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Abstract 
In this paper a novel all-optical logic NAND, NOR and XOR gate based on 

nonlinear directional coupler theory is demonstrated. We use the identical structure 
which contains three waveguides, for designing these gates; the only difference 
however, is the power of inputs light beam. In other words, while a beam with 4 
W/µm in power considered as logical one, the output is NAND gate and if a beam 
with 6 W/µm in power considered as logical one, the same output, will be 
represented, the NOR function. In this case, an other waveguide of the structure is 
represented the XOR gate. Therefore this case, shows both NOR/XOR gates 
simultaneously. By use of three waveguides and adjusting the refractive index of 
waveguides and selecting the proper waveguide length, NAND/NOR/XOR gates can 
be obtained. The operation of these gates is simulated by use of Rsoft's BeamPROP 
simulator. 
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1. Introduction 

All-optical signal processing techniques are rapidly increasing due to its capabilities 
for the development of high-speed and high-capacity telecommunication systems [1]. 
All optical logic gates are the key element to perform optical signal processing such as 
optical bit pattern recognition addressing, parity checking, header recognition, data 
encoding, demultiplexing and switching with very high speed [2]. So far, several 
scheme have been suggested for various all-optical logical functions designing by 
means of four wave mixing (FWM) [3], semiconductor optical amplifier (SOA)[4], 
cross-polarization modulation[5], Terahertz Optical Asymmetric Demultiplexer [6] and 
Ultrafast Nonlinear Interferometer [7]. In recent years, many schemes reported to design 
of all optical NAND/NOR/XOR gates [8-13]. For example, the authors of [8] used 
nonlinear vertical-cavity semiconductor gates based on saturable absorption in 
semiconductor quantum wells to design NAND and NOR logical gates. The design of 
XOR, NOR and NAND gates using two parallel semiconductor optical amplifier 
(SOA)-Mach–Zehnder interferometer (MZI) structures reported by Kim and his co-
workers [9]. Also NAND, NOR and XOR logic gates constructed by combining cross-
waveguide geometries including photonic crystal nonlinear cavity are proposed in [10]. 
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In this paper we propose all-optical NAND/NOR/XOR logical gates based on nonlinear 
directional couplers (NLDCs) these schemes with NLDCs is simpler than other devices 
and also can be used for ultra-fast logical gates and switches [14]. NLDCs are important 
components in optical fiber telecommunication systems and all integrated optical 
circuits. In our work, the operation of all-optical NAND/NOR/XOR logical gates is 
achieved by means of three waveguides and coupling theory. 

2. Design and simulation results 

NAND, NOR and XOR gates are basic logic gates; NAND and NOR are called 
"universal gates" because all of the other gates can be constructed using only those two 
gates. In fact, in chips, entire logic maybe built using only NAND (or NOR) gates. The 
output of NAND gate is high when either of inputs A or B is high, or if neither is high; 
it is going low only if both A and B are high. The output of NOR gate is high if both of 
the inputs are low and otherwise it's low.  The output of XOR gate is high if either, but 
not both, of its two inputs are high. The truth table of NAND/NOR and XOR gates is 
shown in table 1. 

Table 1. Truth table of NAND, NOR and XOR gates 

 
XOR NOR NAND Input 

0 1 1 0 0 
1 0 1 1 0 
1 0 1 0 1 
0 0 0 1 1 

2.1 Concept of coupled-mode theory 

In this section, the basic principle of waveguide coupling is presented and discussed 
using mathematical principles. If the waveguides are sufficiently close each other, 
mutual coupling will be occurred. In other word, light beam can be transferred between 
the waveguides and total power or partial power can be exchanged between them as 
shown in Figure 1. 

 

Figure 1. Coupling between two parallel waveguides 

 
The coupled equations for the field amplitude in each waveguide are written as 

[15- 16]: 
da 1
dz

= −jk21 exp(j ∆β z) a2(z) (1) 
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da 2
dz

= −jk12 exp(−j ∆β z) a1(z) (2) 

In above equations, ∆β1 = β1 - β2 is the phase mismatch per unit length and  a1(z)  
and a2(z) are amplitudes of the modes of waveguides 1 and 2 respectively. Also k21 , 
k12 are coupling coefficients in each waveguide and can be obtained as follows: 

k21 = 1
2

(n2
2 − n2) k0

2

β1
∫ u1(y)u2(y) dya+d

a  (3) 

k12 = 1
2

(n1
2 − n2) k0

2

β2
∫ u2(y)u1(y) dy−a
−a−d  (4) 

In which n1 and n2 are refractive indices for each waveguide which are embedded in 
a medium with refractive index n. A power transfer ratio that is expressed as a P2/P1 
can be written as following equation: 

𝒯𝒯 = �π
2
�

2
sinc2 �1

2
�1 + �∆β L0

π
�

2
�

1 2⁄

� (5) 

 
Where P1 and P2 are powers at the end of waveguides 1 and 2 respectively and L0 is 

coupling length. The power transfer ratio depends on the mismatch parameter ∆βL0 as 
shown in Figure 2. 

 

Figure 2. Power transfer ratio vs. Phase mismatch. 

In a Kerr-type material, the refractive index, n, is described by the Kerr law, n = n0 
+n2I, where n0 is the linear refractive index, n2 is the third-order nonlinear coefficient, 
and I is the field intensity. 

2.2 NAND, NOR and XOR gates design 

For designing the logic NAND, NOR and XOR gates we use three waveguides, one 
of them has nonlinear behavior and two of them are linear guides. The operation of 
these gates will be obtained by using coupled-mode theory, adjusting the refractive 
indices of waveguides, selecting the proper length and width of guides, and adjusting 
the gap between waveguides. The proposed structure is depicted in Figure 3. In this 
scheme, the same structure is used to design of logic NAND, NOR and XOR gates. For 
this purpose, when we use the light beam with 4 w/µm in power as logical one, the end 
of the waveguide 3 is represented NAND gate; and when the logical one is the light 
beam with 6 w/µm in power, the function of NOR gate will be obtained from the same 
channel (the end of the waveguide 3) in this case, the end of the waveguide 1 shows  
XOR gate; in other words in this situation we have the operation of both NOR and XOR 
gates simultaneously.   
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Figure 3. Proposed structure of all-optical logic NAND/NOR/XOR gates 

 
In this structure, the PTS (n0 = 1.66 and n2=2 ×10-4 μm2/W) is used for waveguide 2 

which is nonlinear medium and refractive indices of the waveguide 1 and 3 are set to 
1.66 which are linear mediums. In fact, the refractive indices of linear mediums, 
waveguide 1 and 3, set to this value by the aid of equivalent layers theory. By using of 
this theory, the linear mediums with any arbitrary refractive index can be achieved [17]. 
In our scheme only the waveguide 2 shows nonlinear behavior. It means that the 
refractive index of this waveguide will be changed by the input light; the amount of 
change is depending on the input light intensity. Waveguide 1 and 3 have a linear 
behavior and their refractive indices will be remained constant when the light passes 
through them. This structure has three ports naming as A, B and C. Where the A port is 
considered as input port and all inputs are applied to this port synchronously. Also B 
port is the output of NAND and NOR gates and the C port is representing the output of 
XOR gate only when logical one is the light beam with 6 w/µm power.  

 In NAND and NOR gates when both of inputs is logical zero, the output of these 
gates should be logical one according to table 1. In optical design, it means that when 
there is no light in input, the output must has light, hence we need a control signal for 
providing this state of inputs. For this aim, a light beam is launched in waveguide 1 
continuously, the power of this control beam is equal to the power of logical one, it 
means that for NAND gate this control beam is 4 w/µm in power and for NOR/XOR 
gate is 6 w/µm in power. 

 As mentioned before, this structure operates in two modes: 
Logical one is equal to 4w/µm. In this mode, the control light is 4w/µm in power and 

launched into the waveguide 1 consistently; all input light beams are applied to A port 
synchronously. The B port is represented the NAND gate. 

Logical one is equal to 6w/µm. In this mode, the light beam with 6w/µm power is 
launched into the waveguide 1 continuously and all input light beams are applied to A 
port synchronously. The B and C ports are represented XOR and NOR logical gates, 
respectively. 

In the following, we analyze both these modes and show their simulation results with 
more details. 
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2.2.1 NAND gate 

A light beam with 4 w/µm power considered as logical one and the light beam with 4 
w/µm power is launched into the waveguide 1 consistently. In first state, when inputs 
are zero logic, there is no light in A port, due to the same refractive indices of 
waveguides, the coupling occurs between the waveguides and control light inside the 
waveguide 1, exits from B port. This state is shown in figure 4. 

 

Figure 4. Normalized output power (unit: w/µm) in first state, when no lights exists in the input, the 
output of NAND gate is logical one; and Truth table of the first state. 

In second state, when only one input is logical one, it means that the beam with 4 
W/µm in power launched to the A port. Because of the nonlinear feature of waveguide 
2, this control power can increase the refractive index of waveguide 2 and incomplete 
coupling occurs between the waveguide 2 and 3, therefore a light beam with 4w/µm 
(logical one) emerges from the B port (Figure 5). 

 

Figure 5. Normalized output power (unit: w/µm) in second state, when only one input is logical one, 
the output of NAND gate is logical one; and Truth table of the second state. 

In the third state, when both of inputs are logical one, it means that the beam with 8 
w/µm in power applied to the A port, according to nonlinear feature of input port, 8 
w/µm power can increase the refractive index of this waveguide (waveguide 2) but the 
coupling between the waveguides 2 and 3 will not occur, so there is no light at the end 
of B port as shown in figure 6. 

 

Input NAND 
0 0 1 

Input    NAND 
0 1 1 
1 0 1 
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Figure 6. Normalized output power (unit: w/µm) in third state, when both of inputs are logical one, the 
output of NAND gate is logical zero; and Truth table of the third state. 

 
In above, the operation of NAND gate by use of nonlinear directional coupler is 

achieved.  In this design, the input light beam with 4 w/µm in power is considered as 
logical one and the output from the structure is the light beam with 4 w/µm; so the 
output light beam of this gate can be used as an input light beam of the same gate in the 
next stage. In other words, this gate has the capability of cascading with other gates. 
The cascading feature is necessary in the integrated circuits. 

2.2.2 NOR/XOR gates 

In second mode, a light beam with 6 w/µm in power considered as logical one and the 
control beam with 6w/µm power is launched into the waveguide 1 continuously. The 
first state of NOR/XOR gate is similar to the first state of NAND gate. In other words, 
there is no light in the A port therefore, the coupling will be occurred between three 
waveguides due to their equal refractive indices and the constant light beam int the 
waveguide 1, emerges from B port (NOR gate) and there is no light at the C port (XOR 
gate) as shown in figure 7. 

 

 

Figure 7. Normalized output power(unit: W/µm) in first state, when no lights exists in the input, the 
output of NOR gate is logical one, blue curve, and output of XOR gate is logical zero, green curve; and 

Truth table of the first state 

Input NAND 
1 1 0 

 Input NOR XOR 
0 0 1 0 
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In the second state, only one of the inputs is logical one, it means that the beam with 
6 W/µm power is launched to the A port therefore, refractive index of waveguide 2 is 
increased due to its nonlinear properties. But the coupling between the waveguides 2 
and 3 will not occur hence, the light exits from B port and  the constant light with 6 
w/µm power is remained into the waveguide 1 and exits from C port. Figure 8 shows 
this state of inputs. 

  

 
Figure 8. Normalized output power(unit: W/µm) in second state, when only one input is logical one, 

the output of NOR gate is logical zero, blue curve, and output of XOR gate is logical one, green curve; 
and Truth table of the second state. 

In third state both of inputs are logical one, it means that the beam with 12 w/µm 
enter to the A port. The refractive index of waveguide 2 increased because of its 
nonlinear behavior. But this amount of increment does not cause to coupling event 
between waveguide 2 and 3, so there is no light can exit from the B port. On the other 
hand, the control light in the waveguide 1, enters to the waveguide 2, therefore there is 
no light emerges from C port. This event is occurred in the length of 1000 µm. This 
state is shown in figure 9.   

 

Figure 9. Normalized output power(unit: W/µm) in third state, when both of inputs are logical one, the 
output of NOR gate is logical zero, blue curve, and output of XOR gate is logical zero, green curve; 

and Truth table of the third state. 

Input NOR XOR 

0 1 0 1 
1 0 0 1 

Input NOR XOR 

1 1 0 0 
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In above, by use of nonlinear directional couplers, the operation of NOR and XOR 
gates was obtained. In this design, these gates can be cascaded with other gates in next 
stage similar to NAND gate. 

 Finally, the group delays (GD) and Insertion loss (I.L.) of the proposed logical gates 
have been calculated by these equations: 

𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛) = 𝐿𝐿

𝑐𝑐× �1−� 𝑐𝑐
2𝑎𝑎𝑎𝑎 �

2 (6) 

𝐼𝐼. 𝐿𝐿. (𝑑𝑑𝑑𝑑) = 10 log10 �
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

� (7) 

In which, in equation 6, c is the speed of light (29.979 cm/ns), a is the width of 
waveguides (cm) and L is the length of gates. In equation 7, PoutPin are the output and 
input power in each waveguide. 

 
The amount of GD and Insertion loss of designed gates are shown in tables 2 and 3. 

Table 2. Group delay of the proposed gates 

NOR/XOR NAND Group delay 
3.3 3.3 Pico-second (Ps) 

303 303 Bit-rate (Giga bit 
per seconds) 

 
Table 3. Insertion loss of the proposed gates 

Input 

Insertion Loss (dB) 
NAND NOR/XOR 

Waveguide 
1 

Waveguide 
2 

Waveguide 
3 

Waveguide 
1 

Waveguide 
2 

Waveguide 
3 

00 -13 -11.2 -0.46 -13 -11.8 -0.54 
01,10 -10 -2.2 -3.7 -3.5 -1.9 - 

11 -20 -0.7 -10 -13 -1.2 -13 

3. Conclusion 

The NAND and NOR gates are used in digital circuits design. These gates are called 
universal gates as any digital function can be implemented by using just NAND or NOR 
gate. We presented a new structure for all-optical logic NAND, NOR and XOR gates 
based on nonlinear directional coupler and experimentally demonstrated these schemes 
by using Rsoft's BeamPROP simulator. One of the advantages of all optical logic gates 
is high speed of gate operation in comparison with electrical gates. On the other hand, 
the logical gates are designed with NLDCs are compact and potentially applicable for 
photonic integrated circuit; also their structure is simpler than other techniques. 
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