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ABSTRACT: Nonlinear optics has been of increased interest for all-optical signal, data and 

image processing in high speed photonic networks. The application of multi-valued 

(nonbinary) digital signals can provide considerable relief in transmission, storage and 

processing of a large amount of information in digital signal processing. Here, we propose the 

design of an all-optical system for some basic tri-state logic operations which exploits the 

polarization properties of light. Nonlinear material based optical switch can play an important 

role. Tri-state logic can play a significant role towards carry and borrow free arithmetic 

operations. The principles and possibilities of the design of nonlinear material based tri-state 

logic circuits are proposed and described. 

KEYWORDS: Nonlinear optics; optical logic; optical system design; photonic components 

and devices; optical switch; polarization. 

INTRODUCTION: Photon being the ultimate unit of information with unmatched speed 

and with data package in a signal of zero mass, the techniques of computing with light may 

provide a way out of the limitations of computational speed and complexity inherent in 

electronics computing. Several proposals like optical shadow casting technique, theta 

modulation, symbolic substitution, and semiconductor amplifier based interferometry 

switches etc. have been demonstrated towards implementation of binary logic function. 

Optical multiple valued logic functions are of greatest interest in recent years towards optical 

logic and information processing system, as it requires less physical space than binary data. 

Liu et al. have reported bi-stable laser diode for optical implementation of multiple valued 

logic circuit. Eichmann et al. have proposed binary coded trinary arithmetic and logic 

operation. The intensity level of the light signal is considered to indicate the logic states in a 

few cases to implement the Boolean logic operations which need well-defined specific 

intensity level of light for each state. But the intensity of the signal may be changed due to 

various reasons. This difficulty can be avoided in polarization based encoding/decoding 

schemes. 
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Table 1. Truth table of tri-state logical operation (a) trinary OR, (b) trinary AND, (c) 

trinary XOR, (d) INVERTER, (e) truth detector, (f ) false detector  

In this paper, we propose an all-optical scheme for designing some polarization encoded tri-

nary logic operations with the help of nonlinear material based optical switches. The truth 

tables for different tri-state logic operations are given in Table 1. F  

TRI-STATE OPTICAL LOGIC SYSTEM: Application of techniques for digital 

computing and logic operations have been numerous [[1,2]]. However when the flow of 

control through an algorithm is dominated by the data, contemporary optical computing 

techniques are still not very efficient mainly because of the speed limitations of spatial light 

modulators and other optoelectronic converters. Therefore some mathematical or symbolic 

manipulations are needed for mechanizing the deductive reasoning process, when one 

attempts to utilize the inherent advantages of parallelism of optical techniques.  

The primary limitation on performing arithmetic operations in parallel lies in the fact that the 

carry or borrow bits cannot be accommodated easily. Since the data and numbers are usually 

expressed binary, the technique of using signed digit numbers (1, 0, l) has assumed great 

importance. The use of such modified tri-nary number MTN system, which is a function of 

three states but of radix 2, can be used without the need for carry and borrow steps. 

Moreover, use of such multivalued logical functions modifies the operations of the basic 

gates or the predicate calculus. Perlee and Casasent proposed such tri-state logic in artificially 
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intelligent systems. In the present paper, we have shown that it is possible to evolve optically 

a basic building block i.e., a module which may be used to implement this predicate logic.  

TRISTATE REPRESENTATION AND THE CORRESPONDING LOGICAL 

OPERATIONS: In this case the three distinct states may be rep- resented by polarized light. 

We denote the two states, 1 and i, by two orthogonally polarized light beams. The presence of 

both polarization and absence of light represent the 0 and null conditions. They are ex- 

placidly given in table 2. The tri-states are classified as true, false and contradiction. True or 

assertive logic is designated by 1, the false or negation is represented by i and 0 is a state of 

contradiction i.e., information is partly true and partly false. The condition null is absence of 

any information and will not be used in the process. The contradiction has been considered to 

be zero as no information can be directly obtained from this state. However, a prior logical 

process might extract either the true or false from this state.  

Table 2 State of polarization corresponding to different logic levels 

 

TERNARY OPTICAL LOGIC GATES: During the last twenty-five years, digital optical 

computing has stimulated a great deal of interest. Optical processing offers an attractive 

approach for designing opto-electronic computer system by exploiting the inherent 

parallelism, noninterfering communication, 2-D storage capacity and ultrahigh processing 

speed. However, the parallelism of optical beam could not be properly utilized using 

cascaded single-bit operating units. Signed digit number was initiated with the pioneering 

works of Avizienis. The parallel nature of such modified binary systems promoted 

researchers to adopt the modified signed digit algorithm for optical computing. The demand 

of the state-of-the-art is the parallel processing for the very fast operations in the practical 

fields. The optical gates may be the only solution to meet up the gap in the very grass root 

level. In the last two decades so many works has been reported in this area. Carry and borrow 

free operations also have been reported to perform the high speed operations. The 

representation in optical output with state of polarization along with presence and absence of 
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light has extended the activities to multivalued logic. Our present method is the extension of 

our previous work on tri-state logic system in ternary as well as dibit representation to 

perform logical operations with better possibilities. Carry and borrow operations can also be 

performed in a simpler way to meet up the needs of data processing. 

Table 3 Ternary Logic System 

 

The tri-state of the ternary representation is classified as the true, false and contradiction. In 

this case we have considered these representations explicitly in sign magnitude form of 

modified ternary number (MTN) as per the Table-3. 

FUNCTION IN DESIGNING ALL-OPTICAL TRI-STATE LOGIC SYSTEM: Input 

light is expanded by Beam Expander (BE). Then it falls on a composite block (CB). The 

construction of CB is shown in Fig. 1.  

 

Fig. 1. Composite block (CB matrix). 
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This block is made of two layers. The first layer is a Polarizer Isolator mask (PI mask) and 

the second layer is the Polarization Converter mask (PCM of type-1). PI mask passes only a 

specific type of polarized light through it and blocks other types of polarized light. PCM 

converts one type of polarized light to another. Input light is first incident on PI mask, and 

then it is passed through PCM. After emerging from CB, it falls on OPNLM based matrix 

block. 

(a) Function of PI mask: The PI mask is shown in Fig. 1 (first layer in the side view). Here, 

nine numbers of polarizer isolators are placed in (3 × 3) matrix form. The horizontal polarizer 

isolator (HPI) passes only horizontally polarized light (•). They are placed in C11, C12 and C 

pixels of the CB. Right circular polarizer isolator (RCPI) passes only right circularly 

polarized light ( ) and are placed in C21, C22 and C23 13pixels of the CB. Vertical polarizer 

isolator (VPI) passes only vertically polarized light () and are placed in C31, C32 and C33 

pixels of the CB. 

(b) Function of PCM (type-1) mask: The polarization converter mask [PCM (type-1)] 

matrix is also shown in Fig. 1 (second layer in the side view). It is made of different types of 

polarization converter, placed in (3 × 3) matrix form. Here, we have used Jones matrix 

representation for calculation of different types of polarization converter, which is applicable 

here. We know that the Jones vector of three types of polarized light (which represents three 

logical states) can be written as follows, 

 = Jones vector of linearly polarized light with horizontal orientation  

E0= Jones vector of right circularly polarized light  

 Jones vector of linearly polarized light with vertical orientation  

This type of polarization converter is made by half wave plate (λ/2). The Jones Matrix for the 

Half-wave plate is 
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Where ρ is the azimuth angle of optical axis. When ρ/4=p, then from Eq.(1) we obtain the 

Jones Matrix JH  and hence,  

 

i.e., optic axis of PC-1 is arranged  with  axis, so that vertically polarized light  

is rotated by  and converted to horizontally polarized light (•) and vice versa. 

Polarization converter of type-2 and type-3 (PC-2 and PC-3): 

These types of polarization converter are made by quarter-wave plate (λ/4). 

The Jones Matrix for the Quarter-wave plate is expressed as, 

 

Where, ρ = azimuth angle of optical axis. 
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Fig. 2. Working principle of an OPNLM based switching system (BS is non-polarizing 

beam splitter).  

(c) OPNLM based matrix: The OPNLM (Optical nonlinear material) matrix is shown in 

Fig. 3(a). Each consists of optical nonlinear material (OPNLM) based switch. So nine 

numbers of OPNLM pixels are placed in (3 × 3) matrix form. OPNLM based switching 

system that exploits optical phase conjugation mechanism has already been reported for its 

usefulness in binary logic and information processing. Figure 2 describes the operation of a 

single OPNLM in detail. By optical phase conjugation mechanism, a beam can be created 

from another beam with equal frequency but opposite in phase. A setup for generating phase 

conjugated beam is shown in Fig. 2. One forward and one backward beams (called read 

beam) having the same frequency but distinguishable by the different propagation and 

polarization direction are interacting in a nonlinear medium, having at least a cubic type of 

nonlinearity. When the third probe beam having the same frequency is introduced at a 

specific angle, conjugate beam is generated and reflected provided the states of polarization 

of three interacting beam are identical; otherwise, no such reflected beam is obtained. This 

property can be exploited to use the OPNLM as an optical switch. Another input probe beam 

falls from a horizontally polarized light source, after being partially reflected from a beam 

splitter (BS) to the OPNLM at the point of intersection of the two read beams. Then this 

incident beam reflects back from that point, following the same path to give the output beam. 

It is to be noted that no output beam will emerge, if either read beam 1 or read beam 2 is 
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absent or both of them are absent. This switch will work if the two read beams are coherent in 

nature and have the same state of polarization.  

TWO INPUT ALL-OPTICAL TRI-STATE LOGICAL OPERATION: Composite block 

and OPNLM matrix block discussed above can be successfully used to design a two input 

(input A and input B) tri-state logic gate (trinary OR, AND, XOR). The all-optical circuit for 

different logical operation is shown in Fig. 3(a). Here, lights from two input coherent light 

sources A and B fall on CB-1 and CB-2 respectively. The orientation of CB-2 is shown in 

Fig. 3(a) [which gets 90 anticlockwise shift with respect to CB-1]. First, input light is incident 

on PI mask of composite block (CB). Passing through PI mask, light is allowed to fall on 

PCM (type-1) of composite block. Emerging from CB, light becomes horizontally polarized 

(•) and falls on OPNLM matrix as shown in Fig. 3(a). 

(a) When A = ¯ 1andB=¯ 1 (horizontally polarized light), then horizontally polar-ized light 

(•) emerges from C11, C12 and C13 pixels from both the CB-1 and CB-2 blocks. 

 

Fig. 3(a). Two input all-optical tri-state logical operation 
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Fig. 3(b). Front view of PCM(type-2) mask or [P] matrix plane for different gates: (i) [P] 

matrix for trinary OR, (ii) matrix for trinary AND, (iii) matrix for trinary XOR gate.  

(b) When A = 0 and B = 0 (right circularly polarized light), then horizontally polarized light 

emerges from C21, C22 and C pixels from both the CB-1 and CB-2 blocks. 

(c) When A = 1 and B = 1 (vertically polarized light), then horizontally polarized light 

emerges from C31, C32 and C pixels from both the CB-1 and CB-2 blocks. 

CONCLUSION: Here, in this proposed scheme, we have proposed and described an all-

optical circuit for some basic tri-state logic operations (trinary OR, trinary AND, trinary 

XOR, Inverter, Truth detector, False detector). The significant advantage of this proposed 

scheme is that the logical operations, which can be performed, are all-optical in nature. As the 

basic and fundamental tri-state logic gates can be implemented by the above technique, 

therefore the other all-optical logic operations can also be implemented with the same 

technique. These gates can be successfully used to design a tri-state adder/sub tractor circuit. 

In our next paper, we are going to report about it. It is important to note that the above 
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discussions are based on a simple model. In order to experimentally achieve a result from the 

proposed scheme, some design issues have to be considered e.g. predetermined values of the 

intensities and wavelength of laser light, introduction of polarizer and isolators and intensity 

losses due to them etc. For practical realization of our proposed all-optical circuit, the 

picosecond Nd: YAG laser can be used as read beam and probe beam. Photorefractive BaTiO 

or some other nonlinear materials can be exploited to generate OPNLM matrix block. The 

system described above may give picoseconds response time in connection to its speed of 

operations. 
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