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Abstract 
In this review article, the artificial vision model using the 3 cascaded conjugate mirrors system can be constructed, 

analyzed and simulated. A single 3D pixel (point) imaging construction is formed and obtained by using the conjugate 

mirror concept, where the large area of pixels can be potentially constructed and realized for large area application. This 

is a simulation work, where the software program is the finite difference time domain (FDTD) commercial program 

(Opti-wave). However, the used device parameters and materials can be fabricated and formed the artificial eyes for 3D 

artificial vision. Simulation result obtained has shown that the whispering gallery modes (WGMs) of radiation within 

the cascaded microring conjugate mirrors can be easily formed, and are coupled by the two nonlinear side rings, which 

can be potentially used for 3D imaging pixel construction applications by the two eyes construction model. 
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1. Introduction 

Most of the important artificial eye research issues are to give the blind person sight ability, which normally use the 

bionic eyes and depend on the circumstances surrounding the loss of sight. Retinal prostheses are the most prevalent 

visual prosthetic under developments, which they are the candidates for visual prosthetic implants find the procedure 

most successful if the optic nerves were developed prior to the onset of blindness. The visual prosthetics have been 

developed as a potentially valuable aid for visual individual degradation, where all other efforts remain investigation. 

Artificial eyes have become the important instruments for various applications [1-3] and the potential applications have 

been demonstrated [4-6]. One aspect of results has shown the feasibility of using artificial eyes for human eye 

replacement [7, 8] that the possibility of vision image connection between optic nerve and brain cells is useful for 

realistic artificial eye can be realized [9]. The use of THz technology can be adopted to employ with human tissue 

penetration and investigation, where there are many research reported for imaging and investigations [10, 11]. The 

interesting result of whispering gallery mode (WGM) of light within a tiny optical device to generate the 3D image 

basic device known as a conjugate mirror can be easily constructed by using the WGMs of light within a PANDA ring 

circuit[12, 13]. The WGMs with THz frequency range can be generated and used to form the 3D image and linked to 

the optic nerves in human brain [14]. The artificial eyes can be constructed, which has currently become the current 

challenge researches and investigations. 

Humanoid robot has become the best robotic type in robotic technology, which there are required many components 

and related technologies. Robotic research and development has been the important issue of the world robotic society 

for years [15-19], where the main part of robotic components is the process for brain communication and commands. 

To obtain the realistic robotic brain and its functions, the brains signal and communications are required to manipulate 

and test [20-24], therefore, the searching of realized technique for brain signals remains. In applications, especially, in 

bioengineering, THz signals have been involved in many applications [25-28], particularly, in medical applications [29, 

30]. THz is applied to electromagnetic radiation with the high-frequency edge of the millimeter wave band, 300 GHz 

(0.3 THz), and the low frequency edge of the far-infrared light band, 3,000 GHz (3THz). Corresponding wavelengths of 

http://creativecommons.org/licenses/by/3.0/
http://en.wikipedia.org/wiki/Biodegradation
http://en.wikipedia.org/wiki/Millimeter_wave
http://en.wikipedia.org/wiki/Far-infrared
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radiation in this band range are from 1 mm to 0.1 mm (or 100 µm). THz radiation consists of electromagnetic waves 

with frequency between 0.1 THz to 10 THz, and is widespread biomedical application involving the interaction of 

terahertz pulse with biological media[31-36], where THz radiation has been used successfully as a noninvasive imaging 

technique for detection of human skin cancer [37, 38]. Recently, Yupapin et al have shown the interesting results of 

whispering gallery mode of light within a PANDA ring circuit[13, 14], in which the advantage is that the WGMs can be 

easily generated and controlled within the PANDA ring circuit, which can be useful for various applications. The other 

applications of Panda ring resonator can be found in references [39-46]. 

In this article, we have proposed a simulation work of 3D imaging based on the two eyes construction model, however, 

the device parameters and material can be fabricated and formed such a proposed system for 3D artificial vision. The 

3D image can be formed by using the conjugate mirrors, and the artificial eye model is discussed. In simulation, the 

partially reflected light intensities from two device ends are interfered and the 3D whispering gallery modes within the 

small ring constructed by four-wave mixing of waves. The 3D image (pixel) can be linked to the optic nerve (optic 

chiasm), the scanning image for large area is also available, where finally the 3D images can be constructed and linked 

to the human perceptions. This article is extension of the previous published papers [47, 48], in which basic details and 

more simulation results of artificial eyes using a PANDA ring conjugate mirror is formed by resonator as a foundation, 

which can be a useful resource for readers in many areas of applications. In practice, when the realistic device 

parameters are used, such a device can be fabricated and implemented, especially, for artificial eyes and spying 

investigation works, which can therefore be available for various works in the near future. 

2. Analytical 

Light from the laser source which is a monochromatic light source is input into the PANDA ring waveguide via the 

input port, which is in the form of phase modulation input, which is shown in Figure 1, the Gaussian pulse [49] is given 

by  

 

Ein1
=  E (z = 0 , x)  =  A0e

-
x2

2w2                                                                                                                                            (1) 

 

Where w , A0 are constants of Gaussian signal and define electric field each point on the ring, where in case of a single 

input, Ein2
 =  EAdd = 0 , the following fields are expressed by [50] 
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where E1, E2, E
3
, E

4
 are the electric fields, γ

1
, γ

2
, γ

3
, γ

4
 are the fractional coupler intensity losses, κ1,κ2,κ3, κ4 are the 

coupling coefficients, α is an attenuation coefficient,  kn=
2π

λ
 is the wave propagation number in vacuum, L=2πR is the 

center ring propagation distance, L2=2πR2 is the small ring(side ring) propagation distance, j = √−1 is the imaginary 

part of complex number, and the refractive index of the substances used in the system is defined by [50]  

 

 n = n0 + n2I = n0 + (
n2

Aeff
) P                                                                                                                                                (2) 

 

Where n0, n2 are the linear and nonlinear refractive indices, I and Pare the optical intensity and power, respectively. Aeff 

Is the effective mode core area [51], which is ranged between 0.10 and 0.50 μm2. The optical phase () is given by  

 

 ϕ(t) = ϕ0 + ϕNL = ϕ0 + 
2πn2

Aeff
L|E0(t)|2                                                                                                                              (3) 

 

Where ϕ0 represents the linear optical phase, ϕNL is the nonlinear optical phase, L is a circumference of PANDA ring 

and |E0(t)|2 is the optical intensity.  

By configuring the input fields within the PANDA ring, in which  Ei1
 = Ei, Ein2

= EAdd = 0. The Maxwell’s equations 

[52] within the device (waveguide) can be written in the form of Helmholtz‘s wave equations as [53] 

 

∇2E⃑⃑  (ρ, ϕ, z) + k
2
E⃑⃑  (ρ, ϕ, z) = 0                                                                                                                                       (4) 
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By using separation variables in cylindrical coordinates [54], the solution of the Helmholtz equation of equations (4) 

and (5) is given by equation (6). 

 

E(ρ, ϕ, z) = R(ρ)Φ(ϕ)Z(z)                                                                                                                                              (6) 

 

In the case of  ρ < a, we obtain  

 

Ri(ρ) = CmJ(kiρ)                                                                                                                                                              (7a) 

 

The solution of equation (4) is written as 

Φ(ϕ) = Am cos(mϕ)  m = 1,2,3,4,…                                                                                                                              (7b) 

 

When the ring thickness is H, we obtain 

 

Z(z) =  sinh (kz)                                                                                                                                                                (7c) 

 

The electric fields are obtained by the following equation  

 

 Ezm(ρ, ϕ, z) = ∑ ∑ AmC
m

J
m
(kmnρ) cos(mϕ) = BmJ(kiρ) cos(mθ)     ∞

n=1
∞
m=0                                                                    (8) 

 

When AmC
m

 = Bm, the boundary conditions are given by equation (9) 

 

ρ = 0 , D = 0                         Ro(a)  =  Ri(a)                                                                                                                    (9a) 

 

 ρ = a                              
dRo(a)

dρ
 = 

dRi(a)

dρ
                                                                                                                            (9b) 

 

When the system is in the WGM condition, the optimum output can be obtained by equation (10). 

 

 
∂E1(ρ,ϕ)

∂ρ
 = 0,           when       ρ < a                                                                                                                                    (10) 

 

From the condition that  Jm
' (k ρ) = 0, the current relation is obtained [55], where in this case the single Panda ring 

output is used as the device. 

 

k ρ Jm-1(k ρ) - mJm(k ρ) = 0                                                                                                                                            (11) 

 

 
 

Fig. 1: A Schematic of a PANDA ring resonator, where Ein: Input port optical field, Et: Through port output field, Edrop: Drop port output field, Eadd: 
Add port input field. 
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3. Simulation 

In simulation, the WGM output can be obtained by using equation (12). After the Gaussian pulse is input into the 

system via input port as shown in Figure 1 [56], the resonant WGM output is obtained when the differentiation of 

WGM field at the ring center is vanished, the input is given by  

 

Ein = 
wA0

(w2 + j
z

k0n0
)

1
2

exp [- 
x2

2(w2 + j
z

k0n0
)
]                                                                                                                                     (12) 

 

For convenience, the polar coordinates are used to calculate the value of  E1, the results are expressed by 
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The polar coordinate system of E1 (z, x) is E1(ρ, ϕ), which is expressed by. 
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Substitute equation (14) into Fourier-Bessel series [57], the solution of equation (7b) is Bmn and given by 
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Where L = πa/2 is the arc length of PANDA ring, the electric field equation (8) is written as 
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The solution of equation (17) is given by (18), which is a cubic equation. Then, the result in equation (16) is the 

E1(ρ, ϕ) of the PANDA ring. From equation (10), consider the integral Bessel function [58] in equation (16), which is 

the WGM from the estimation of equation (18) in terms of an equation cubic equation (by approximately a third term in 

Taylor's series) as follows. The solution of ρ is expressed by  
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Solve the cubic equation by using the equation (19), where the cubic equation is given by  

 

az3 + bz2 + cz + d = 0  

 

a = [
-

Ak0n
4

16B
 

- 
k0n

4

32

C

B

]  ,  

 

  b = 

[
 
 
 
 
 

3Ak0n
2

8B
 

+ 
3k0n

2

16

C

B
 

+ 
3k0n

4

32 ]
 
 
 
 
 

 ,   

 

c = [-
A

2B
 - 

1

4

C

B
 - 

3k0n
2

4
]  , d = 1  

 

The solution of cubic equation is defined to be 
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Which was first published by Cardano in 1545 [59]  
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Where n0 is a linear reflective index, A0 is an input field amplitude, L is a ring circumference, neff effective of reflective 

index in equation (2), and λ0 wavelength in PANDA ring system. 

The WGM is obtained by using the condition in equation (20) 
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Substitute equation (19) into equation (16), we obtain 
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Substitute a value of  Emax(ρ, ϕ) into equation (21) with all possible waves around, in which the result should be 

multiplied by N the equation below. 

 

En(ρ,ϕ) = g{E1(ρ,ϕ) }                                                                                                                                                     (22) 
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Where the propagation time can be configured by number of cycle, which can be about 10,000 to 20,000 round-trips 

before the system to optimum and stable conditions being achieved 

Three study cases are performed in this work, where the first experimental results use Opti-wave finite difference time 

domain (FDTD) method to present optical wave propagation along the waveguide. Secondly, the mathematical 

simulation results are obtained by using the MATLAB program, which is shown consistently with the first experimental 

results. The final experimental result is obtained using the Opti-wave program, in which the terms of equation (21) is 

2πa ≅ 
mλ0

ni

 
[60]. 

In the first simulation data, the given parameters are mode m = 0,  N = 20,000,   Aeff = 0.3 μm2 , λ
0
 = 1.79 µm . The 

device dimensions is 20.0 μm (length) × 10.0 μm (width), where 
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Where w, A
0
 are constants,  k0=

2π

λ0
neff , neff = 3.14,  λ0 = 1,550 nm, k0 = 

ω 

c
 = 

2πf

c
 is the propagation constant in vacuum, 

when z and x are the dimensions along and transverse to the waveguide. The effect of a given input is calculated by 

using the Optic-wave program compared with the mathematical model in equation (12), where the obtained results are 

shown in Table 1. The second simulation data is obtained and shown in Table 2, where the given parameters are 

mode m = 0, N = 20,000,  Aeff = 0.3 μm2, λ
0
 = 1.79 µm . The obtained results are compared with the calculation by 

using equation (16), where 

Rad= a = 3.56 μm,  R1 = R2 = 1.23 μm, neff = 3.14 , n2 = 1.3× 10-13cm2 W⁄ , κ1 = κ2 = κ3 = κ4 = 0.5. 

 
 

 

 

Table 1: Results of Output Intensities at Wavelength 1.792 "µm" , P =0.1 W and "R" _"Ad"  " ="  3.5 µm [61], "M = 0"  Using Equations (12), (23) 

and (24) 

Z (μm) |Ein(z, x)| |Ein(z, x)| V/m 

Electric field  

 Intensity 

|Ein(z, x)|2  

Electric field 

 Intensity |Ein(z, x)|2 

  Equation (12)   From FDTD Equation (12)×103  FDTD ×103 

0.0 49.9979 55.85 2,500.00 3,119.22 

0.5 49.9979 58.77 2,500.00 3,453.91 

1.0 49.9998 58.10 2,500.00 3,375.61 

1.5 49.9998 53.81 2,500.00 2,895.52 

2.0 49.9999 55.32 2,500.00 3,060.30 

2.5 49.9997 55.48 2,500.00 3,078.03 

3.0 49.9996 55.91 2,500.00 3,125.93 

3.5 49.9995 56.09 2,500.00 3,146.09 

4.0 49.9995 59.71 2,500.00 3,565.28 

4.5 49.9994 55.48 2,499.99 3,078.03 

5.0 49.9992 52.57 2,499.99 2,763.60 

 

 

In this work, the required key condition is the optimum WGM output distribution, which can be controlled by ring and 

input laser source parameters. In simulation, the practical device parameters are given for InGaAsP/InP, where the ring 

parameters are  mode m = 0, N = 20,000,   Aeff = 0.3 μm2 , λ
0
 = 1.79 µm , where the other ring parameters are 

Rad = a = 3.56 µm, R1 = R2= 1.22 μm, neff = 3.14,  n2 = 1.3×10-13 cm2/W,  κ1 = κ2 = κ3 = κ4 = 0.5.  By using the given 

parameters, some results are calculated and obtained. Results of output intensity at wavelength 

1.79 μm were calculated and obtained as shown in Table 1, where P =0.1 W, Rad = 3.5 µm, m = 0 were calculated by 

using equations (12), (23) and (24). In Table 2, results of output intensities using equation (16) were calculated and 

obtained, which they are the results of a PANDA ring circuit at wavelength 1.79 μm, Rad = 1.22 μm  m = 0. The cubic 

equation coefficient values in Table 3 were obtained by using equations (18) and (19). Results for the maximum 
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PANDA ring WGM outputs are as shown in Table 4. The resonant wavelengths of a PANDA ring resonator using 

equation (19) are shown in Table 5. Figure 2 shows the simulation results of WGM in a PANDA ring, where (a) 

PANDA ring radius is 3 µm, the left-right ring radii are 1.125 µm, (b) the WGM output of waveguide at wavelength 

1.29 μm, (c) the through port signal and (d) the drop port signal at frequency between 1-500 THz. Figure 3 shows the 

simulation results of WGM in a PANDA ring, where (a) PANDA ring radius is 3.5 µm, the left-right ring radii are 1.22 

µm, (b) the WGM output of waveguide at wavelength 1.79 μm, (c) the through port signal and (d) the drop port signal 

at frequency between 1-300 THz. Figure 4 shows the two-dimension whispering gallery mode of light within a PANDA 

ring waveguide InGaAsP/InP, where (a) PANDA is 4.5 µm, the left-right ring radii are 1.55 µm, (b) the WGM output of 

waveguide at wavelength 1.89 μm, (c) the through port signal, (d) the drop port signal at frequency between 1-300 THz.  

 
Table 2: Results of output intensities using equation (16), which are the results in a PANDA ring with wavelength 1.7925 µm,  RAd = 1.225 µm, 

mode of electromagnetic field Is  M = 0 

ϕ |E1(ρ, ϕ)| |E1(ρ, ϕ)| |E1(ρ, ϕ)|2 |E1(ρ, ϕ)|2 

(Radian)  Equation (16)   From FDTD Equation (16)×103  FDTD ×103 

0 63.1584 63.36 3,988.98 4,014.49 
π

6⁄  66.5878 59.46 4,433.94 3,535.49 
π

4⁄  70.8744 69.48 5,023.18  4,827.47 
π

3⁄   76.8758 62.18 5,909.89  3,866.35 
π

2⁄   94.0224 63.69 8,840.21  4,056.42 

 
Table 3: The cubic equation coefficient values obtained by using equations (18) and (19) 

Phase ϕ 

(Radian) 

Cubic equation coefficients 

 
Radius of PANDA ring 

   a b   c d Roots of cubic equation 

0 -4.273338071 1686.653374 -136.9343183 1.0 616.6973 0.073 0.0081 

0.274376392 -4.273339412 1686.653382 -136.9343612 1.0 616.6240 0.073 0.0081 

0.617346883 -4.273341088 1686.653392 -136.9344148 1.0 616.6137 0.073 0.0081 

1.097505569 -4.273343434 1686.653406 -136.9344889 1.0 616.6144 0.073 0.0081 

2.469387531 -4.273350138 1686.653447 -136.9347044 1.0 616.6125 0.073 0.0081 

 
Table 4: Results for the maximum PANDA ring WGM outputs 

Phase  ϕ                                       Emax(ρ, ϕ)   

(Radians) Result from calculation  Result from Opti-wave 

0 60,4418 63.36  

0.274376392 60.4411 59.46  

0.617346883 60.4402 69.48  

1.097505569 60.4389 62.18  

2.469387531 60.4354 63.69  

 
Table 5: Results of the resonant wavelengths of a PANDA ring resonator using equation (19) [62]. 

Mode (m) Resonant wavelength (nm) FSR(nm) 

1 2099.4385 353.2959 

2 1746.1426 248.6634 

3 1497.4792 184.5153 

4 1312.9639 142.4164 

5 1170.5475 113.2828 
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(a) (b) 

 
(c ) 

 
(d) 

Fig. 2: Simulation results of WGM in a PANDA ring, where (a) PANDA ring radius is 3.0 µm; the left-right ring radii are 1.125 µm, (b) WGM 

output with wavelength 1.292 µm, (c) the Through port signal and (d) the Drop port signal with Frequency between 1-500 THz. 

 
  

  
(a) (b) 

 
(c) 

 
(d) 

 

 

 

Fig. 3: Simulation results of WGM in a PANDA ring, where (a) PANDA ring radius is 3.5 µm, the left-right ring radii are 1.225 µm, (b) the WGM 

output of waveguide with wavelength 1.7925 µm, (c) the Through port signal and (d) the Drop port signal with frequency between 1-300 THz. 
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Fig. 4: Two-dimension whispering gallery mode of light within a PANDA ring waveguide in GaAsP/InP, where (a) PANDA ring radius is 4.5 µm, 

the left-right ring radii are 1.55 µm, (b) the WGM output of waveguide with wavelength 1.892 µm, (c) the Through port signal, (d) the Drop port 
signal with frequency between 1-300 THz. 

 

In this work, the simulations based on practical software called Opti-wave FDTD and MATLAB programs were chosen 

[63], where a 100 fs Gaussian pulse is modulated by a 200 THz carrier and incident via the PANDA ring input port into 

the artificial eye model. The waveguide thickness and material composition is considered by computing the effective 

refractive index, neff, for the fundamental mode at λ= 1.55 µm. In the vertical direction, each waveguide structure is 0.45 

µm thick, with vertical core thicknesses of 0.3 µm to 0.5 µm, and the neff value are between 3.2 and 3.4. The parameters 

are obtained by using the practical material parameters, where the used material is an InGaAsP/InP. Therefore, the 

waveguide core, with refractive index n1=3.14, is bordered on each side by air (n2.=1). The add-drop optical multiplexer 

and the side ring parameters of the three cascade ring radii are R1=R2=3µm, the center ring radius is R3=1µm. The 

coupling coefficient coefficients are 0.551 2 3 4 6
           , where the effective core area of the waveguides is 

Aeff =0.25 µm
2
, and the waveguide, loss coefficient is α = 0.1 dBmm

-1
. In this article, the experimental results are 

achieved by using the WGM result is obtained by Opti-wave as shown in Fig. 5(a). The WGMs depend on the used 

parameters and conditions, where the other input signals can be modulated by the ADD port input signals. A pixel of 

artificial vision is designed to produce the 3D images where the image (data signal) can be transmitted by modulating 

the signal amplitude of the various wavelengths. As you can see from Fig. 5, the proposed system is a micro scale 

device, which is about 14 µm, which is around human hair dimension. Such a tiny device can be embedded within the 

eyes without damaging the other cells. In application, the WGM signals can be generated and controlled, for instance; 

the WGM switching signals can be selected to the required directions, i.e. switching up or down direction, which can be 

useful for 3D image information connection as shown in Fig. 5(b), where the image information is constructed and 

represented by WGM, which is then connected by focusing beam, i.e. WGM switching control, to the optic nerve cells 

and chiasm as shown in Figs. 5(a) and 5(b).  
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(b) 

 
(b) 

 

Fig. 5. Schematic of WGM switching signals, where (a) 3D whispering gallery mode of light within a waveguide, (b) the switching signals (Up or 
Down) can be controlled using the modulated signal input. 

4. Conclusion 

In this paper, the novelty is that the 3D image construction can be obtained using the micro-ring resonator system, 

which is known as a Panda ring resonator, from which the 3D pixel imaging can be generated and realized. However, 

this is a simulation work, in which all device parameters were chosen closely to the practical device parameters that can 

be fabricated by the present fabrication technology. The analytical solution of WGM within the proposed system is also 

given. In application, the large area of pixels can be formed and embedded as a thin-film device, which can be used to 

form the large image information. This method can be used to form the artificial eyes, where the human eyes can be 

operated, and the artificial perception (vision) realized. The spying imaging construction and re-construction of 3D 

imaging vision cam also be available by using the invisible light wavelength, which can be used for security purpose. 
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