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New electro-optic logic gate design and computer

graphics spectrum
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Abstract: An optical logic gate is the core of optical information processing in all future optical network
elements, allowing for high-speed optical packet switching, all-optical address identification, data coding,
parity, and signal regeneration. A micro-ring resonator was adopted to design a new electro-optical logic
gate using three asymmetric micro-rings. The analysis of coupled transfer matrix equations showed that
the change in the load voltage signal resulted in a change in the refractive index. Micro-rings using the
logic-switching characteristic of light intensity can achieve an optical logic gate. The computer simulation
verified that the working wavelength was 1 600 nm. The high-level load voltage 50.7 V was defined as
logic 1, whereas the low-level load voltage was defined as logic 0. A voltage of 0 V was obtained by six
light intensity change logic operations. The response time of the entire system is 1.8 ps theoretically, and
the computation speed can reach approximately 200 Gbit/s. The bistable logic analysis revealed that the
micro-ring is equal to the corresponding control micro-ring at maximum resonant wavelength. No
deformation occurred in the resonant wavelength and the sum of the offset. Therefore, modulation can be
achieved through micro-ring resonant wavelength control.
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0 Introduction

In recent years, new optical fiber communication
devices as well as production and plane waveguide
technologies have experienced continuous enhancement
because of their decreasing cost™™., Micro-ring resonators
have undergone rapid development theoretically and
experimentally and serve as building blocks in the
implementation of integrated photonic devices and as
important basis of optical waveguides™. The resonance
effect of circular waveguides has  special
characteristics, such as wavelength selection and high
quality factor. At present, micro-ring resonators have
been extensively applied to the production of laser
frequency modulators, optical waveguide multiplexers,
biological chemical sensors, modulators, and optical
switches!®. Marcatili proposed the concept of resonant
micro-ring in 1969''. Given its small size, compact
structure, low dissipation, and high wavelength
selectivity, optical micro-ring resonators have various
practical  applications, including optical  signal
processing, filtering, wavelength division multiplexing
modulation, switching, and routing. In practical
applications, the ideal output spectrum of a micro-ring
resonator output is a "box" spectrum'®. However, the
currently reported structures of ring resonators cannot
completely satisfy this requirement. Accordingly, many
scholars have used multiple micro-rings in series or
parallel to solve the disadvantages of monocycles.
Scholars have also adopted parameters based on the
optimal arrangement of rings or changed the micro-
rings to optimize the output waveform'’. In 2004,
Chen et al.,, from the University of Maryland,
analyzed the characteristics of a micro-ring system by
employing a matrix method, which uses the recursive
relationships between different light propagation paths,
and deduced all the paths of the transfer function.

Based on the above background, in this paper, we

design a new type of electro-optic logic gate. The
results show that the method of the multi-function
logic gate can be designed for future large-scale
optical

logic unit assembly and design provides

convenient.

1 Structure design and theoretical

analysis

1.1 Micro-ring transmission characteristics

The micro-rings of the input and output ports are
high, and the ring of light is the traveling wave. The
working diagram is shown in Fig.1. In the ring and
straight waveguide coupling area, the mode-coupling
matrix can be used to describe the assumptions for the
micro-ring coupling coefficient k, and the transmission
coefficient for the micro-ring #, under the coupling

condition K*4£=1.
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[ Input Ouput |
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Fig.1 Model for the micro-ring

The light from one end of the straight waveguide
input or energy E, is part of the input energy coupled
to the ring; this is a part of the output from the other
end of the optical waveguide. The transmission of
energy E, from the ring part continues to spread in
the ring; another part is coupled to the waveguides
and lost in the output end. The analysis indicates that
the relationship between E, and E, can be described
using the following transfer matrix:
Ev\ |t k\(E)

(E2)=(—k* t)(Ez) M
We set E; to 1 to simplify the model. Light
propagation as a result of ring loss satisfies the

following relation:

E=7¢"E, 2)

0122003-2



ok AR

%185

www.irla.cn

If the micro-ring radius is denoted by R, the inside
process for transmission coefficient denoted by 7, the
effective refractive index of the waveguide denoted by
ng, the longitudinal propagation constant light waves
denoted by [, the light wave angular frequency
denoted by w, the speed of light in a vacuum denoted
by c, the wavelength denoted by A, the micro-ring
cavity length denoted by L, and transmission time for
the micro-ring denoted by ¢, then the following

equations can be derived:

B=k - nea= 72#;\”‘:&

. 2.
O=k - e 2mr= 2T Ny 27r _ ATy (3)

A A

From the Equation (3), the expression for the

power of the ring can be derived as follows:

—|E.= T+—271c0s 0
T T 1+ PP—211c0s 0
P=lE = TU1=0) (4)

1+7F—-21tc0s0
When 6=2m, the ring is resonant. Formula (4) shows
that a given integer will correspond to a specific
wavelength. Thus, when ring resonance occurs, a
series of corresponding wavelengths exists.
1.2 Structure design

Figure 2 shows the electro-optical logical
structure designed in this study to achieve a variety of
logical relationships. The structure is composed of
three loops. The straight waveguide and door
waveguide connect every two micro-rings. We use
coupled mode theory and transfer matrix method to
establish a mathematical model that can be employed
to determine the switch characteristics and obtain the
output spectrum. If the coupling coefficient k and the
transmission coefficient ¢ of the three coupled micro-
rings are the same, then the six transfer equations for

the coupled zones can be expressed as follows:

+r _1 tr o _1
Al ko gk TA TG Lk gk G
B, |1 ¢t ||B]'ID] |1 _t|lD)

Jk  jk jk o jk

+r _1 tr o _1
E 1 |jk  jk |[[E ] [Gi] |jk  jk |[Gs
Fl 1 IR H] 1 ¢t ||H]

Jk  jk jk o jk
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Fig.2 Logical system structure

Given a ring for the loss ag, the transfer matrices

for the three micro-rings can be expressed as follows:

Gl [ 0 exp(-jo)][A:

D, - exp(jo) 0 B, ’

Gl [ 0 exp(=je)] [Ex

{Hz lexpGo) 0 HF2 ’

K; 0 exp(—j@)][L

{Lz TlexpGe) 0 lJz ©

The phase factor is expressed as ¢=mR(B—jaz),
where R is the micro-ring radius and S is the
transmission coefficient. If the micro-ring waveguide
bending loss o is set to 1 and 2; the micro-ring
waveguide loss «, is set to 2 and 3; and the straight
waveguide loss is disregarded, then the waveguide
glazing field intensity transfer relationships for the
micro-rings are expressed as follows: I,=B;, E,=exp
(~jmR (B—ja))D), and G, =exp (=jmR (B —jaw)L..
According to these relations, the three outlets for the
output light field of the normalized output optical field
intensity can be derived. In this study, an appropriate
micro-ring material selection is recommended for the
electro-optical linear

polymer with electro-optical

effect. The core layer of electro-optical polymer
materials for the refractive index change is expressed

as follows:
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where U denotes the electrode at the end of the load
voltage. According to Equations (5) —(7), the load
voltage signal changes can cause a change in the
refractive index. The resonant wavelengths of the
three micro-rings of the light switch can be
determined. Thus, the logic circuits can be used to

derive the logic operations.

2 Structure analysis

2.1 Logical calculation

On the basis of the relations and mathematical
models derived in the previous section, a computer
graphics software-aided simulation calculation of the
logic circuit is conducted. Table 1 lists the different

load voltages of the micro-rings for a given output

spectrum.
Tab.1 Load voltage
Micro-ring 1 Micro-ring 2 Micro-ring 3
0 0 0
0 0 50.7
0 50.7 0
Load 0 50.7 50.7
voltage/V 50.7 0 0
50.7 0 50.7
50.7 50.7 0
50.7 50.7 50.7

As a result, the logic value is defined as 010.
The output spectrum wavelength glazing strong logical

value of the corresponding work is shown in Tab.2.

Tab.2 Logic circuit input and output table value

of true

Micro-ring logic value

. Output logi
output logic wptt logie

000 001
001 010
010 001
011 100
100 100
101 100
110 010
111 010

2.2 Micro-ring characteristic simulation

We need to obtain the refractive index

distribution of the waveguide cross section to verify
the correctness of the waveguide parameters. The
index distribution is shown

refractive in Fig.3.

Simulation is shown in Fig.4.

Contour map of index profile
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Fig.3 Waveguide refractive index distribution of the cross section

Fig.4 Simulation diagram

The simulation verified that the logic variety of a
door can be implemented in the logic circuits. Given
that the electro-optical polymer micro-ring switch
response time is short, i.e., 0.5 ps, the response time
of the entire system should be approximately 1.8 ps.
If the length of the input and output waveguides is
1 000 wm, including the length of the waveguide, then
the operation of the device delay time is 5.5 ps and
the operation rate can reach approximately 200 Gbit/s.
2.3 Logic realization of bistability

When different methods are employed to control
the wave modulation input into the straight waveguide
and micro-rings, different phenomena will occur. In
this section, these phenomena are discussed and
explained. When the control wavelength gradually

increases from 1600nm, the entire process is as follows:
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the wave energy coupled to the ring is controlled, the
light force is produced, the light force of the ring is
bent, ring bending leads to an effective refractive
index change in the ring, the ring of the resonant
frequency changes, and optical coupling energy results
from the change in the resonant frequency of the light
reaction force. This process is a mutual coupling
process. To solve this problem, we assume that, at the
given control wavelength of the wave, the loop energy
does not change. However, when the wavelength
increases, the next time point of the resonant
frequency of the ring more than a moment after the
change shall prevail. Under the condition of a given
control wavelength, given that the micro-ring bending
degree is small, the experiment and simulation show
that the degree of variation in dozens of nano-ring
and micro-ring resonant frequencies is not evident.
However, the relationship between the coupled powers
also indicates that the small change in the value of
the micro-ring energy is less; thus, we do not
consider the condition of an energy change in a ring
of a given wavelength. After adjusting the parameters
and the control wavelength gradually increases from
the 1 600 nm wavelength modulation, the final stable
wavelength is 1 604 nm. This experimental result is

largely in line with the results of Fig.5.
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Fig.5 Control wavelength increase data graph

It can been seen from Fig.5 that when the
control wavelength gradually increases from left to
right, the resonant wavelengths of the three
corresponding micro-rings will increase. When the

control wavelength is longer than 1 604 m, the

resonant wavelength of the micro-ring does not
change, indicating that micro-ring resonance occurs at
this time. When the control wavelength increases from
1 604 nm, wavelength increase in the principal process

is reduced. The difference is that, when the

wavelength reduces the micro-ring curve, which leads

to an increase in the resonant frequency, the

wavelength difference will soon decay to zero.

Therefore, when the relative control wavelength

increases, its ultimate resonant wavelength will
decrease and the resonant frequency value of the
resonator will become smaller. The theoretical and

experimental data shown in Fig.6 are consistent.
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Fig.6 Control wavelength decrease data graph

It can be seen from Fig.6 that when the control
wavelength decreases from right to left, the resonant
wavelengths of the three corresponding micro-rings
will increase. When the control wavelength is shorter
than 1 602 nm, the micro-ring resonant wavelength is
restored to its original position. The experimental data
show that the extreme is reached at 1 602.3 nm. The
modulation chart of the two modulation processes is

finally obtained and shown in Fig.7.
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Fig.7 Hysteretic diagram
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The solid line in the graph represents the
modulation wavelength that increased from 1 600 nm
to 1600 nm, which shows the change in the deviation
of the resonant micro-ring. The blue line in the graph
represents the modulation wavelength that increased
from 1 605 nm to 1 605 nm, which shows the change
in the deviation of the micro-ring. In the integrated
calculation and theoretical analysis, we observed the
following pattern: a micro-ring is evident when the
maximum resonant wavelength is equal to the
corresponding control micro-ring before deformation
occurred in the resonant wavelength and the sum of
the offset. This phenomenon is evident in the
calculation process. When the control wavelength and
the resonant wavelength are equal, the maximum
deformation in the micro-ring occurs; subsequently,
the micro-ring will rapidly return to its initial position.
The solid line corresponds to the maximum control
wavelength, whereas the blue line corresponds to the
minimum control wavelength. This outcome is
determined by the control of the wavelength modulation
process. When the modulation wavelength gradually
increases, the resonant wavelength of the micro-ring
extends, and its initial value is higher than those of
the resonant wavelength of the modulation wavelength.
The increase in wavelength modulation amplitude is
higher than that of the resonant wavelength. Thus, after
several iterations, an equilibrium value is eventually
reached. When the modulation wavelength decreases,
the resonant wavelength of the micro-ring still
increases; as a result, an equilibrium value is reached.
The modulation offset represented by the solid line is

greater than that represented by the dotted line.

3 Conclusion

Based on the micro ring resonator, we design a
variety of logic gate function which can be realized

the electro-optical logical circuit. The structure can

replace the SOI material which make switch using
electro-optic polymer faster response time, less loss,
and saving material and to decrease the size of the
simulation

device. In this through  the

paper,
calculation show that the logical circuit which can
realize the function of the six kinds of logic gate.
Only by varying inlet and outlet can get different
logical functions, the design of logic gate can future
large-scale optical logic unit assembly and design

provides convenient.
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