)"=1550nm. The access waveguides are connected to the MMI waveguide via linear tapers having

the same length of L*:51tm toreduce excess losses.

The 3D-BPM simulations for different input signals are shown in Fig. 3. The calculated excess

loss is 0.3d8 for this gate.
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Fig. 3. 3D-BPM simulations for a NAND logic gate with (a) input beams "0-0", (b) input beams "0-1", (c) input
beams "l-0" and (d) input beams "l-1".
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Note that if the choice for using no power in the output waveguide as logic "0" and having power
in the output waveguide as logic "1" is made, from the above 3D-BPM simulations, the truth table of
this NAND gate is shown in Table 1. The beams at input ports 1 and2 can be written in the form

at =Ieij and a, =lei' in order to show that these input beams have the same phase and amplitude. It

is also noted that the NAND gate has a small power at the output port for logic "1" and zero power for
logic "0". In practice, the output signal can be amplified before being entered the decision circuit. This
requirement is'not very difficult in electronics, but it may be challenging in the optical domain for
devices on the SOI platform.

Table l. Truth table for a NAND gate and normalized output power

lll

alral a3 al.. a2 Normalized power at Logic

output port :,|u,l' level

0

0
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lejo

0

0
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I ejo

0

I ejo
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0
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Optical AND logic gate: When only two input ports I and 2 are used for input signals and input
port 3 is not used, an AND logic gate can be created at output port2. Note that to function correctly,

the phase of the input signal beam at input port 2 is shifted by n I 3 compared to that of the signal at

input port 1. The 3D-BPM simulations in Figl 4 show the power distribution in the device for differpnt
cases for input signals.
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Table 2 presents the normalized output powers for different combinations of input signals, Thus
choosing a normalized threshold value of 0.78 (power unit) at the decision circuit for determining
whether bit "1" or bit "0" is received allows an AND gate to be formed. However, it is noted that the
threshold value of 0.78 for the decision circuit is very difficult to achieve using an optical decision
circuit. In practice, the fluctuation of input signals strongly affects the power level of output signals.
Thus, an AND gate based on MMI couplers is possible to be realized in theory, but may not be
r ealizable in practi.ce.

Table 2. Method for obtaining an AND logic gate

at a2 Normalized power at Threshold Logic

output port z, larl' value level

000
o 1 "jnll 

0.3 I

0

0.5 0

0leJo 0 0.31

lejo I ejr/3 1.26

3. Conclusion

In this paper we have shown that the realization of NAND and AND gates based on 3x3 general
interference multimode interference couplers is'possible. The designs for these devices have been,
implemented on the silicon on insulator platform and the 3D-BPM was used to optimize the device
structure.
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