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Abstract Using a photonic crystal array, an all-optical 

half-subtractor has been designed that consists of four 

resonant rings and some waveguides which connect two 

input ports to output ports. The silicon rods with a period 

of 0.631 μm are arranged in the form of a square. 

Concerning the four working states of the device, 

different radii of nonlinear rods inside the resonators 

have been chosen. This issue makes the different 

switching thresholds for the rings and results in the 

correct dropping operation for optical waves. Unlike the 

previous works, each bit is defined to one port, and the 

input ports have equal power. The maximum rise time 

and the contrast ratio of the presented circuit are 3.5 ps 

and 8.45 dB, respectively. The fast response and small 

size are the main advantages of the presented subtractor. 

The obtained results demonstrates that the designed 

device has an acceptable performance which is proper for 

optical applications.   
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1. INTRODUCTION  

All-optical processing has attracted much attention to design of all-optical 

devices. For guiding and manipulating the light, a proper medium should be 

employed. Photonic crystal (PC) [1,2] is the regular array of dielectrics, by 

which confining the propagation of light rays inside the desired waveguides is 

achievable [3,4]. To couple the waves between two waveguides, resonant rings 

have been used. The nonlinear bars inside the rings make to approach the 

different switching threshold [5-9]. Based on this property, different kinds of 

PC-based elements such as optical filters [10-13], demultiplexers [14-17], 

decoders [18-21], encoders [22,23], adders [24-28], comparators [29-32], flip-

flops [33,34], multiplexers [35], and data converters [36-41] have been 

designed. 

For creating an all-optical computation system, half-subtractors should be 

designed as the fundamental blocks. The first PC-based half-subtractor (HS) was 

created by connecting some waveguides inside a hexagonal lattice. [42]. 

Although they succeeded in obtaining the time response of 0.1 ps, the circuit had 

difficulty employing in optical circuits. In this circuit, to obtain the subtraction 

operation, the power of an input port should be 1.5 times one at the other port. 

This is known as a challenge for connecting it to another device because the gap 

of margins should be matched. Moradi [43] proposed a PC-based subtractor 

including three nonlinear resonant rings. In this circuit, they used two ports for 

one bit to realize the subtraction operation. Concerning different values of delay 

time in different paths, the synchronization of two ports for one input bit is a 

significant challenge. The rise time (tr) of 3 ps was reported for this circuit. 

Askarian et al. [44] designed a half-subtractor using one nonlinear ring 

resonator. In spite of having tr=1 ps, like the previous work, two ports were used 

for each input bit. Askarian et al. [45] presented an optical half-subtractor 

(OHS) employing PSK technique. This circuit does not need threshold switching 

or high values of optical powers. They used two optical sources along with the 

input signals two extra ports for reference signals. The rise time was 2 ps. 

Recently, Namdari et al. [46] have realized an optical half-subtractor including 

nonlinear resonators to send the light to the output ports. Although tr=1.5 ps, the 

small radii used in the circuit can be a challenge for the feasibility of the 

fabrication.  

The all-optical half-subtractor, proposed in this work, has two nonlinear 

resonant rings to guide waves inside correct paths. Considering the difficulties 

of the previous works, the presented circuit has improved them. Unlike them, in 
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the proposed circuit, equal powers are applied to the input ports and one port is 

assigned to each input bit. Considering the fabricated photonic crystal structures, 

the radii of the bars are compatible with the common fabrication techniques. The 

tr and Cr are 3.5 ps and 8.45 dB, respectively.  

2. THE HALF-SUBTRACTOR 

   For the proposed half-subtractor, a 2D array of Si rods with 82 rows and 57 

columns has been used. For the 2D PC, 3.46 and 0.126 m were chosen for 

refractive index and radii of the bars. The spatial period is 0.631 m. Assuming 

a=631 nm, the circuit includes two bandgaps of 853-876 nm and 1502-2254 nm 

(figure 1). A wavelength of 1550 nm which is inside the larger photonic 

bandgap will be used to the input light. So, these waves are allowed to transmit 

through the designed waveguides.    

 
      
 

 

Fig. 1. Band gap region of the 2D PC. 

 

 

Table I shows truth table of a HS. If one of the inputs be at a high level, port 

D will be at logic 1. So, both inputs were connected to a waveguide through a 

combiner and guided toward port D via a resonant ring. When X or Y becomes 

ON, the waveguide's optical intensity satisfies the threshold intensity for 

coupling operation, and port D is activated. Concerning the table, port B is 

activated for state 2 (X=0,Y=1). One part of the signal Y should be used to 
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activate port B, so a resonant ring is needed to couple a part of signal Y. 

Another part of signal Y should also be guided toward port B through a resonant 

ring for enhancement of optical intensity at port B. Based on this strategy, a 

circuit was proposed for the photonic crystal-based half-subtractor. 

 
TABLE I 

ALL WORKING STATES OF A HALF-SUBTRACTOR 

 State 
Input  Output  

X Y B D 

1 0 0 0 0 

2 0 1 1 1 

3 1 0 0 1 

4 1 1 0 0 

At the proposed half-subtractor X and Y are the inputs and B and D are the 

outputs (Figure 2a). Four nonlinear resonant rings are required for connecting 

inputs to output ports. R#1, R#2, R#3, and R#4 are the nonlinear ring resonators 

(NRRs) that were implemented via doped-glass made bars inside the resonator 

(figure 2b). For the doped glass, n=1.4 and N2=10-14 m2/W are used. Different 

radii was used for the nonlinear bars inside the resonant rings to make different 

switching thresholds for coupling operation.  

R#1 and R#2 were placed between W1 and W2 and W3, respectively and the 

radii of their nonlinear bars is 126 nm. They couple the light from W1 into W2 

and W3, if inside W1, we have I<10 W/m2. R#3 is placed between W4 and 

W5, the radii of nonlinear bars for R#3 is equal to 130 nm. If inside W4, I=7 

W/m2, it couples a very small portion of the waves from W4 into W5. Finally, 

R#4 is placed between W6 and W7 in which the radii of nonlinear bars is 133 

nm. This ring couples the waves from W6 into W7, if inside W6 we have I<3 

W/m2. The switching thresholds of R#1, R#2, R#3, and R#4 are 10, 10, 7, and 

3, respectively. Tuning of the thresholds was done by scanning the radii of 

nonlinear bars with a step of 1nm.    
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(a) 

 

(b) 

Fig. 2. (a) The OHS structure, (b) the resonant ring. 
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3. SIMULATION AND RESULTS 

The simulations were done using =1550 nm and I=7 W/μm2 respectively. To 

calculate the components of Maxwell’s equation, the perfect match layer (PML) 

is assumed [47]. Concerning the used radii and wavelength, the unit cell with a 

length of 1nm is chosen. The time domain is discretized by the step of 1as [48]. 

To evaluation of the circuit, four states X=Y=0, X=0,Y=1, X=1,Y=0, and 

X=Y=1 are simulated for X-Y subtraction as the following:  

State 1: If both inputs are inactive, due to lack of optical waves both D and B 

will be inactive. 

State 2: For X=0 and Y=1, R#3 couples a small portion of the input signal 

into W5, the rest of the light travel toward R#1 and R#2. They couple the light 

from W1 into W2 and W3, respectively. One part of the light is guided toward D 

(figure 3a). The other part enters W3 and travels toward W5 and W6. These 

waves are combined with ones coming from R#3 and travel toward R#4. The 

intensity is more than 3 W/µm2 so R#4 does not couple them into W7. So the 

light reaches B. The result of the time analysis corresponding to this state is 

shown in figure 3b. Based on this figure, the normalized intensities (NI) at D 

and B are equal to 44% and 42%, respectively. Also, the rise time for D and B 

are 3.5 ps and 2.5 ps, respectively. 

  

 

 
(a)  

(b) 

Fig. 3. (a) The light guiding inside the circuit, (b) the calculated timing diagram for 

X=0, Y=1. 
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State 3: When X =1 and Y =0, the value of optical intensity inside W1 is 

around 7 W/m2, therefore R#1 and R#2 couple the light from W1 into W2 and 

W3, respectively. R#1 and R#2 act as the power splitters and splits the light into 

two portions. One portion of the light goes to D and activates it. The other 

portion enters W3 and travels toward W5 and W6. A small portion of the light 

with optical intensity less than 3 W/m2 reaches R#4 so it couples waves into 

W7. Therefore, B is inactive (figure 4a). The NI at D and B are 43% and 6%, 

respectively. Also, the tr for D and B is around 2.5 ps and 1 ps, respectively 

(figure 4b).  

 

 

 
(a) 

 
(b) 

Fig. 4. (a) The optical guiding and (b) the timing diagram of the circuit for X=1, Y=0. 

 

State 4: When X=Y=1, R#3 couples a small portion of the incoming light into 

W4, the rest travel toward W1 where they are combined with the light coming 

from X (figure 5a). So, I>10 W/m2, and R#1 and R#2 do not couple the waves 

into W2 and W3. Therefore, no light reaches D, as a result, it is inactive. The 

light that are coupled into W5 travel toward W3 and W6. Due to the low 

intensity of these waves, R#4 couples them into W7 and no light reach B port. 

As a result, B is inactive too. The NI at D and B ports are 3% and 4%, 

respectively. Also, tr for D and B ports are around 1.4 ps.  

The NI at output ports was calculated for multiple radii inside the resonant 

rings (figure 6). In this way, deviation from the defined values was swept for -5 

nm to +5 nm, and the steady-state values of the NI at ports B and D were 

simulated for states 2, 3, and 4. One can see that the margin of logic 1 was 
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decreased to 0.317 and 0.291 for ports B and D, respectively. Also, the margin 

of logic 0 was changed to 0.079 for port B and 0.057 for port D.  

Figures 3, 4, and 5 demonstrate the correct operation of PC-based HS. In 

comparison with the previous works [42,45-46] the presented device uses equal 

power at input ports and results in more possibility for coupling with other 

devices (table II). 
    

 
(a) 

 

(b) 

Fig. 5. (a) Guiding the incoming waves from X and Y ports, (b) the calculated timing 

diagram. 
 

 

In this work, every input bit is assigned to only one port while applied to two 

ports for other works [43-45]. Although Moradi [43] and Parandin et al. [42] 

reported less rise time than the proposed work, the small radii in their structures 

are the main challenges for fabrication. Based on these issues, it seems that an 

improvement has been obtained in this research for PC-based half-subtractor. 

According to some reports [49-58], fabrication of the bars with a radius of 45 

nm has been done 
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(a) 

 
(b) 

 
(c) 

 

Fig. 6. The NI at output ports for deviation of radii from the defined values, (a) state 2 

(X=0,Y=1), (b) state 3 (X=1,Y=0), (c) state 4 (X=Y=1). 

 

 

Table II 

COMPARING THE CHARACTERISTICS OF THE PRESENTED HS WITH PREVIOUS WORKS 

Work Rise time (ps) 
Number of 

input ports 

The smallest 

radii (nm) 

Phase shift/ 

Inequal 

power 

[45] 2 4 108 Yes 

[44] 1 4 96 No 

[43] 3 4 63 No 

[46] 1.5 2 35 Yes 

[42] 0.1 2 31 Yes 

This work 3.5 2 126 No 
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CONCLUSION 

An OHS circuit was designed using NRRs. Four rings with different 

switching thresholds were used for this purpose. No extra input port was used 

for designing the device. Both input ports have the same optical intensities. As 

shown by the simulations, tr is 3.5 ps. Also, Cr is 8.45 dB. 
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