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In this paper, a photonic crystal-based structure for an all-optical full-subtractor has been proposed. 
The structure includes six nonlinear resonant rings to transmit the incoming optical waves toward 
the output ports. Using the different radii for nonlinear rods made the possibility of the dropping 
operation for different amounts of optical intensities. The nonlinear rods are made of a doped-glass 
with an optical Kerr coefficient of 10–15 m2/W. To calculate the components of the optical waves 
throughout the structure, the finite-difference time-domain method has been used. The simulation 
results prove the correct functionality of the proposed structure. Besides, the maximum rise time 
of the device is equal to 2 ps. The contrast ratio and the area of the structure are around 8.08 dB 
and 2790 µm2, respectively. 

Keywords: full subtractor, nonlinear ring resonator, optical Kerr effect, photonic crystal. 

1. Introduction 

Due to high demands for high-speed processing and wide-bandwidth links, it is inevitable 
to find a better substitute for electronic-based communications and processing systems. 
Optical communications and optical processing are excellent ways that have been sug-
gested. An optical system can work at the optimum speed when all of its building blocks 
be optical and no electronic device be used inside the system. 

One of the fundamental structures that can be used for designing various types of 
optical devices is photonic crystal (PCs) [1]. One of the interesting capabilities of PCs 
is the switching threshold capability for resonant rings [2,3]. Based on this issue, dif-
ferent kinds of optical devices such as logic gates [4–9], decoders [2,10–13], encoders 
[14–17], adders [18–24], comparators [25–27], data converters [28–32], flip-flops 
[33,34], and multiplexers [35] have been designed. 

Subtractors are crucial for implementing all-optical calculation systems. Therefore, 
different structures have been proposed for designing these PC-based devices [36–40]. 
PARANDIN et al. [36] proposed a PC-based structure to realize an optical half-subtractor. 
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100 F. PAKRAI et al. 

They used the cross-connected waveguides including four rods at the center. Although 
the subtraction operation was obtained, the amount of the optical power at an input 
port was 1.5 times of one at another port. They improved the structure and obtained 
a rise time of 0.8 ps [37]. Using three nonlinear resonant rings, MORADI [38] succeeded 
in designing a structure for an optical half-subtractor. He used equal power at input 
ports, however the rise time was increased to 3 ps. An optical half-subtractor was 
proposed by ASKARIAN et al. [39], which used two nonlinear resonant rings and beam 
interference mechanisms for implementing the subtraction operation. They also re-
ported the rise time of 1 ps. They proposed a linear structure for realizing an optical 
half-subtractor, which worked based on optical beam interference and phase shift key-
ing technique [40]. The rise time of this structure was equal to 2 ps. Then, he designed 
another structure for the half-subtractor using nonlinear rings and succeeded in im-
proving the rise time to 0.8 ps [41]. MIRALI et al. [42] presented a half-subtractor using 
two nonlinear rings and wave splitters. The rise time of the device was equal to 1.4 ps. 
NAMDARI et al. [43] realized an optical half-subtractor including nonlinear cavities to 
drop the optical waves towards the output ports. The rise time of the structure was around 
1.5 ps. Recently, FANG et al. [44] have proposed a new structure based on a control 
port for designing a half-subtractor/half-adder. They reported a rise time of 1.5 ps. 
KHAJEHEIAN et al. [45] have recently designed a full-subtractor based on nonlinear 
rings. They calculated a value of 2.2 ps for the total rise and delay times, and the power 
consumption increased via an optical bias. 

In this paper, we are going to design and propose a new all-optical full-subtractor. 
The proposed structure is realized using six nonlinear resonant rings. The rings couple 
the optical waves from a waveguide into another one if the amount of optical intensity 
is more than the switching threshold. The maximum rise time of the designed structure 
is around 2 ps and the contrast ratio is equal to 8.08 dB. In comparison to Ref. [45], 
the designed structure is faster. Also, the structure needs no optical bias to approach 
the correct operation so the power consumption does not increase. 

The rest of the paper was organized as follows: in Section 2, we present the design 
procedure of the structure, the simulation results will be discussed in Section 3 and the 
conclusion comes in Section 4. 

2. The proposed full-subtractor 

The fundamental structure used for designing the optical full-subtractor includes a two 
-dimensional square lattice of silicon rods in the form of 77 rows and 91 columns. 
The refractive index and the radius of rods are 3.46 and 126 nm, respectively. Also, 
the lattice constant of the structure (a) is equal to 631 nm. The simulation results show 
that the mentioned lattice includes two photonic bandgaps (PBGs) in the ranges of 
0.28–0.42 and 0.72–0.74. Concerning a = 631 nm, the larger bandgap is between 1502 
and 2254 nm which covers C and L bands. In this research, the wavelength of 1550 nm 
is used for incoming optical signals so they are allowed to transmit through the optical 
waveguides. 

https://0.72�0.74
https://0.28�0.42
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(b) 

(a) 

Fig. 1. (a) The proposed structure, and (b) the used resonant ring. 

For designing the structure, six nonlinear resonant rings connect X, Y, and Z input 
ports to B and D output ports. Corresponding to the different working states, these rings 
guide the optical waves toward the desired paths. They are labeled as R1, R2, R3, R4, 
R5, and R6 as shown in Fig. 1(a). The resonators are created by adding some nonlinear 
rods made of a doped glass inside them (Fig. 1(b)). 

When an optical power illuminates a nonlinear rod, the refractive index of the 
rod (n) changes due to the optical Kerr effect. The Kerr effect is known as n = n0 + n1 I 
where n0 and n1 are the initial refractive index and Kerr coefficient, respectively. In 
other words, the refractive index corresponds to an applied optical intensity (I ). By 
using the nonlinear rods in a photonic crystal ring resonator, the effective refractive 
index of the ring depends on the incoming optical intensity. So, the coupling efficiency 
changes for different amounts of optical intensity. Concerning all working states of 
the device, different powers reach the rings, and the coupling efficiency changes. This 
feature makes a possibility to guide the incoming waves toward the correct output 
ports, and design the photonic crystal-based devices. 

The linear refractive index and the optical Kerr coefficient of the nonlinear rods 
are 1.4 and 10–15 m2/W, respectively. The radius of these defects is chosen according 
to the functionality of each resonator. The resonant wavelength of the ring (λ r) is de-
fined as 

2πRneffλ r = -----------------------
m 

where R is the radius, neff is the effective refractive index of the ring, and m is an integer 
number. According to the optical Kerr effect, the refractive index of the nonlinear rod 
depends on the amount of the optical intensity. Concerning the working states, different 
optical intensities reach the rings and change the effective refractive index. As a result, 
by choosing the proper values for the radius of nonlinear rods, the resonant wavelength 



 

  
  

    
  

     

  
   

 
  

  
  

   
 

 
       

   
  

 
       

 
   

   
         

   
   

   
 

     
   

  
   

 
      
    

102 F. PAKRAI et al. 

can be tuned for coupling between two waveguides. So, the different switching thresh-
olds can be obtained for different radii of nonlinear rods. The radii of 126, 126, 129, 
115, 123, and 132 nm are used to obtain the switching threshold at optical intensities 
of 8, 8, 6, 16, 10, and 4 W/μm2 for R1, R2, R3, R4, R5, and R6, respectively. To tune 
the mentioned values, the radii of nonlinear rods were scanned by a step of 1 nm. Radius 
of rods at the cross-connection of waveguides is 70 nm. 

3. Results and discussions 

To simulate the optical waves, the finite-difference time-domain (FDTD) method is used. 
In this method, components of the electric and magnetic fields for Maxwell’s equations 
should be calculated at the time and space domains. Concerning the used radii in the 
structure, the length of the unit cell is chosen as 10 nm. According to Courant’s con-
dition, the time step of 1 as is used, and the perfectly matched layer (PML) is considered 
as the boundary condition. The optical waves with a wavelength of 1550 nm are applied 
to the input ports. 

The structure includes X, Y, and Z input ports so for obtaining a full-subtractor in 
which the operation of X-Y-Z be correctly done, eight possible states should be sim-
ulated as follows (as shown in Fig. 2). 

State 1: When all input ports are OFF, there is no signal inside the structure so both 
output ports will be OFF. 

State 2: When X is ON and Y and Z are OFF, the amount of optical intensity inside 
W2 waveguide is around 8 W/μm2. Therefore, as discussed previously, R1 and R2 drop 
the optical waves into W3 and W7, respectively. The waves inside W3 reach D port 
and turn it ON. On the other hand, the optical waves inside W7 travel toward W6 and 
W8 so the amount of optical intensity inside W8 is lower than the required switching 
threshold for R6. So, R6 does not drop them into W9 and no optical waves reach B port. 
As a result, in this state, B will remain OFF (Fig. 2(a)). 

States 3 and 4: In these states, X is OFF and only one of Y or Z is ON (X = Z = 0, 
Y = 1 or X = Y = 0, Z = 1). So, R5 drops the very little portion of optical waves 
into W6, and the major portion goes toward W2. R1 and R2 drop the optical waves 
into W3 and W7. The waves inside W3 reach D port and turn it ON. On the other hand, 
the optical waves inside W7 travel toward W6 and W8. In this state, the amount of 
optical intensity inside W8 is as high as the required switching threshold for R6. So, 
R6 drops the optical waves into W9 and guides them toward B through W9 and W10. 
As a result, B will be ON too (Figs. 2(b) and (c)). 

State 5: In this state, X is OFF and other ports are ON. So, R4 drops most of the 
optical waves from W4 into W5 and guides them toward B through W5 and W10. As 
a result, B port will be ON. The other portion of the optical waves travels toward W2, 
but it is less than the switching threshold required for R1, R2, and R3. So, none of them 
drop the waves and D port will be OFF (Fig. 2(d)). 

States 6 and 7: When X is ON, and only one of Y or Z is ON (X = Y = 1,  Z = 0  or  
X = Z = 1, Y = 0) a very small portion of optical waves is dropped by R5 into W6 and 



  
      

103 Designing ultra-fast all-optical full-subtractor... 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 

Fig.  2.  Optical waves propagation  inside the structure for different states: (a) X = 1, Y = Z = 0; 
(b) X = Y = 0, Z = 1; (c) X = Z = 0, Y = 1; (d) X = 0, Y = Z = 1; (e) X = Y = 1, Z = 0; (f )  X = Z = 1,  
Y = 0; and (g) X = Y = Z = 1. 
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the rest will go toward W2. Due to destructive interferences, the amount of optical in-
tensity inside W2 is less than 8 W/μm2, therefore none of the resonators located around 
W2 drop the optical waves. As a result, D port will be OFF. The amount of optical 
intensity that reaches W8 through W6 and W7 is very low, therefore R6 does not drop 
them into W9 and no optical waves reach B. So, in this state B will be OFF too 
(Figs. 2(e) and (f )). 

State 8: When all input ports are ON, R4 drops most of the optical waves from W4 
into W5 and guides them toward B through W5 and W10, so B will be ON. The other 
portion of the optical waves travels toward W2 and joins to the optical waves coming 
from X. The amount of optical intensity inside W2 reaches the switching threshold re-
quired for R3, so it drops the waves into W3 and guide them toward D. In this state, 
D will be ON too (Fig. 2(g)). 

Figure 2 demonstrates the correct operation of the structure and the incoming op-
tical waves are transmitted to the desired output ports through the resonant rings for 
all possible states. To obtain the time response, the step signals are applied to the input 
ports for the mentioned states and the normalized power at both output ports is calcu-
lated (as shown in Fig. 3). The normalized value is defined as the output power divided 
by the power at one input port. So, the calculated values may exceed 1. 

(a) (b) 

(c) (d) 

Fig. 3. Time response of the structure for different states: (a) X = 1, Y = Z = 0; (b) X = Y = 0, Z = 1 or 
X = Z = 0, Y = 1; (c) X = 0, Y = Z = 1; (d) X = Y = 1, Z = 0 or X = Z = 1, Y = 0; and (e) X = Y = Z = 1. 
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(e) 

Fig. 3. Continued. 

Concerning the simulation results, it can be seen that the maximum rise time of 
the structure is around 2 ps. This time is defined as the time that a signal reaches a 90% 
final value. More details of the time analysis have been given in Table 1. 

T a b l e 1. Time analysis of the structure. 

Input ports 
Output ports 

Normalized power [%] Logic Rise time [ps] 

X Y Z B D B D 

0 0 0 0 0 0 0 – 

0 

0 

0 

1 

1 

0 
45 47 1 1 1.8 

0  1  1  175  5  1  0  1.8  

1  0  0  3  48  0  1  1  

1  

1  

0  

1  

1  

0  
7  3  0  0  0.5  

1  1  1  180  45  1  1  2  

The maximum amount of the normalized powers for logic 0 is assumed as the low 
margin (M0). Also, the high margin (M1) is considered for the minimum value of them 
when the output port is at logic 1. According to Table 1, M0 and M1 are equal to 7% and 
45% for B port and they are equal to 5% and 47% for D port, respectively. The contrast 
ratio is defined by 10 log(M1/M0) so this ratio is around 8.08 dB for B port and 9.73 dB 
for D port. The area of the structure is approximately determined by N × L × a2 where 
N and  L are the numbers of rods in horizontal and vertical directions. Concerning 
N = 77, L = 91, and a = 631 nm, the area is equal to 2790 μm2. The comparison of the 
obtained results to other results has been given in Table 2. It can be seen that most of 
the structures have been designed for the half-subtraction while the full-subtraction is 
needed for use in optical circuits. The designed structure is faster than Ref. [45] which 
shows an improvement in presenting the fast full-subtractors. The main advantage of 
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T a b l e 2. The comparison of the obtained results with other works. 

Rise time 
[ps] 

Subtraction 
The smallest 
radius [nm] 

Contrast 
ratio [dB] 

Phase shift / 
inequal power 

[36] 0.1 Half 57 6.98 Yes 

[37] 0.8 Half 36 6.8 No 

[38] 3 Half 63 8.31 No 

[39] 1 Half 58.5 8 No 

[40] 2 Half 110 7.2 Yes 

[41] 0.8 Half 36 10.31 No 

[42] 1.4 Half 60 9.1 No 

[43] 1.5 Half 35 5 Yes 

[44] 1.5 Half – 18.3 – 

[45] 2.2 Full 75 9.8 No 

This work 2 Full 70 8.08 No 

the proposed structure in comparison to another full-subtractor is the fast response 
time. As far as we know, it is highly needed that the output ports follow the variation 
of optical power at input ports. This feature makes the correct response of the device 
for high working frequencies. 

Some attempts have been done for the fabrication of the photonic crystal struc-
tures using colloidal self-assembly, electron beam lithography, and direct writing via 
multiphoton microlithography methods [46–55]. A silicon layer is deposited by RF sput-
ter deposition on the top of a glass substrate. Then, using a mask and electron beam 
lithography, some holes in silicon are created. The holes are filled with the doped-glass. 
Then, a mask is used to define the patterns for the silicon rods. A  mixture of  
NF3/CCl2F2 at 150 W and 20 mTorr is used to etch the desired section of Si layers. 
Based on the mentioned reports, radii as small as 70 nm have been fabricated. The min-
imum value of the radius in the proposed structure is also equal to 70 nm. Therefore, 
one can be optimistic about the feasibility of fabrication for the presented full-subtrac-
tor. The rise time of 2 ps, the area of 2790 µm2, and the contrast ratio of 8.08 dB prom-
ise the designed structure for optical processing applications. 

4. Conclusion 

An all-optical full-subtractor was designed using 6 nonlinear resonant rings with dif-
ferent switching thresholds. The switching threshold of the resonators was tuned using 
the radius of nonlinear rods. The simulation results show the proposed structure works 
as an all-optical full-subtractor. The rise time and the contrast ratio of the proposed 
device are equal to 2 ps and 8.08 dB, respectively. Also, the area of the structure is around 
2790 μm2. According to the obtained results, it seems that the presented all-optical full 
-adder is capable to be used in optical processing systems. 
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