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Novel Design of 3D Imaging Pixel On-chip Using a 
Micro-conjugate Mirror System

Abstract
                         

We have proposed the novel design of 3D imaging pixel on-chip using a micro-conjugate mirror 
system, where  the nonlinear microring resonator known as a Panda ring resonator is designed to 
form the micro-conjugate mirror, which can be used to construct a three dimensional (3D) imaging 
system. Two micro-conjugate mirrors are vertically formed by stacking the two nonlinear Panda rings, 
which can be used to manipulate the 3D imaging perception, from which the human 3D vision can 
be replaced by a large area single eye device. In application, a thin film device of a single eye on-
chip can be modeled and the artificial eye constructed. Simulation results obtained have shown that 
the single point (pixel) of an object can be interpreted to form the 3D image by the device whispering 
gallery modes (WGMs), from which the reference and the object beams are interfered and the 3D 
pixel formed. Finally, the holographic display information can be interpreted by the optic nerves and 
brain processing cells. The 3D image output signals can be confirmed theoretically by the symmetrical 
imaging signals.
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Introduction

Recently, a group of scientists have shown the very 
promising works that a device known as a Panda ring 
resonator, which is a nonlinear microring resonator 
and shown the merits of various applications for such 
as in nanomedicine [1], micro-electronics [2], micro 
energy dvice [3, 4], nano-communication [5] and 
nano-cosmetics [6]. Such a device was designed and 
shown the potential of construction (fabrication), from 
which the thin film device can be made eventually. By 
using the Panda ring resonator, the whispering gallery 

modes outputs can be controlled and generated by 
the two nonlinear side rings easier than the integrated 
microring resonators. This device has also shown the 
interesting behaviors when the different wave forms 
are input into the system, thus, when the Gaussian, 
soliton and photon are input into the device [7-9], 
the output results obtained have shown the different 
aspects that are suitable for different usages [10-17]. 
One of the interesting aspects is that when the output 
is obtained in the form of whispering gallery modes 
(WGMs) [18], where principally they are the tunneling 
photons and formed at the center Panda ring device. 
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Moreover, there are some modes of photons that they 
are the leaky modes occurred spreading over the 
device. However, in practice they can be controlled by 
controlling the device parameters, where finally, the 
required output modes can be obtained. 

Artificial eye researches and investigations have 
been the interesting works [19], where the merits of 
them are useful for disability eye users, where the 
replacement of normal eye is the challenge. The eye 
user can keep their eyes in the rest condition, in which 
the artificial eyes can connect to the optic nerves and 
brain signal processing while the active eyes are in 
the at rest conditions, the last longer life usage can 
be applied and realized. This is a single point (pixel) 
device model, which can be used for large area 
applications, in which the use for 3D image display, 
3D image sensors and 3D digital recording system are 
included. Naturally, the 3D image can be viewed by 
only single eye, but it will need time to adjust the body 
state for at least 3-5 years [20], which is the human 
being condition. Therefore, the single eye device 
and system have become the challenge of researches 
and investigations. In this work, is the new form of 
3D image perception, uses the two vertical micro-
conjugate mirrors to form the single artificial eye, 
from which the 3D image signals can be connected to 
the brain cells, where the 3D image signal processing 
can be functioned. In this model, the artificial can be 
replaced by the thin film device, where the object and 
reference beams are generated by the two panda rings, 
from which the image construction can be generated 
and changed to be the electrical signal in the nervous 
system, where scientifically, the human 3D image 
perception is constructed by both two eyes, where the 
holographic image is formed and connected to brain 

processing cells via the retina nerves (optic nerves).

In this work, the model of double micro-conjugate 
mirror system is analyzed and the simulation results 
presented and discussed. The 3D imaging perception 
is manipulated using the single eye perception 
concept. The nonlinear micro-ring resonator material 
is InGaAsP/InP [21]. In simulation, the object and 
reference beam outputs are formed by the device 
WGMs, from which the single point (pixel) of the 
sample(object) can be presented in the form of 3D 
imaging signals, which can be connected to the optic 
nerves in the brain processing cells and the 3D image 
can be presented (display). The four wave mixing 
(FWM) signals are interpreted to confirm the 3D 
imaging outputs, where more details are given in the 
following sections.

The Model

The holographic image using a single eye model is 
as shown in Figs. 1 and 2. The system is consisted of 
double micro-conjugate mirrors, where the interference 
beams are formed when the monochromatic light 
source from a laser with the certain wavelength is input 
into the system via the input port of the top micro-
conjugate mirror, where the WGMs are generated 
within the top and bottom conjugate mirrors. The 
theoretical description of a single conjugate mirror 
was well described and found in reference [18]. In this 
work, the interference beams are formed by both top 
and bottom conjugate mirrors in the forms of WGM 
and FWM outputs, while in principally the nonlinear 
effect is induced by the nonlinear side rings and 
transferred into the center ring. In Fig. 1(a), both eyes 
are replaced by the two Panda rings for a right and left 

Fig. 1  3D image costruction configuration using Panda ring conjugate mirror, where (a) two eyes model, (b) single eye model.
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eyes, respectively, from which the interference signals 
are constructed by the object and reference beams 
that were generated by the Panda rings in the forms 
of WGMs. Alternatively, the single eye model for 3D 
image construction is as shown in Fig. 1.

The mathematical description of light travelling 
within the double Panda ring resonators (DPR) is 
manipulated under the requirements that the WGMs 
and degenerated four-wave mixing (DFWM) outputs 
are the required outputs [22, 23], which can be used 
to form and confirm the 3D image occurrence of the 
device, the system is as shown in Fig. 1(b). Given Ei 

is the electric field input into the system, from which 
the related electric fields are obtained and propagated 
within the system, where they are given by

There are several parameters in Equations (1)-(4) 
given by the following forms.

Fig. 2  Thin film model of micro-conjugate mirrors using Panda ring resonator, where (a) a signle ring, (b) double vertical conjugate 
mirror, where Ein: input port electric field, Ethrough: Through port electric filed, Edrop: drop port electric field, Eadd: add port electric field. 
Ein1 and Ein2 are the same optical field inputs into different input ports.
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  The electric (optical) fields in the Panda ring are 
subtituted by the new forms using the signal flow 
graph method [24]. When E1, E2, E3, E4 are the electric 
fields γ1, γ2, γ3, γ4 are the fractional coupler intensity 
losses (waveguide 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 in 
terms of nonlinear refractive index by [18].

where n0, n2 are the linear and nonlinear refractive indices, 
where for InGaAsP/InP, N0=3.14, n2=1.3×10-13m2W-1. I 
and P are the optical intensity and power, respectively,  
Aeff is the effective mode core area [25], which is 
ranged between 0.10 and 0.50 μm2. From Equations 
(2)-(5), the rearagreement of equations in the form of 
WGMs is taken place.

Results

To confirm the device performance for 3D image 
construction, then the device practical parameters are 
chosen and the manipulation formed as following 
details.  In simulation, the manipulation of a single 
eye model is designed as shown in Fig. 1(b) and 
3(b).  Light from external (or embedded) laser source 
is input into the system. The laser power is 0.5 W 
with the center wavelength at 1.55 µm. The other 
parameters are given on the figure captions, where 
those simulation parameters were chosen close to the 
practical device parameters [24], the device material is 
AlGaAsP/InP material, which is a nonlinear material. 
The center ring radii are 2.0 µm, the side ring radii 
are 1.05 µm. The WGMs were generated and results 
obtained under the curtain conditions, for instance, 
WGM and FWM outputs. The output signals can also 
be monitored via the through and drop ports, in which 
the additional signals can be applied into the device 

add port, where finally the required WGMs can be 
obtained.  In practice, the device can be fabricated and 
thin film device formed, from which such a device 
can be stacked on human fore head, where the WGM 
outputs can be connected to the optic nerves and the 
brain signal processing functioned, in which the 3D 
image is established and the artificial vision using a 
single eye realized. 

Simulation results of the artificial eye model using 
the FDTD (Finite Difference Time Domain) simulation 
program [25, 26] can be employed as following 
details, from which the device parameters are chosen 
closely to the practical device parameters. The input 
laser source peak power used is 0.5 W, with the center 
wavelength is at 1.55 µm. The waveguide loss (γ) 
is 0.01, the attenuation loss (α) is 0.1 dBmm-1. The 
coupling constant (κ) is 0.5. The ring circumference 
is 2πr, where r is a ring radius. The wave number 
(kn) in vacuum is 2π/λn). In most of the cases, the 
centering radii are 2.0 µm, the side ring radii are 1.0 
µm. To form the 3D image of a single pixel using 
the WGMs, therefore, the device parameters can be 
chosen to control the obtained WGM outputs, in which 
the reference and object beams are formed by the 
WGM light beams in both cases (a) two eyes and (b) 
single eye models, which will be manipulated using 
MATLAB program and FDTD (Opti-wave) software. 
In Fig. 2, a single point on the sample (object) is 
viewed by the WGM beams of two conjugate mirrors, 
where the image information (signal) is then connected 
to the optic nerves. The device output signals can be 
seen at the center (WGMs) and device output ports by 
the live vision and light detector, respectively. In Fig. 
3, the simulation results of the 3D image model using 
FDTD software, where (a) a device model, (b) WGMs 
output, (c) FWM output, (d) WGM output at the center 
ring, (e) and (f) are the side ring WGMs outputs. In 
Fig. 4, the simulation results in terms of wavelengths 
with the center ring radii are 2.0 µm, right ring and 
left ring radii are 1.05 µm, the reflection distance = 
1.0 µm  and 1.5 µm, where (a) the result of electric 
field intensity of the center ring (b) Thought port and 
(c) Drop port FMW outputs, PCM: Phase Conjugate 
Mirror. In Fig. 5, the results of WGMs in the double 
Panda ring (DPR) system with bottom Panda ring 
control, the bottom panda electric field = 0.75 a.u., 
the upper Panda ring electric field = 1 a.u., where (a) 
the center ring FWM output, (b) the center ring WGM 
output at the Through port, (c) WGM drop port output 
with the center ring radii are 2.0 µm, right and left 
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ring radii are 1.05 µm, the reflection distance = 1.0 
µm and 1.5 µm, respectively, the coupling constants 
are κ1=κ2=κ3=κ4=0.5. In Fig. 6, the results of WGMs 
in the double Panda ring system with bottom Panda 
ring control, the bottom panda electric field = 1.75 a.u., 
the upper Panda ring electric field = 1 a.u., where (a) 
center ring FWM output,  (b) the center ring WGM 
output at the Through port,  (c) WGM drop port output 
with the center ring radii are 2.0 µm, right and left 
ring radii are 1.05 µm, the reflection distance = 1.0 
µm  and 1.5 µm, respectively, the coupling constants 
are κ1=κ2=κ3=κ4=0.5. In Fig. 7, the results of 3D image 

under the FWM condition control using the InGaAsP/
InP material,  Aeff is the effective mode core area, 
where Aeff = 0.35 µm2, neff = 3.34, n2=1.3×10-13 cm2/
W, and γ1=γ2=γ3=γ4=0.01. In this figure the 3D image 
present only one point (pixel) of the sample (object), 
where in application, the source (object) scanning 
range can be applied to obtain the large volume of 
3D image, on the other hands, the device array can be 
used replacing the scanning range. The summary of 
the waveguide structure and variable parameters of the 
proposed system  is given in the Table 1.

Fig. 3  Simulation results of the 3D image model using FDTD software, where (a) a device model, (b) WGMs output, (c) FWM 
output, (d) WGM output at the center ring, (e) and (f) are the side ring WGMs outputs.

Ring 1 (image ring)
WGM condition

AlGaAs/InP
Through port 1

Through source 2
Add port 1

Drop source 2
Drop port 1

Input source 1
Add source 2

Input source 2

Ring 2 (control ring)

SiO2 substrate layer

Y (μm)

Z (μm)
(a) (b)

(c) (d)

(e) (f)

X
 (μ

m
)

93.00
69.75
46.50
23.25
4.670
2.253

0.165

2.582

5.000
0 3.723 7.445 11.168 14.891

Through port

Add port

Phase conjugate
WGM

Drop port Phase conjugate

Input port
DFT Ey

1.0

0.8

0.6

0.4

0.2

0

8.8
8.7
8.6
8.5
8.4
8.3
8.2
8.1
8.0
7.9
7.8
7.7

10

8

6

6 7 8 9 10 11 12 13 14
x(microns) X (microns)

y(
m

ic
ro

ns
)

1.7

1.3

0.9

0.5

0.1

10

8

6

6 7 8 9 10 11 12 13 14
x(microns)

y(
m

ic
ro

ns
)

Y
 (m

ic
ro

ns
)

WGM

×10−3

9.5 9.6 9.7 9.8 9.9 10.0 10.1 10.2 10.3 10.4 10.5

8.5

8.3

8.1

7.9

7.7

7.5

X (microns)

Y
 (m

ic
ro

ns
)

WGM

1.1
0.8
0.5
0.2

1.4
1.7
2.0
2.3
2.6
2.9
3.2
3.5

×10−7

9.5 9.6 9.7 9.8 9.9 10.0 10.1 10.2 10.3 10.4 10.5



57Nano Biomed Eng 2015, Vol. 7, Issue 2

http://www.nanobe.org

Table 1: Waveguide structure and variable parameters of the proposed system

System parameters

WGM ER1 ER2 ET

Center ring optical output Input port input at 
input port 1 Input port input at input port 1 Through port  output

Ed1 En ED Et1

Drop port  output at port 1 Optical field Drop port output Through port output at port 1
R rR rl x

Center ring radius Right side ring radius Left side ring radius Propagation distance

Waveguide parameters

R R1 R2 κ1=κ2=κ3=k4

2.0 µm 1.05 µm 1.05 µm 0.5
γ1= γ2=γ3=γ4 Aeff (µm2) n0 α (dBmm-1)

0.01 0.35 3.34 0.1

Fig. 4  Simulation results of the ring (top ring)  in terms of wavelengths with the center ring radii are 2.0 μm, right and left ring radii 
are 1.05 μm,  where the reflection distance = 1.0 μm and 1.5 μm, using using equations (2)-(5),  (a) the result of electric field intensity 
of the center ring, (b) Thought port and (c) Drop port FMW outputs, PCM: Phase Conjugate Mirror.

Peak of signal PCM

400

100

25

0

225

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

In
te

ns
ity

 (a
.u

.)

1.0

841

784

729

676

625

576

529

484

1.2 1.4 1.6

(a)

(b)

(c)

Wavelength (μm)

Wavelength (μm)

Wavelength (μm)

1.8 2.0

FWM

0.5 1.0 2.0 3.02.51.5

900

625

400

225

100

25
−1 0 1 2 3 4 5 6 7



58 Nano Biomed Eng 2015, Vol. 7, Issue 2

http://www.nanobe.org

Discussions

The 3D image construction and perception system 
as shown in Fig. 2(b) and 3(a), are described as 
following details. The desired WGM of the top phase 
conjugate mirror (PCM) is formed and projected on 

the object (pixel) as shown in Fig. 4, where the FWM 
is generated by the reflected beam in the opposite 
direction of incident beam formed as shown in 
Fig. 3. The interference between the reference and 
object beams is established within the top PCM and 
transrfered into the bottom PCM, from which the 3D 

Fig. 5  Results of WGMs in the double Panda ring (DPR) system with bottom Panda ring control, the bottom panda eleectric field  
= 0.75 a.u., the upper Panda ring electric field = 1 a.u., where (a) the center ring FWM output, (b) the WGM of center ring at the 
Through port, (c) WGM drop port output with the center ring radii are 2.0 μm, right and left ring radii are 1.05 μm, the reflection 
distance = 1.0 μm and 1.5 μm, respectively, the couplong constants are κ1=κ2=κ3=κ4=0.5.
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image pixel is generated within the bottom PCM as 
shown in Figs. 5 and 6, where the generated WGM 
by the bottom PCM is connected to the optic nerves 
and brain cells, where finally the 3D imaging pixel is 
interpreted by the brain processing cells. The contrast 
3D image is obtained by the FDTD program as shown 
in Fig. 7, which is supported by the symmetrical FWM 

outputs in Figs. 5 and 6. 

Conclusion
We have shown that the 3D imaging construction 

and perception (display) of a single point (pixel) can 
be modeled and manipulated using a double Panda 

Fig. 6  Results of WGMs in the double Panda ring (DPR) system with bottom Panda ring control, where the bottom panda eleectric 
field = 1.75 a.u., the upper Panda ring electric field = 1 a.u., where (a) center ring FWM output, (b) WGM output of the center ring at 
the Through port, (c) WGM drop port output with the center ring radii are 2.0 μm, right and left ring radii are 1.05 μm, the reflection 
distance = 1.0 μm  and 1.5 μm, respectively, the couplong constants are κ1=κ2=κ3=κ4=0.5.
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conjugate mirror system, where in practice such a 
device can be potentially fabricated and used, which 
is implied that the large area device can be formed 
by the device array (or scanning range device) for 
large area applications. The real (live) 3D images 
can be constructed and display by the WGMs at the 
center ring outputs, where principally in this concept 
the object and reference beams can be constructed 
and well confirmed by the symmetrical FWM output 
signals. Moreover, the device can also be designed and 
used for more related applications such as imaging 
sensors, brain signal sensors and 3D imaging display 
panel, which will be our continuing research works.
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