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Abstract—This paper would like to propose a novel micror-

ing resonator based on 4×44×44×4 multimode interference (MMI)

couplers. The device acts as two separate microring res-

onators just in one structure. The transfer matrix method and

the three dimensional beam propagation method (3D-BPM)

are used to verify the working principle of the device. The

device is then designed on silicon on insulator (SOI) technol-

ogy. This device may be a very promising building block for

optical switches, filters, add-drop multiplexers, delay lines and

modulators.

Keywords— integrated optics, multimode interference couplers,

optical logic gates.

1. Introduction

Microring resonators have been used as a basic building

block for optical signal processing applications such as op-

tical switches, filters, modulators, and add-drop multiplex-

ers [1]. Almost all of the reported works on microring

resonator structures have used directional couplers as the

coupling element [2]. In order to meet a variety of require-

ments for high-speed signal processing, the coupling coef-

ficient needs to be adjusted arbitrarily and the directional

couplers can meet this requirement. However, for appli-

cations requiring high quality factor Q of the resonators,

i.e., for high speed operation, the separations between two

waveguides in the directional coupler must be very small.

As a result, high loss due to conversion loss of modes is

occurred as shown in [3] recently. Moreover, the direc-

tional coupler has a large size and small fabrication toler-

ance. Therefore, multimode interference (MMI) couplers

are used in such structures instead of directional couplers

due to their advantages of compactness, ease of fabrication,

large fabrication tolerance and ease of cascaded integra-

tion [4].

A microring resonator based on a 2 × 2 MMI coupler was

demonstrated on silicon on insulator (SOI) channel waveg-

uides for the first time in [2]. However, the coupling ratios

of the conventional MMI couplers are very limited and

there are only four available coupling ratios 0:100, 50:50,

85:15, and 72:28 if using only one conventional MMI

coupler [5]. Therefore, it is highly desired to implement

the couplers with variable coupling ratios. To do so, the

common approach is to use Mach-Zehnder interferome-

ter (MZI) structures, in which phase shifters are added to

the MZI arms to control the phase of the propagation sig-

nals as shown in [6], [7].

In this paper, a novel microring resonator based on

4×4 MMI couplers is given for the first time. The most

interesting characteristic of the proposed device is that the

device acts as two separate microring resonators based

on 2 × 2 MMI couplers. The coupling ratios can be varied

by using two separate phase shifters for the two microring

resonators. In order to verify the working principle of the

device, the transfer matrix and beam propagation method

are used. The device is designed on an SOI platform.

2. Microring Resonators Based on

4 × 4 MMI Couplers

A microring resonator based on 4 × 4 MMI couplers

(MMI-MZI structure) is shown in Fig. 1. The two

4×4 MMI couplers have the same width WMMI and length

LMMI = 3Lπ
2

, where Lπ = π
β0−β1

is the beat length of the

MMI coupler. In order to make tunable devices, two phase

shifters ∆ϕ1 and ∆ϕ2 based on the thermo-optic effect are

used in the two arms. Alternatively, passive phase shifters

could be used to provide a desired (fixed) power splitting

ratio.

In order to analyze the device, the transfer matrix of the

identical MMI couplers needs to be derived first and then

the total transfer matrix of the device can be determined.

The 4× 4 MMI coupler can be described by a transfer

matrix [8]:

M4×4 =











m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44











, (1)

where mi j (i, j = 1, . . . , 4) are complex coefficients calcu-

lated by using the modal propagation method. At the length

L = 3Lπ
4

, the phases of the equal output signals at the output

waveguides can be calculated from

φi j = φ0 + π +
π

16
( j− i)(8− j + i), for i+ j even

and φi j = φ0 +
π

16
(i+ j−1)(8− j− i+1), for i+ j odd.

Here, input ports i (i = 1, . . . ,4) are numbered from down to

up and the output ports j ( j = 1, . . . ,4) are numbered from

up to down in the MMI coupler and φ0 = −β0LMMI− π
2

is

a phase constant factor that is associated with the MMI ge-
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Fig. 1. The structure of a microring resonator based on

4×4 MMI couplers.

ometry and therefore can be neglected in the following

analyses.

The 4×4 MMI coupler at a length of L1 = 3Lπ
4

is described

by the following transfer matrix:

M4×4 =
1

2


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

−1 −e
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4 e
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4 −1
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4 −1 −1 e
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4

e
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4 −1 −1 −e
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4

−1 e
j 3π

4 −e
j 3π

4 −1















. (2)

If the length is doubled to LMMI = 2L1 = 3Lπ
2

, a new

4×4 MMI coupler is formed and its transfer matrix is

Mnew =(M4×4)
2 =

1

2











1− j 0 0 1+ j

0 1− j 1+ j 0

0 1+ j 1− j 0

1+ j 0 0 1− j











. (3)

This matrix can be considered as consisting of two sep-

arate submatrices which describe two 2×2 the 3 dB MMI

couplers, both having the transfer matrix:

M2 =
1

2

[

1− j 1 + j

1 + j 1− j

]

=
1√
2

e
− j π

4

[

1 j

j 1

]

. (4)

If two 4×4 MMI couplers are connected in the MZI struc-

ture of Fig. 1, then the relations between the complex am-

plitudes at the input ports and output ports can be expressed

in terms of the transfer matrices of the 3 dB MMI couplers

and the phase shifters as follows:

[

b1

b2

]

= e
j

∆ϕ1
2

[

τ1 κ1

κ∗
1

−τ∗
1

][

a1

a2

]

, (5)

where τ1 = sin(
∆ϕ1

2
) and κ1 = cos(

∆ϕ1

2
), (6)

[

B1

B2

]

= e
j

∆ϕ2
2

[

τ2 κ2

κ∗
2

−τ∗
2

][

A1

A2

]

, (7)

where τ2 = sin(
∆ϕ2

2
) and κ2 = cos(

∆ϕ2

2
). (8)

Therefore, the whole device can be viewed as consisting

of two independent microresonators having different power

coupling ratios as shown in Fig. 2. This means that two

independent switches and filters can be made by using this

structure.

Fig. 2. Two separate microresonators created from the

4×4 MMI structure: (a) microresonator using input ports 1 and 4,

and (b) microresonator using input ports 2 and 3.

Fig. 3. Two separate add-drop multiplexers based on microres-

onators using 4×4 MMI-MZI structures.

Another useful structure for implementing add-drop multi-

plexing functions is shown in Fig. 3, where the microres-

onator is coupled to a second MMI-MZI structure. The

coupling ratios can be controlled by the phase shifters.

Similarly, two independent add-drop filters can be obtained

from this structure.

3. Simulation Results and Discussions

In this section, in order to verify the working principle

of the devices, the three dimensional beam propagation

method (3D-BPM) [9], [10] is used to optimize the de-

signs for MMI devices. It is well known that the finite dif-

ference time-domain (FDTD) method is a general method
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to solve Maxwell’s partial differential equations numeri-

cally in the time domain. Simulation results for devices on

the SOI channel waveguide using the 3D-FDTD method

can achieve a very high accuracy. However, due to the lim-

itation of computer resources and memory requirements,

it is difficult to apply the 3D-FDTD method to the mod-

eling of large devices on the SOI channel waveguide.

Meanwhile, the 3D-BPM was shown to be a quite suitable

method [11], [12] that has sufficient accuracy for simulating

devices based on SOI channel waveguides [13], [14].

The waveguide structure used in the designs is shown

in Fig. 4. Here, SiO2 (n = 1.46) is used as the upper

cladding material. An upper cladding region is needed for

devices using the thermo-optic effect in order to reduce loss

due to metal electrodes. Also, the upper cladding region is

used to avoid the influence of moisture and environmental

temperature.

Fig. 4. Waveguide structure used in the simulations.

The parameters used in the designs are as follows: the

waveguide has a standard silicon thickness of hco = 220 nm

and access waveguide widths are Wa = 0.48 µm for sin-

gle mode operation. The refractive index of the silicon

core is nSi = 3.45. It is assumed that the designs are for

the TE (transverse electric) polarization at a central opti-

cal wavelength λ = 1550 nm. The width of the MMI is

WMMI = 6 µm. The access waveguide is tapered to a width

of Wt p = 800 nm to improve device performance.

The 3D-BPM simulations for a 4× 4 MMI coupler hav-

ing a length of L1 = 3Lπ
4

are shown in Fig. 5a for a signal

presented at input port 1 and Fig. 5b for a signal at input

port 2. The optimized length of the MMI coupler calcu-

lated by using 3D-BPM is L1 = 71.70 µm. The excess

loss calculated is 0.35 dB for both cases.

If two 4 × 4 MMI couplers with the same length of

LMMI = 3Lπ
4

are cascaded together, then a 4×4 MMI cou-

pler having a length of LMMI = 3Lπ
2

is formed. The transfer

matrix of this new 4×4 MMI coupler is given by Eq. (4).

The 3D-BPM will now be used to verify this prediction.

The 3D-BPM simulations for this 4× 4 MMI coupler are

shown in Fig. 6. The 3D-BPM simulations show that the

power splitting ratios for each MMI coupler used in these

microresonators are 0.42/0.43. The optimized length of

Fig. 5. The 3D-BPM simulations for a 4× 4 MMI coupler at

length L1 = 3Lπ
4

with input signal at (a) port 1 and (b) port 2.

Fig. 6. The 3D-BPM simulations for a 4× 4 MMI structures

with the signal at (a) input port 1 and (b) input port 2.

each MMI coupler is found to be LMMI = 141.7 µm. For

both cases, the excess losses are 0.7 dB and the imbalances

are 0.1 dB.

By connecting the above MMI structures (each MMI with

length of LMMI = 3Lπ
2

) together as shown in Fig. 1, double-

microresonators can be achieved. Phase shifters can be

introduced in the linking arms of the MZI structure in or-

der to vary the coupling coefficients of the couplers. For

example, if phase shifts of ∆ϕ1 = ∆ϕ2 = 0 are introduced

at the linking arms of the MZI, then the 3D-BPM simu-

lation (Fig. 7a) shows that the normalized output powers

(for signal at input port 1) at output ports 1, 2, 3 and 4

are 0, 0, 0 and 0.8, respectively. The computed excess loss

is 0.96 dB.

If phase shifts ∆ϕ1 = π
2

and ∆ϕ2 = 0 are introduced at the

linking arms, the 3D-BPM simulation for the signal at input

port 1 is shown in Fig. 7b. The normalized output powers

at output ports 1, 2, 3 and 4 calculated to be 0.41, 0, 0

and 0.39, respectively. The excess loss is 0.9 dB and the

imbalance is 0.2 dB in this case.
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Fig. 7. The 3D-BPM simulations of cascaded MMI couplers

used for the microresonator structure when the signal is at input

port 1 with (a) phase shifts ∆ϕ1 = ∆ϕ2 = 0 and (b) ∆ϕ1 = π
2

and

∆ϕ2 = 0.

The quality factor (Q) of a single microresonator based on

a 2×2 MMI coupler is given by [2]

Q ≈ πngLR

√
ατ

λ (1−ατ)
. (9)

Here, ng, LR, and λ are the group index, length of the

racetrack waveguide and wavelength, respectively. τ is

the transmission coefficient of the coupler. In order to

achieve a high Q microresonator, the coupling coefficient

|κ | =
√

α2 − τ2 needs to be small. Note that the bend ra-

dius also has a strong effect on the Q-factor. However, if

the bend radius increases, then the transmission loss will in-

crease, while the bend loss does not significantly decrease.

Here α2 is the power loss factor introduced by MMI cou-

plers and racetrack waveguides (including both bend loss

and transmission loss). By varying the phase shifts at the

linking arms, the power coupling ratios can be tuned.

The complete device presented in this paper is equivalent

to two separate 2× 2 MMI-based microresonators. Each

microresonator may have different transmission character-

istics such as different quality (Q), different free spectral

range (FSR), finesse (F) and different bandwidth (BW).

In the following examples, the Q-factors of the microring

resonators will be determined. Consider a 4× 4 micror-

ing resonator with following parameters: bend radii of the

first microring resonator and second microring resonator

(see Fig. 1) are R1 = 5 µm and R2 = 20 µm. If the 3 dB

MMI couplers with the same length of (LMMI = 141.7 µm

(Fig. 6) are used in the structure, then the calculated power

transmission coefficients are |τ1|2 = 0.42 and |τ2|2 = 0.42.

The estimated Q-factor for the first microring resonator

is Q1 ≈ 1000 and for the second microring resonator

is Q2 = 1650.

If two 4 × 4 MMI couplers having the same length of

LMMI = 141.7 µm are connected together in order to pro-

duce 2×2 tunable MMI couplers (Fig. 7), then power trans-

mission ratios of the two MMI couplers |τ1|2 and |τ2|2

can be varied by adjusting the phase shifts ∆ϕ1 and ∆ϕ2

in the linking arms, respectively. For example, if phase

shifts ∆ϕ1 = 0.9π and ∆ϕ2 = 0.5π , then the 3D-BPM

shows that the normalized output powers at output ports

1, 2, 3 and 4 are 0.7, 0, 0 and 0.1, respectively. The

calculated power transmission coefficients are |τ1|2 = 0.7

and |τ2|2 = 0.41. Therefore, the estimated Q-factors are

Q1 ≈ 4300 for the first microring resonator with bend

radius R1 = 5 µm and Q2 ≈ 2500 for the first microring

resonator with bend radius R2 = 20 µm.

It is interesting to note that provided that the phase shifters

operate with sufficient speed, functions of switching, mod-

ulating and add-drop multiplexing can be achieved in both

microresonators.

4. Conclusions

In this paper, we have presented a novel microring res-

onator structure based on 4× 4 MMI couplers. This de-

vice acts as two separate microring resonators. The design

of the device on the SOI platform has been presented by

using the transfer matrix method and the working princi-

ple is verified using the 3D BPM method. If the phase

shifters operate fast enough, then the device may be a very

promising building block for optical switches, optical mod-

ulators, and optical add-drop multiplexers.
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