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Based on a parabolically tapered multimode interference (MMI) coupler with a deep-etched SiO2/SiON rib waveg-

uide, a compact wavelength demultiplexer operating at 1.30 and 1.55 µm wavelengths is proposed and analysed by using

three-dimensional semi-vectorial finite-difference beam propagation method (3D-SV-FD-BPM). The results show that

a MMI section of 330.0 µm in length, which is only 76% length of a straight MMI coupler, is achieved with the con-

trasts of 42.3 and 39.2dB in quasi-TE mode, and 38.4 and 37.8dB in quasi-TM mode at wavelengths 1.30 and 1.55 µm,

respectively, and the insertion losses below 0.2dB at both wavelengths and in both polarization states. The alternating

direction implicit algorithm with the Crank–Nicholson scheme is applied to the discretization of the 3D-SV-FD-BPM

formulation along the longitudinal direction. Moreover, a modified FD scheme is constructed to approximate the result-

ing equations along the transverse directions, in which the discontinuities of the derivatives of magnetic field components

Hy and Hx along the vertical and horizontal interfaces, respectively, are involved.

Keywords: wavelength demultiplexer, multimode interference, beam propagation method, photonic

integrated circuits
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1. Introduction

Wavelength division multiplexing (WDM) tech-

nology has been used to increase the number of chan-

nels and the information capacity in optical fibre

communication.[1] The wavelength demultiplexers (or

multiplexers) are essential components which sepa-

rate (or combine) wavelengths carrying different infor-

mation in WDM transmission system from (or with)

each other.[1] Moreover, for optical telecommunica-

tions, much interest has been aroused in demultiplex-

ing two wavelengths in 1.30 and 1.55µm windows.[2]

Several devices have been proposed to per-

form this function, such as conventional directional

couplers,[3] asymmetric Y-branch devices,[4] Mach–

Zehnder interferometers,[5] and multimode interfer-

ence (MMI) couplers.[6−8] Among them, the MMI-

based devices have been attracted much attention

due to their excellent characteristics, including easy

fabrication, large optical bandwidth, low polariza-

tion dependence, and small size.[9,10] Soldano and

Pennings showed the principles and applications of

the MMI-based devices,[9] and Bachmann et al de-

rived the self-imaging properties of generalized[11] and

restricted[12] N ×N MMI couplers. Several groups[7,8]

have reported wavelength demultiplexers operating at

1.30 and 1.55µm wavelengths based on MMI couplers.

However, the length of these devices is still relatively

large because the straight MMI couplers are used. Re-

cently, Levy et al have demonstrated that the tapered

MMI structures have a reduction in length compared

with the straight MMI coupler.[13] The reduction in

length is achieved in the tapered device by reducing

the average MMI region width over the length of the

structure. To the best of our knowledge, there has

been no attempt so far to design a wavelength demul-

tiplexer for the operation λ = 1.30 and 1.55µm, based

on the tapered MMI couplers. On the other hand, the

three-dimensional (3D) finite difference (FD) beam

propagation method (3D-FD-BPM), which automati-

cally includes the effects of guided and radiating fields

and mode coupling and conversion, has been widely
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used to design the MMI-based devices.[14] The scalar

3D-BPM holds only for the dielectric structures with

a very small refractive index difference,[15] whilst the

dielectric structures with a large refractive index dif-

ference in regions of high field intensity can be anal-

ysed by using the full-vectorial 3D-BPM,[16] but there

is a great increase in computational time and cost. In-

stead, the semi-vectorial 3D-BPM is a good candidate

for simulating the MMI-based devices, in which the

polarization effects can be taken into account, but the

memory requirement is the same as that in solving the

scalar 3D-BPM. As a result, the computational time

is moderate.[17]

In this paper, a wavelength demultiplexer operat-

ing at λ = 1.30 and 1.55µm, based on the parabol-

ically tapered MMI coupler, is analysed by using

the three-dimensional semi-vectorial finite-difference

beam propagation method (3D-SV-FD-BPM) based

on H field. The present demultiplexer has the ad-

vantages of low loss, small polarization dependence,

and compact size because the parabolically tapered

MMI coupler based on the deep-etched SiO2/SiON

rib waveguide is used. The alternating direction

implicit (ADI) algorithm with the Crank–Nicholson

(CN) scheme is utilized to discretize the 3D-SV-FD-

BPM formulation along the longitudinal direction (z-

direction), which is numerically unconditionally sta-

ble and is of second-order accuracy in the z-direction.

The calculation is efficient since the resulting matrix

is tridiagonal. Moreover, a modified FD scheme based

on the Taylor-series expansion is constructed to ap-

proximate the resulting equations along the transverse

directions (x- and y-directions), in which the discon-

tinuities of the derivatives of magnetic field compo-

nents Hy and Hx along the vertical and horizontal

interfaces, respectively, are involved. Compared with

the local guided-modes analysis,[6,7,9], the 3D-SV-FD-

BPM can not only reveal the optical wave propagation

in the tapered MMI coupler, but can also evaluate

the interaction between the output S-bent waveguides

combined with the conformal mapping method.[18]

2. Computational method

The 3D-SV-FD-BPM based on H-field is em-

ployed to analyse the present wavelength demulti-

plexer. The basic equation for quasi-TE mode is ex-

pressed as[14]

∂Hy

∂z
= (Ax + Ay)Hy (1)

with
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1
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[
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where k0 is the wavenumber in free space, n̄ is the ref-

erence refractive index, and n(x, y, z) is the refractive

index of the guiding medium. It is noted that Ax and

Ay are the x- and y-dependent operators, respectively.

For the quasi-TM mode analysis, the derivatives with

respect to the x- and y-directions are interchanged.

The ADI algorithm with the CN scheme, which is of

second-order accuracy in the z-direction, is utilized to

discretize Eq.(1) along the longitudinal direction. The

discretization form becomes[19]

(

1 −
∆z

2
Ax

) (

1 −
∆z

2
Ay

)

H l+1
y

=

(

1 +
∆z

2
Ax

) (

1 +
∆z

2
Ay

)

H l
y. (3)

Using the Peaceman–Rachford splitting

technique,[19] one propagation step can be split into

two sub-steps, which are summarized as follows:
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The resulting matrix at each sub-step is tridiag-
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onal, thus the calculation is efficient. Moreover, it is

shown by the von Neumann analysis that Eq.(3) is

numerically unconditionally stable.[19]

Next, we construct the FD scheme to approxi-

mate the operators Ax and Ay along the transverse

directions. The waveguide structure is scanned with

the small rectangular sub-regions of size ∆x×∆y. In-

side each sub-region the refractive index is constant, so

the discontinuities of the refractive index profile occur

only at the boundaries between adjacent sub-regions.

The general situation for an arbitrary grid point (p,

q, l) with neighbouring points is illustrated in Fig.1.

The refractive indices for these points are denoted as

np,q,l, np−1, q,l, np+1, q, l, np,q+1, l, and np,q−1, l, re-

spectively.

Fig.1. Point (p, q, l) and its neighbouring points.

Because Hy and its derivatives with respective to y are

continuous across the horizontal interface, Eq.(2b) can

be approximated with the conventional three-point

difference, that is

AyHy ≈
1

2jk0n̄
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When there exists an index discontinuity between (p,q,l) and (p+1,q,l) (or between (p − 1, q, l) and (p, q,

l)), Hy is still continuous, but its derivatives with respective to x are discontinuous. So the FD scheme must

be modified to consider such discontinuities in Eq.(2a). By using the Taylor-series expansion, a modified FD

scheme[20] is constructed, and given below:

AyHy ≈
1

2jk0n̄

[

δ1H
p−1,q,l
y − δ22Hp,q,l

y + δ3H
p+1,q,l
y

δ4(∆y)2
+

1

2
k2
0(n

2
p,q,l − n̄2)Hp,q,l

y

]

(5b)

with
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It is noted that the grid points on the edge of

the computational window should be dealt with care-

fully. In order to avoid the nonphysical reflection, the

transparent boundary condition (TBC)[21] is applied

to approximating these edge points. Moreover, if the

field propagates along the imaginary axis (imaginary-

distance BPM),[22] the corresponding procedure is effi-

cient to solve the guided-modes for optical waveguides.

To treat the S-bent waveguide, we transform the index

profile n(x, y) into the equivalent straight one nc(x,

y) by using the conformal mapping method[18]

nc(x, y) = n(x, y)
(

1 +
y

R

)

, (7)

where R is the radius of curvature.

3. Operating principle

The operating principle of the MMI demulti-

plexer is based on the self-imaging effect, in which

the guided-modes of a multimode waveguide are ex-

cited and interfere constructively to produce single or
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multiple images of an input field launched by a usu-

ally single-mode optical waveguide at the one end of

the structure at periodic intervals along the direction

of propagation.[9−12] Under the restricted interference

mechanism, a direct or mirrored image of the injected

field is formed at a coupler length of LM = pLπ if p

is an even or odd integer, respectively, in which Lπ is

the so-called beat length and defined as[12]

Lπ =
π

β0 − β1
≈

4ngW
2
e

3λ
, (8)

where β0 and β1 are the propagation constants of the

fundamental mode and the first-order mode, respec-

tively. ng is the effective refractive index, We is the

effective width of the fundamental mode of the mul-

timode section, and λ is the light wavelength in free

space. To realize the restricted self-imaging effect, the

input/out waveguide of a 2×2 MMI coupler should

be placed at a lateral offset of ±
We

6
, with respect

to the centre of the MMI region, so that every third

mode will not be excited. As a result, the beat length

is three times shorter than that of the general inter-

ference mechanism.[12] Moreover, the length of wave-

length demultiplexer can be further reduced if a ta-

pered MMI coupler is used.[13] A reduction in length

is achieved in the tapered device by reducing the aver-

age MMI region width over the length of the structure.

The proposed wavelength demultiplexer is

schematically shown in Fig.2. The device consists

of three parts: a straight input waveguide, a MMI

coupler, and two S-bend output waveguides, in which

one is a bar-coupler and the other is a cross-coupler.

To make the length of device as short as possible,

the tapered MMI coupler under the restricted in-

terference mechanism is introduced into the present

demultiplexer as shown in Fig.2.

Fig.2. Schematic diagram of a compact wavelength demulti-

plexer based on the parabolically tapered MMI coupler.

The width of the MMI coupler is parabolically tapered

according to the equation given by

W (z) = W1 +(W0 − W1) (LMMI/2 − z)
2
/

(LMMI/2)
2
,

(9)

where W0 is the width of interference region at z =

LMMI (or z=0) and W1 is the minimum width at

z = LMMI/2. When two waves with wavelengths of

λ1 = 1.30 µm and λ2 = 1.55 µm are injected into

the input waveguide, they can be separated from each

other if the length LMMI of the tapered MMI coupler

satisfies the following relation:

LMMI = pLλ1

π = (p + q)Lλ2

π , (10)

where p is a positive integer, q is an odd integer, and

Lλ
π is the beat length at wavelength λ. As a result,

a direct image of the injected field is formed for one

wavelength, which corresponds to the bar-state, and

a mirrored image is formed for another wavelength,

which corresponds to the cross-state. In addition,

it has been reported that tilted-waveguides, matched

with the local taper angle at the ends of the MMI

section, minimize the phase changes due to the dis-

continuous change in wave fronts present in a taper,

but the choice of the angle of the waveguide is a trade-

off between the associated power losses and the ease

of fabrication and tolerance.[23] In the present study,

the straight input waveguide has been considered in

the following analysis.

4. Numerical results and discus-

sion

The deep-etched rib waveguide based on the

SiO2/SiON, whose cross section is shown in Fig.3,

is utilized in the proposed wavelength demultiplexer.

The thicknesses of the upper cladding, the core, and

the low cladding are h1 = 0.4 µm, h2 = 0.8 µm, and

h3 = 0.2 µm respectively. By using the imaginary-

distance procedure with the transverse mesh size of

∆x = ∆y = 0.05 µm and the propagation step size of

∆z = 0.1 µm, it is found that the rib waveguide with

a width of w = 2.0 µm only supports the fundamental

mode for both λ=1.30µm and λ = 1.55 µm. So, the

rib width is fixed at w = 2.0 µm for both input and

output waveguides.
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Fig.3. Cross section of a deep-etched rib waveguide.

The field patterns of the fundamental mode in

quasi-TE mode (Hy) and in quasi-TM mode (Hx) at

wavelength λ = 1.3 µm are illustrated in Fig.4. It

is seen that the mode profiles for Hy and Hx are

strongly confined along the x-direction, which ensures

that a sufficient number of guided modes supported in

the MMI region can image the input field accurately.

Therefore, the deep-etched rib waveguide can help to

improve the image quality as pointed out in Ref.[9].

In addition, the calculated effective indices of the fun-

damental mode in quasi-TE and quasi-TM modes are

1.4802 and 1.4799, respectively. The results for the

same structure from the mapped Galerkin method[24]

and the film mode matching method (FMMM)[25] are

1.4795 and 1.4790, and 1.4800 and 1.4798, respec-

tively. The present results are very close to the so-

lutions from the FMMM, which is so far regarded as

a benchmark results for comparing the accuracy.

Fig.4. Field patterns of the fundamental mode for a deep-etched rib waveguide: (a) Hy for quasi-TE mode and (b)

Hx for quasi-TM mode.

Next, we use the proposed 3D-SV-FD-BPM to

calculate the beat lengths and their ratio of the

parabolically tapered MMI coupler at λ1 = 1.30 µm

and λ2 = 1.55 µm. Figure 5(a) shows that the beat

length as a function of 1 − W1/W0. It is noted that

the beat lengths for both wavelengths linearly decrease

with the increase of 1−W1/W0, but increase with the

increase of W0. As a result, tapered MMI coupler

can reduce its length. Figure 5(b) shows the ratio

χ = Lλ1

π

/

Lλ2

π as a function of 1 − W1/W0.

Fig.5. Beat length (a) and their ratio (b) as functions of 1−W1/W0.
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When selecting W0 = 7.3 µm and 1−W1/W0 = 0.2, we

obtain a beat length ratio of 1.196 ≈ 1.20, in which the

beat lengths for λ1 = 1.30 µm and λ2 = 1.55 µm are

66.00µm and 55.17µm, respectively, from Fig.5(a). If

p = 5 and q = 1 in Eq.(10) are selected, the following

relation is achieved:

330.0 µm = 5Lλ1

π ≈ 6Lλ2

π = 331.0 µm. (11)

Therefore, the tapered MMI region acts as a cross-

coupler and bar-coupler at 1.30 and 1.55µm wave-

lengths, respectively. So the two wavelengths can be

separated from each other. By using the local guided-

mode analysis in Ref.[7], the length of straight MMI

coupler with a width of 7.3µm is 435.5µm. The length

of the present tapered MMI coupler is only 76% length

of the straight counterpart. However, the beat length

ratio of the straight MMI coupler is χ = 1.222 by using

the proposed 3D-SV-FD-BPM as show in Fig.5(b).

The performance of the proposed wavelength de-

multiplexer is assessed by the contrast and insertion

loss defined as

C = 10 log10

(

P1

P2

)

, (12a)

L = −10 log10

(

P1

Pi

)

, (12b)

where P1 and P2 are the intensities in the bar and cross

output waveguides at λ1 = 1.30 µm, respectively, or

the intensities in the cross and bar output waveguides

at λ2 = 1.55 µm, respectively, and Pi are the inten-

sity in the input waveguides. The gap width between

the two S-bend output waveguides at the end of the

device is chosen as D = 20 µm with a bent length of

Ls = 100 µm so that the bending-loss and the cross-

coupling effect between the two output waveguides

are negligible from the numerical results by using the

present 3D-SV-FD-BPM combined with the confor-

mal mapping method. The fundamental mode of the

input waveguide is injected, and the transverse mesh

size and propagation step size are ∆x = ∆y = 0.05 µm

and ∆z = 0.05 µm, respectively.

The insertion loss and the contrast as functions

of width W0 (1−W1/W0 = 0.2) are shown in Fig.6(a)

and Fig.6(b), respectively. It is seen that the demul-

tiplexer is very sensitive to the structure parameter

W0; especially at λ = 1.30 µm. The insertion loss

and the contrast in quasi-TE mode are greater than

those in quasi-TM mode at both wavelengths, but the

behaviours are almost similar. Figures 6(c) and 6(d)

give the insertion loss and the contrast as functions of

length of the tapered MMI coupler LMMI.

Fig.6. Insertion loss ((a) and (c)) and contrast ((b) and (d)) of the demultiplexer as functions of width W0 ((a)

and (b)) and length LMMI ((c) and (d)).



No. 7 Semi-vectorial analysis of a compact wavelength demultiplexer based on the tapered ... 2021

Compared with the structure parameter W0, the de-

multiplexer is less sensitive to the structure parameter

LMMI. For W0 = 7.3 µm and LMMI = 330.0 µm, the

insertion losses in quasi-TE mode at λ = 1.30 µm and

λ = 1.55 µm are 0.11 and 0.19dB, respectively, and

the contrasts are 42.3 and 39.2dB, respectively. The

same results in quasi-TM mode are 0.17, 0.20, 38.4,

and 37.8dB, respectively. So the demultiplexer has a

low loss performance. The contrast at λ = 1.30 µm

is greater than at λ = 1.55 µm, but more sensitive to

the structure parameters W0 and LMMI as shown in

Fig.(6).

We also analyse the spectral characteristics of

the present demultiplexer. Figure 7 shows the nor-

malized output powers for bar and cross states in

quasi-TE mode as a function of the working wave-

length from 1.25 to 1.65µm, in which W0 = 7.3 µm,

1 − W1/W0 = 0.2, and LMMI = 330.0 µm. It is seen

that in 1.3µm window the spectral response is sharp,

whilst in 1.55µm window the spectral response is rela-

tively flat. Moreover, far from the centre wavelengths

1.3 and 1.55µm, neither bar nor cross state with a

high contrast can be obtained. The evolution of the

input field along the propagation distance in quasi-

TE mode with y = 0.6 µm is illustrated in Fig.8. It

is noted that the cross-state at λ = 1.30 µm and bar-

state at λ = 1.55 µm are realized.

Fig.7. Normalized output power for bar and cross states as a

function of wavelength.

Fig.8. Field distributions in the proposed wavelength demultiplexer with W0 = 7.3 µm, 1 − W1/W0 = 0.2,

LMMI = 330 µm, and (a) λ = 1.30 µm and (b) λ = 1.55 µm.
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5. Conclusions

By using the 3D-SV-FD-BPM based on H field,

a compact wavelength demultiplexer based on the

parabolically MMI coupler operating at 1.30 and

1.55µm wavelengths is designed. A short MMI section

of 330.0µm in length, which is only 76% length of the

straight MMI coupler, is achieved with the contrasts

of 42.3 and 39.2dB in quasi-TE mode, and 38.4 and

37.8 dB in quasi-TM mode at wavelengths 1.30 and

1.55µm, respectively, and the insertion losses below

0.2 dB at both wavelengths and in both polarization

states. Although only the demultiplexing configura-

tion is considered in this paper, the proposed device

can also operate as a multiplexer, with the direction

of lightwave propagation reversed.

The 3D-SV-FD-BPM is numerically uncondition-

ally stable and is of second-order accuracy in the z-

direction since the standard ADI algorithm with the

CN scheme is introduced to discretize the resulting

equations along the longitudinal direction. Moreover,

a modified FD scheme is also constructed to approxi-

mate the resulting equations along the transverse di-

rections, in which the discontinuities of the derivatives

of magnetic field components Hy and Hx at vertical

and horizontal interfaces, respectively, are involved.

The light wave propagation in the tapered MMI cou-

pler is demonstrated and the interaction between the

output S-bent waveguides is evaluated by using the

proposed 3D-SV-FD-BPM combined with the confor-

mal mapping method. In addition, the guided-modes

of the deep-etched rib waveguides are solved by using

the corresponding imaginary-distance procedure.
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