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Abstract—We analyze the new principle of multichannel spec-

tral division of optical fiber passband using controllable nar-

rowband integrated optical filters composed of two-coupled

ring microresonators made of different semiconductor mate-

rials. It is shown that appropriate selecting the semiconductor

material and optimizing the design factors of selective optical

element allows creating the simple and economical integrated

optical filter with bandwidth 0.1 nm, frequency separation

between adjacent optical carriers 0.2 nm and signal-to-noise

ratio 50 dB. Utilizing such filters in optical fiber communica-

tion lines makes it possible to increase the number of trans-

mitted in parallel optical carrier wavelengths up to 160 and

even more, i.e., to provide the traffic transmission with the

speed up to 1.6 Tbit/s in one direction and in single optical

fiber.

Keywords—carrier injection, controllable optical filter, coupled

waveguides, optical passband, resonance wavelength, resonator

optical length, ring microresonator.

1. Introduction

The rapid growth of the needs of modern society in large

data streams, and first of all the Internet, stimulates the

research oriented on increasing the carrying capacity of

optical communication channels. Wavelength division mul-

tiplexing (WDM) and dense wavelength division multiplex-

ing (DWDM) technologies are increasingly effectively used

for construction of high-speed main lines and optical com-

munication networks. The permanent extension of carrying

capacity of optical fiber communication lines on that way

arises due to application of the latest achievements of the-

oretical and experimental research from the one hand, and

new achievements of optical technology time division mul-

tiplexing (TDM) from the other hand [1–4].

The parallel transmission of N data streams on correspond-

ing carrier optical wavelength λ1 . . .λN allows extending

the carrying capacity of optical communication lines based

on WDM/DWDM technologies by adding progressively the

new optical channels as the network develops. The nar-

rowband optical filter with the passband controllable with

the high speed is the key element of such devices and

is used for spectral multiplexing/demultiplexing of optical

channels.

In present paper we consider the multichannel spectral di-

vision of optical fiber passband on the base of microres-

onators made from different semiconductor materials. The

physical essence of the method is in shifting the microres-

onator resonance wavelength because of the changing its

optical length by varying the free charge carriers density

influencing on the material refractive indices [5].

2. Structure of the Filter and Method of

Calculation of its Parameters

The structural diagram of the proposed narrowband con-

trollable integrated optical filter is shown in Fig. 1. The

filter constitutes two sequentially optically coupled ring

waveguide microresonators with band radius of tens of mi-

crons, which disposed on the distance 200 nm from each

other and from straight input and output optical waveg-

uides. The interaction length and gap width between the

waveguides define their optical coupling coefficient. The

narrow optical frequency bands corresponding to the reso-

nance frequencies couple from the input waveguide to the

microresonator [6, 7]. By changing the resonance condi-

tions (for instance, by changing the resonator optical length,

i.e., its geometrical length or waveguide effective index) one

can vary the frequency band coupled into resonator. The

effective index of the waveguide made from semiconductor

materials can be changed by optical or electrical injection of

the free carriers [5, 8]. For electrical injection the n-doped

regions are created outside the ring microresonators while

the p-doped regions are disposed inside the rings. When

the electrical voltage is supplied on such diode structure the

electrons and holes penetrate into the waveguide material

and change its effective index and thereby the resonance

frequency.
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Fig. 1. The structural diagram of controllable integrated op-

tical filter on the base of two optically coupled waveguide ring

microresonators.

We implement the numerical simulations for analysis of

the parameters of controllable integrated optical filter on

the base of ring waveguide microresonators. In order to

obtain the electromagnetic fields distribution on the filter

input and output corresponding to different time points,

resonance and transfer characteristics of the resonator we

solve the wave equation written for Borgnis’ electrical

function [9]. That allows us to content only the consid-

ering Ez component of transverse magnetic-wave for the

structure composed of two straight waveguides and op-

tically sequentially coupled ring microresonators and in

this way to apply the d’Alembert’s equation in Cartesian

coordinates [10]
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for ring microresonators, where nS and nR are the effective

refractive indices of the input and output waveguides and

ring microresonators, respectively.

The input and boundary conditions complete the equa-

tions (1, 2). For solving the wave equations (1, 2) with

three variables we use the explicit numerical model of the

“cross” type [11]. In accordance with this model the spatial

and time derivatives of the second order in wave equation

in Cartesian and cylindrical coordinates Eqs. (1, 2) are sub-

stituted for
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(∆ϕ)2
,

(8)

where ∆x, ∆y, ∆ρ and ∆ϕ are the spatial differences, ∆t is

time difference, i, j and n are integer numbers.

The input and boundary conditions complete the equa-

tions (1, 2). The calculations are carried out for definite

region, thus the wave function on the region boundaries is

set equal to zero.

The signal on the waveguide input is set as

Ez(x0 = 0, y, t) = E0 exp

(

−
(y− y0)

2

a2

)

sin(2π f t) , (9)

and the distribution of the Ez component of the electromag-

netic field in interaction region of the input waveguides and

ring microresonators is calculated as

Ez(ρ ,ϕ ,t) = E1 exp

(

−

(

(ρ−ρ0)cosϕ
)2

a2

)

sin(2π f t),

(10)

where E0 is the amplitude of the input signal in the first

waveguide, E1 is amplitude of the signal passing into the

ring microresonator from input waveguide, f is carrier fre-

quency, values x0, y0, ρ0, ϕ0 (ϕ0 = 0) and a define the

shape and spatial position of input Gaussian functions.

The spatial intervals ∆x and ∆y on coordinate axes is set

less than the input radiation wavelength, and for the choice

of discretization time step the Courant’ generalized stability

condition [11]

∆t ≤
1

c
√

(1/∆x)2 +(1/∆y)2
(11)

is taken into account. The relation of variables for solving

the wave Eq. (2) in cylindrical coordinates is set the similar

way.

The coupling coefficient between input/output waveguides

and ring microresonators is kS and the one between two

ring waveguides is kR.
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The resonance characteristic of the structure under consid-

eration is defined as

T (λ ) =
Iout

Iin

=
E2

z out

E2
z in

, (12)

where Ez in and Ez out are the amplitudes and Iin and Iout

are the intensities of the filter input and output signals,

respectively.

In numerical modeling we use the next waveguide param-

eters: the length of straight input and output waveguides is

13 µm, the waveguides thickness and width are 0.3 µm,

separation of input/output waveguides and ring microres-

onators is 0.2 µm.

3. Results and Discussion

We have applied the algorithm described above to analyze

the switching and resonance characteristics of the filter pro-

posed. The results are plotted in Figs. 2–4.

Figure 2 shows the dependence of the FWHM (full width

at half maximum) ∆λ of single resonance line on ring ra-

dius for filter with one (Fig. 2a) and two (Fig. 2b) ring

Fig. 2. Dependence of the FWHM ∆λ of the filter with one (a)

and two (b) ring microresonators made from Si (1), GaAs (2) and

InP (3) on ring radius R.

microresonators calculated for three semiconductor ma-

terials: Si (n = 3.483, curves 1), GaAs (n = 3.2, curves 2)

and InP (n = 3.172, curves 3).

The passband FWHM of the filter made from GaAs on the

base of one ring microresonator with radius R = 2.5 µm is

1.04 nm (curve 1 in Fig. 2). This result is in a good agree-

ment with the one reported in [10]. The passband width

of the same filter on the level of 0.1 of the maximum is

1.72 nm. Thus for effective switching the resonance band

it is necessary to shift the wavelength of its maximum on

the spectral interval of the order of 1.7 nm. Our calcula-

tions show that for such shifting the passband of the filter

with ring radius R = 2.5 µm it is necessary to change the

waveguide material index in second digit after comma, that

is practically unrealizable [5, 8]. In practice, in controllable

integrated optical filters from GaAs the real changing the

free carrier density can be as high as 2.5 · 1018 cm−3 [5].

This results in variation of waveguide material index on

the value up to ∆n = 0.003. For filter with ring ra-

dius R = 10 µm the passband width on the level of 0.1

of the maximum is 0.48 nm. That means that in order to

shift the resonance passband on the value comparable with

its width the waveguide effective index has to be changed on

the value ∆n≈ 0.002, which can be realize in practice [5, 8].

The similar conclusion is valid for the filter made from Si

and InP, in which the change of free carrier density on the

value 5 ·1018 cm−3 [12] and 3 ·1018 cm−3 [13], respectively,

leads to index variation ∆n approximately equal 0.004

and 0.003 [13, 14].

The passband control efficiency of the integrated optical fil-

ter based on one and two optically coupled microresonators

is estimated by the value of the ratio η of maximal inten-

sities of its output signals in two positions: η = Ion/Io f f ,

where Ion and Io f f are the maximal intensities correspond-

ing the open and closed filter conditions, respectively. Our

calculations show that the filters with one resonator with

the radius in the range R = 2.5 . . . 10 µm can’t be used

in the most of practical applications because of the small

value of η .

Figure 3 shows the dependence of the ratio η on ∆n

value for the filters composed of single-ring resonator

with R = 14 µm (Fig. 3a) and two-ring resonator with

R = 10 µm (Fig. 3b) made from Si (n = 3.483, curves 1),

GaAs (n = 3.2, curves 2) and InP (n = 3.172, curves 3).

The single-ring microresonator and two-rings filter of such

size occupies the same substrate area.

The modeling of the spectral characteristic of the filter com-

posed of two-coupled microresonators on the base of GaAs

and Si shows that their resonance passband width is nar-

rower in more than 4 times as compared with single-ring

filter made from the same materials and with the same radii

(see Fig. 2).

Figure 4 shows the calculated resonance passbands of

the filters composed of two similar optically coupled mi-

croresonators from Si (Fig. 4a), GaAs (Fig. 4b) and InP

(Fig. 4c) in initial condition (curves 1) and in switched

condition (∆n = 0.004, curves 2). The dependence of
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the ratio η on the variation of the material indices ∆n for

cases of Fig. 4 is presented on Fig. 3b by curves 1, 2 and 3,

respectively. For the filters under consideration the high

value η exceeding 105 is achieved for ∆n equal 4 · 10−4

(curve 3) for R = 10 µm.

Fig. 3. Dependence of the ratio η on ∆n value for the filter with

one ring microresonator with R = 14 µm (a) and two (b) ring

microresonators with R = 10 µm made from Si (1), GaAs (2) and

InP (3).

The speed of response of the filter under consideration is

defined by the sum of the transition time of the output sig-

nal and relaxation (recombination) time of the charge car-

riers. The signal establishing in single-ring microresonator

is accomplished in approximately 29 passing the radiation

through the microresonator ring with radius R = 10 µm

and coupling coefficients between straight and ring waveg-

uides equal 0.5 [7]. That amounts approximately 20.4 ps

for GaAs, 18.8 ps for Si and 18.6 ps for InP. The output

signal establishing in the filter from two coupled microres-

onators is accomplished in 26.3, 24.1 and 23.9 ps for GaAs,

Si and InP, respectively.

The relaxation (recombination) time of charge carriers in

Si, GaAs and InP is 23 ps [15], 0.4 ps [16] and 0.2 ps [17],

respectively. Thus the maximal signal-repetition frequency

Fig. 4. Resonance passbands of the filters composed from two

similar optically coupled microresonators with R = 10 µm made

from Si (a) for n = 3.483 (1) and n = 3.4833 (2); GaAs (b) for

n = 3.2 (1) and n = 3.2004 (2); and InP (c) for n = 3.172 (1) and

n = 3.1724 (2).

for optical filter on the base of one microresonator ring

is equal to 12.0 GHz for silicon waveguide, 24.0 GHz

for gallium arsenide waveguide and 26.6 GHz for indium

phosphide waveguide. For the filter composed of two opti-

cally coupled rings with radius 10 µm the maximal signal-

repetition rates are smaller: 10.8, 19.3 and 21.3 GHz for

Si, GaAs and InP, respectively.
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4. Conclusions

We propose the numerical modeling the controllable opti-

cal filter composed of two optically coupled semiconduc-

tor waveguide ring microresonators disposed between two

straight input/output waveguides. We compare the pass-

band width and shift of maximums of resonance bands

of the filters made of different semiconductor materials in

dependence on variation of their refractive indices. It is

shown that the signal-to-noise ratio on the output of the fil-

ter proposed could be as high as 50 dB for index variation

0.004, which can be realized in practice.

Speed of response of the filter made from GaAs or InP

is about 20 GHz and in two times larger that the pulse-

repetition rate of silicon filter (about 10 GHz). However,

Si is relative cheap material and its technology is well

developed with low rejection rate. Therefore, gallium ar-

senide or indium phosphide filters could be used for high-

performance information processing while in mass pro-

duction optoelectronic interfaces one can apply the silicon

filters.

The filter passband width on the level of 0.1 of maximum is

of the order of 0.1 nm. The bandwidth of element base of

modern optical fiber communication lines is 32 nm. Thus

the use of such filters allows realizing the parallel data

transmission over the 160 channels in single fiber. When

the speed of response of single channel is 10 Gbit/s the

communication line capacity could achieve 1.6 Tbit/s.

The proposed optical filter can contribute to advancing the

optical fiber communication lines using WDM and DWDM

technologies and operating on multigigabit and terabit ve-

locities.
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