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Abstract 

We analyze interaction of two nonlinear waves in thin amorphous dielectric film 
with reflecting edges. All-optical logic gates “AND”, “OR” and “XOR”, which 
are based on the dielectric film and involve no semiconductor components, are 
simulated both analytically and numerically. 
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1. Introduction 

Optical computing [1–3] has been proposed in the late 1980s, since the productivity of 

electronic computers does not satisfy modern requirements. Digital data can be 

transmitted to electronic processor by an optical fibre with the speed of light, but the 

maximum speed of switching of electronic logic gates is 50 ps ( Hz102 10× ) for the 

average power 0.5 mW (the energy 25 fJ) per one switching [4]. It is known that the 

switching speed of logic gates based on semiconductors is restricted by capacitance of p-n 

junctions. 

Modern semiconductor logic gates have small sizes ( m�1.0< ), though their 

switching is limited by interlinking capacitance ( s10 10−> ) [4]. At the same time, the 

switching speed of optical logic gates is limited only by the velocity of light passing 

through it ( fs3~  or zH103 14× ). All-optical logic gates have the sizes close to the light 

wavelength ( m�1~ ), thus decreasing the packing density of logic gates on the chip. An 

alternative way for creating high-speed computers with great productivity and small sizes 

lies in combining optical data bus with a quantum processor [5]. 

However, the problem of commutation of optical signals appearing in the area of 

information technologies has not been solved completely. The all-optical logic gates 

based on linear and nonlinear photonic crystals [6–14] are now extensively developed. 

The mentioned optical technologies allow one to conduct the processing under the 

conditions when the optical signals propagate through devices at the speed of light. 
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A great attention has once been given to the optical logic gates based on bistable 
properties of nonlinear media [15, 16]. However, the bistable effects depend on the 
relaxation time of medium and produce a delay of logic-gate function. Later on, the logic 
gates based on the Kerr effect [17–19] and two-photon light scattering in crystals [20, 21] 
have been suggested. The optical logic gates based on polarization systems [22, 23] may 
also be considered. Such the logic gates require highly coherent input signals and, 
moreover, their initial phase difference must be constant, since the dynamics of wave 
polarization is due to interference effects in the gates. In particular, the logic gates based 
upon ferroelectric liquid crystals [24], liquid-crystalline cells [25, 26], silicon micro-ring 
resonators [27, 28] and local nonlinear Mach-Zehnder interferometer [29] have been 
proposed. Today the main attention is focused on quantum logic gates and quantum 
computing [30–41]. This is because the quantum logic gates have minimal sizes. 

The logic gates based on the liquid crystals are relatively slow, whereas the photonic 
crystals or other optical elements are very complicated in production. The problems of 
stability of quantum states and their non-destructive control have not yet been solved. 
However, we should take into account a fundamental limit for the optical elements [42], 
because we focus on the computing processes. 

That is why we suggest the other optical logic gates that operate at high speeds and 
have small sizes [43–45]. Our logic gates are associated with the Kerr effect in thin 
amorphous dielectric films and, moreover, they are simple enough for producing. Both 
periodic (cnoidal) and solitary nonlinear waves can possibly appear in a dielectric 
medium, depending on the relations of parameters of the medium and the electromagnetic 
field [6, 13]. Nonlinear spatial waves appear if the medium is placed into resonator. A 
dielectric film with plane-parallel reflecting edges could be represented as a Fabry-Perot 
resonator [6, 16]. As a consequence of nonlinear interaction of the waves, there are 
minima and maxima of the field intensity at the mirrors of this dielectric resonator. A 
presence of a minimum or maximum field at a given point of output resonator mirror can 
be treated as a logic signal (zero or one) in an optical logic gate. 

The purpose of the present work is simulating the optical logic gates based on the 
thin amorphous dielectric films, which manifest almost no absorption for the 
electromagnetic waves. 

2. Nonlinear Modes of Dielectric Resonator 

We consider a physical mechanism of interaction of two electromagnetic waves injected 
into an amorphous dielectric film. The dielectric film with the thickness h and flat semi-
transparent reflecting edges represents a one-dimensional dielectric resonator [11–13]. 

In Fig. 1 we show a scheme of the resonator, where 1M  and 2M  are the reflecting 

edges (i.e., semi-transparent mirrors of the resonator), A and B the wedged input 
waveguides and Z the output planar waveguide. All the waveguides have a doped interior 

layer with the refraction index 1n  and quartz shells with the index 0n  ( 01 nn > ). The 

interaction of two nonlinear waves takes place in the planar dielectric Fabry-Perot 
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resonator with the refraction index 1n , the shell with the index 0n  and the 

semitransparent mirrors 1M  and 2M . The waveguides A, B, on the one side, and the 

waveguide Z, on the other side, are attached respectively to the input mirror 1M  and the 

output mirror 2M  of the resonator. The shell thickness of the joint input and output 

waveguides is equal to the thickness of the resonator shell. The waveguides A and B 
represent inputs, through which the optical signals are injected into the resonator, while 

the waveguide Z is an output, through which the optical signal leaves the system [43–45]. 
The input waveguides A and B have wedge tapered profiles that transform into flat one, 

with the cross section equal to that of the waveguides. The profile of the output 
waveguide is also flat, with the same cross section. Like a diffraction grating, the input 
mirror 1M  has some gaps along y-direction. This is done for elimination of phase 

difference of the input signals. The optical signals with the electric component yE  of the 

same y-polarization (TE modes) propagate parallel beginning from the input mirror 1M  

of the resonator. Then the output signal leaves through the mirror 2M  and excites the TE 

mode in the output waveguide. We suppose that the signal modes do not change in the 
tapered waveguides, since their profiles vary slowly. 

 
Fig. 1. Flat dielectric resonator based on thin film (shells are not depicted). 

The dielectric permittivity of the resonator is 1 31 4 ( ) 4 Iε πχ ω πχ= + + , where 1( )χ ω  

denotes the linear susceptibility of the medium, 3χ  its cubic susceptibility and 
2

~I E  

the intensity of the electromagnetic field. The input power must be sufficiently high for 
the nonlinear Kerr effect to appear in the medium. The nonlinear effect appears in the 
glass with multi-component additive once the input power exceeds 1 W. The nonlinear 
response of the glass takes a few femtoseconds to become steady [6]. 

We consider the optical signals as quasi-monochromatic electromagnetic waves 
( ωω <<∆ ) that can be described in the film by only one transverse electric component 

( ) ( )0exp i
y y yE e x i t ik z i e e φω φ= − + =�  ( / 0y∂ ∂ → ) and two magnetic components 
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mode is equal to 222
��� zx kkk += , where 

�xk  means the transverse component of the wave 

vector, /zk Lπ=� �  the propagation constant of the mode traversing along the 

longitudinal axis, L the resonator length, ...,2,1 ±±=�  and 0φ  is the initial signal phase 

at the input. 

The equation for the electric field, ( ) 0/ 2222 =∂∂−∇ −
yEtc ε , looks like 

2
3

1 22
0y

y y

d e
q e q e

dx
+ ± = ,       (1) 

where cxx /ω= , 22222
11 /41 Lcq ωππχ �−+= , 32 4 χπ=q  and the signs plus and 

minus correspond respectively to focusing and defocusing nonlinear media. After 

normalizing ( 1 2/ ( )ye q q f X= , with 1X x q= ) Eq. (1) takes the following form: 

2
3

2
0

d f
f f

dX
+ ± = .       (2) 

Let us assume that only one nonlinear � th mode is excited in the resonator. For that 

mode we rewrite Eq. (2) for the case of defocusing medium as 

( )
2

31
0

2

d df df
f f

dX dX dX
  + − = 
 

 and find its solution by using the elliptic integral 

0

2 2 4 1/ 2
0[ / 2]

f

f

df
X

a f f
=

− +∫ , where ( )22 2 4
0 0 00

/ / 2a df dX f f= + − . Then we put 

2 2 4 2 2 2 2
0 1 22 2 ( )( )a f f b f b f− + = − − , where 2 2 2

1 2 02b b a= , 2 2
1 2 2b b+ = , 0 0f =  and 

2 10 f b b< < < . As a result, we obtain 
1 2

2
arcsin ,

f
X F k

b b

  
=   

  

�  for 2 1/k b b=� . Now we 

convert the latter relation and finally get the spatial cnoidal wave: 

( )2
2 1sn / 2 ,f b b X k= � ,       (3) 

where sn( , )X k�  is the Jacobi elliptic sine function. The cnoidal wave has its maxima and 

minima at the resonator mirrors. 

Let us estimate the distance between the zeros 0 12 /x b=  of the spatial wave with 

the intensity 2f . For the laser radiation with the frequency 15 1~ 10 sω −  propagating in 

the medium with the parameters 1 1.5ε =  and 20 3
3 ~10 cm /ergχ − , we obtain 5

0 ~ 10x − . 

This distance can be as small as the Heisenberg uncertainty principle allows 
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( ~ 1/ xx k∆ ∆ ). 

Now we have the equation for the two � th modes excited in the resonator, which 

have the equal frequencies ω  and the wave vectors 
�zk  in the defocusing medium: 

( )

( ) ( )( )

2
2 2

1 2 1 2 1 2 01 022

1 01 2 02

2 cos

exp exp 0.

y y y y

y y

d
q q e e e e

dx

e i e i

φ φ

φ φ

 
 + − + + − ×  

 

+ =
    (4) 

Since the initial phases 0201 φφ ≠  are arbitrary, we can equate to zero each of the 

terms in Eq. (4) that include ( )ji 0exp φ . Then we derive the combined equations 

( )

( )

2
2 21

1 1 2 1 2 01 02 12

2
2 22

2 1 2 1 2 01 02 22

2 cos 0,

2 cos 0.

d f
f f f f f f

dX

d f
f f f f f f

dX

φ φ

φ φ

 + − + + − =
 

 + − + + − =
 

    (5) 

The initial phase difference 0201 φφ −  affects the values of the functions 1f  and 2f  

obtained from the combined Eqs. (5). This is because the cosine values for each pair of 
the input signals change arbitrarily from –1 to 1. However, the gaps at the input mirror 
(see Fig. 1) eliminate the phase difference for the main diffraction maximum if the signals 

pass the resonator through the diffraction grating, i.e. we have 00201 =−φφ . 

We have derived numerical solutions of the system of Eqs. (5) for the functions 1f  

and 2f  with the cosine value equal to unity in the case of identical boundary conditions 

for the waves. The wave intensities 2
2

2
1 ,~ ffI  are represented in Fig. 2 and Fig. 3. As 

follows from our numerical solutions of Eqs. (5), the spatial waves are generated in the 
dielectric film resonator and their field maxima and zeros are located at the output 
resonator mirror. 

Notice that the units taken for the intensity, the thickness h of the film and the 
coordinate X are normalized and depend upon the parameters of both the film and the 
waves. For example, the normalized unit used for the coordinate X or the film thickness h 

is equal to 0.7 µm for the dielectric film with the permittivity 11 41 πχε +=  = 1.96, 

m/V104 10
2

−=πχ , the wave mode �  = 10 of the resonator, the resonator length 

L = 0.75 µm and the light wavelength λ  = 1.55 µm. 

3. Optical Logic Gates 

The presence or absence of the field maxima (or zeros) at the output mirror along its 
transverse axis x allows realizing optical logic gates if only the spatial waves are excited. 
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The optical signals are injected into the input waveguides A and B of the logic gate (see 
Fig. 1) and the output signal is received at the waveguide Z. 

The logic gate “AND” with the positive logic (Table 1) has been simulated for the 
dielectric film with the normalized thickness h = 6.6. In Table 1 the logic one and logic 
zero are marked respectively as ‘1’ and ‘0’. The film thickness is chosen such that we 
obtain zeros on the upper and lower surfaces (see Fig. 2). 

The output waveguide Z with the 

normalized thickness 4.1=zh  must be 

attached to the output mirror 2M . The 

y-axis of the waveguide Z should cross 
the point X = 3.3 (see Fig. 2). The 
output signal intensity is detected on the 

level of I  ~ 0.1. For the boundary 

conditions ( ) 001 =f  and 

( ) 3526.0/01 =dXdf , we have the signal 

intensity 2
1f~I  (curve 1 in Fig. 2), if 

one of the signals (that in the waveguide 
A or B) is present and the signal in the 
other waveguide is absent. Then the 
signal in the output waveguide Z is 

  

Fig. 2. Intensities of the waves for the 
cases of one signal (A or B – see curve 
1) and two signals (A and B – see curve 
2). The film thickness is h = 6.6 and the 
wave boundary conditions ( )1 0 0f =  

( )2 0 0f = , ( )1 0 / 0.3526df dX =  and 

( )1 0 / 0.3526df dX =  (all units are 

normalized). 

Fig. 3. Intensities of the waves for the 
cases of one signal (A or B – see curve 
1) and two signals (A and B – see curve 
2). The film thickness is h = 10.0 and the 
wave boundary conditions ( )1 0 0f = , 

( )2 0 0f = , ( )1 0 / 0.343df dX =  and 

( )1 0 / 0.343df dX =  (all units are 

normalized). 
 

Table 1. Logic gates with the positive logic. 

Logic 
gate 

Input 
А 

Input 
В 

Output 
Z 

0 0 0 
1 0 0 
0 1 0 

AND 

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

OR 

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

XOR 

1 1 0 
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absent (see Fig. 4). If both of the input signals A and B are present and the same boundary 

conditions are true ( ( )1 0 0f = , ( )2 0 0f = , 
( )

3526.0
01 =

dX

df
 and 

( )
3526.0

02 =
dX

df
), we 

obtain the identical intensities of the signals 2
1f  and 2

2f  (curve 2 in Fig. 2). Then we 

have the signal in the output waveguide Z shown in Fig. 5. For our model of the gate 
“AND”, the signal-to-noise ratio in the output waveguide is 6.6 dB. 

The logic gate “OR” with the positive logic (see Table 1) can be produced if the two 
input waveguides A and B are joined with the output waveguide Z, which has a wedge 
profile. 

Finally, the logic gate “XOR” with the positive logic (see Table 1) has been 
simulated by the dielectric film with the normalized thickness h = 10.0. The output 
waveguide Z (Fig. 1) with the normalized thickness 1.4 should be attached to the output 

mirror 2M  and the y-axis of the waveguide must cross the point X = 5.0 (see Fig. 3). The 

signal intensity 2
1f  (curve 1 in Fig. 2) occurs for the boundary conditions ( ) 001 =f  and 

 
Fig. 4. Scheme of the optical logic gate “AND”: only one of the input signals A 
and B is present. 

 

 
Fig. 5. Scheme of the optical logic gate “AND”: both the input signals A and 
B are present. 

 

Fig. 6. Scheme of the optical logic gate “XOR”: (a) input signal A, (b) input 
signal B, and (c) both input signals A and B are present. 
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( )
343.0

01 =
dX

df
, if one of the signals (that referring to the waveguide A or B) is present 

and the signal in the other waveguide is absent. Then the signal appears in the output 
waveguide Z. If both of the input signals A and B are present and the boundary conditions 

remain to be same  ( ( )1 0 0f = , ( )2 0 0f = , 
( )

343.0
01 =

dX

df
 and 

( )
343.0

02 =
dX

df
), we have 

the identical signal intensities 2
1f  and 2

2f  (see curve 2 in Fig. 3). The field intensity is 

detected on the level of I ~ 0.1. For our model of the gate “XOR”, the signal-to-noise 
ratio in the output waveguide is 4 dB. Functioning of the logic gate “XOR” is illustrated 
in Fig. 6. If the power of the input signals arises, the signal-to-noise ratio increases 
because the spatial profile becomes sharper. 

4. Conclusion 

Thus, we have shown that there is a possibility for creating easily produced logic gates 
“AND”, “OR” and “XOR” of rather small sizes, when basing on the thin amorphous 
dielectric films. The construction of our logic gates does not involve any semiconductor 
components, etc. If nonlinear spatial waves are excited in the film, the speed of the logic 
gate operation is determined by the relaxation time of the nonlinear response for a given 
dielectric medium. The latter is about few femtoseconds. This means that the all-optical 
logic gates suggested by us can use femtosecond pulses as signals. We have also shown 
how it is possible to conduct all the logic operations with the optical signals, using the 
optical logic gates “AND”, “OR” and “XOR” mentioned above. 
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