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A B S T R A C T

In this paper, a simultaneous three-mode silicon (de)multiplexer using a trident coupler and a 3 × 3 multimode
interference (MMI) is presented. The fundamental (TE0), first-order (TE1), and second-order (TE2) modes at the
input are successfully demultiplexed and converted to three uniform fundamental modes (TE0) at the output
ports. The device is designed and optimized by numerical simulation using three-dimensional beam propagation
method together with effective index method. The three-mode (de)multiplexing is achieved over the whole C-
band with small insertion loss (< 0.9 dB) and crosstalk (< −17 dB). The proposed device also features with a
small footprint (5 μm×400 μm) and a large fabrication tolerance against chip-size variations while maintaining
the desired optical performance.

1. Introduction

Mode division multiplexing (MDM) has been considered a promising
technology to significantly increase the capacity of optical telecom-
munications [1] as well as photonics on-chip interconnections and
computing [2,3]. Since data channels are independently carried on
orthogonal eigenmodes of the same wavelength without interchannel
crosstalk, overall transmission capacity could be multifold increased in
combination with the conventional wavelength division multiplexing
(WDM) systems [4,5]. One of the essential elements of MDM systems is
mode multiplexer and demultiplexer which are used to convert, combine
and divide optical modes at optical transceivers and optical add/drop
nodes. To meet the future broadband telecom and on-chip applications,
mode (de)multiplexers featuring with small-footprint, wideband, low-
loss, small-crosstalk operations and simple fabrication are particularly
desirable to realize compact photonic integrated circuits that could work
simultaneously for MDM and WDM signals.

In the past few years, different approaches have been used for
realizing a mode division (de)multiplexing device. Initial demonstra-
tions used bulky free-space optics [6] which required precise light
alignment and caused large power loss and instability. Fiber-based mode
(de)multiplexers were also realized by using photonic lantern [7] or
cascaded fiber couplers [8,9]. However, such fiber-based devices came
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with large size, large model dispersion due the long propagation, and
difficult fabrication. In addition, photonic-crystal mode (de)multiplexer
was reported [10], but facing large footprint and challenging fabri-
cation. Another category of mode (de)multiplexers which are based
on silicon-on-insulator (SOI) planar lightwave circuits (PLCs) [11,12]
was also well investigated. Compared to the previous ones, this class
of devices has unique advantages, such as low loss, flexibility, high
light confinement, small footprint, and especially, high integration and
compatibility with CMOS technology. Different structures of this type
including asymmetric directional couplers [13], adiabatic asymmetric
couplers [14], cascaded asymmetric Y-junctions [15], and asymmetric
Y-splitter [16] were exploited. In principle, such devices could operate
with a large number of modes. However, as the number of modes
increases, they become difficult for fabrication and longer in footprint
caused by the asymmetric and cascaded configurations. Microring-
based silicon chip was also reported for mode (de)multiplexing of
WDM channels, but the ring structure had narrow operating bandwidth
and required delicate fabrication [17]. To overcome the drawbacks of
those devices, mode (de)multiplexers utilizing two cascaded multi-mode
interference (MMI) couplers [18,19], and a combination of Y-junction
and MMI coupler [20] have been proposed, featuring with wideband,
low-loss, small footprint and large fabrication tolerance operations.
However, these structures supported only two modes and the extension
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Fig. 1. Schematic of the proposed (de)multiplexer: (a) Top view, (b) Size view.

for using three or more number of modes was impossible due to the
nature of the employed configuration. Very recently, a three-mode
(de)multiplexer has constructed on a trident junction incorporating with
two cascaded MMI couplers [21]. That design used a suitable optical
power dividing technique to realize mode (de)multiplexing functions.

In order to reduce the length of the mode (de)multiplexing device,
in this paper, we propose and characterize a modified structure of a
mode (de)multiplexer supporting three modes from [21] and satisfying
all of the aforementioned requirements. The proposed device utilizes
a trident (1 × 3) coupler and a 3 × 3 MMI coupler, which are SOI
waveguides, to perform simultaneously the mode (de)multiplexing and
mode converting of fundamental (TE0), first-order (TE1), and second-
order (TE2) modes to three uniform fundamental modes (TE0) at the out-
puts. Operating mechanism of the proposed device is explained by using
transfer matrix relation. Optimization and characterization processes
are carried out by using beam propagation method (BPM) together
with effective index method (EIM). The three-mode (de)multiplexing
is achieved over the whole C-band with small insertion loss (< 0.9 dB)
and crosstalk (< −17 dB). The proposed device also features with a small
footprint (5 μm×400 μm) and a large fabrication tolerance against chip-
size variations while maintaining the desired optical performance.

2. Design and optimization

2.1. General description

Fig. 1 shows the schematic of the proposed (de)multiplexer. It
is constituted of a symmetric trident junction coupler with a phase
shifter (PS), and a 3 × 3 rectangular MMI coupler. Width of the stem
waveguide of the trident coupler (𝑊0) should be wide enough to support
the guidance of three modes. This stem is coupled to three spears of
narrower waveguides to support only the fundamental mode TE0. While
the central waveguide is straight, two outer waveguides are symmetric
to each other with respect to the center and have a sinusoidal shape
(S-bent waveguide) with the vertical length and the horizontal width of
𝐿𝑠 and𝐺, respectively, as indicated in Fig. 1. One outer arm is connected

Fig. 2. Effective indices for different modes of the trident coupler as a function of input
stem width using BPM method.

with a phase shifter (PS) to make a phase change of ±𝜋∕2 so that lights
can be properly coupled at the desired outputs of the 3 × 3 MMI. Then,
three branches of the trident coupler are connected to the MMI coupler
at positions corresponding to center and ±𝑊𝑀𝑀𝐼∕3 of the MMI width.
In this design, we set the width of the MMI coupler 𝑊𝑀𝑀𝐼 = 4.8 μm.

The device is based on SOI material platform with the forms of
sub-micron rib/ridge-type waveguides. The core layer is made of sil-
icon while lower and upper claddings are silica and air, respectively.
Refractive indices of the silicon, silica and air layers are selected at
𝑛𝑟 = 3.45, 𝑛𝑐 = 1.46, 𝑛𝑎𝑖𝑟 = 1 at 1550 nm, respectively. Height of the
rib waveguides 𝐻 = 500 nm and the slab height ℎ0 = 220 nm. Width of
the single mode waveguide is selected to meet the single mode condition
at wavelength = 1550 nm [22]. There are some methods to fabricate the
proposed device, for instance, the whole device can be fabricated by
using the E-beam lithography method and inductively coupled plasma
(ICP) etching technique [12]. Optimization of the structure parameters
and characterization of the device are implemented through numerical
simulation using three dimensional-beam propagation method and ef-
fective index method.

2.2. Trident coupler

For the trident coupler, we analyze effective indices of the guided
modes in silicon rib/ridge waveguides at the input port of the stem.
Fig. 2 shows the dependency of effective indices on the width of the
trident stem 𝑊0. It can be seen that when 𝑊0 varies from 1 μm to
1.5 μm, the trident stem can guide three modes in the waveguide. As
a result, we choose 𝑊0 = 1.4 μm. The narrow waveguides (𝑤) of the
two outer arms of the trident waveguide as well as three output ports of
3 × 3 MMI coupler are designed to support only the fundamental mode
TE0. Therefore, they are set at 0.5 μm for the operation range of single
mode regime. This is the upper limit width for cutoff condition of the
single mode of TE polarization as seen in Fig. 2. With the above values
of 𝑊0 and 𝑤, the width of the central arm of the trident coupler (𝑤𝑐)
is determined equal to 0.4 μm, which also guide only the fundamental
mode.

The trident coupler of the proposed device is designed with unique
properties with respect to the conventional ones so that it could feature
desired functionalities of the three-mode (de)multiplexer. First, because
of the naturally symmetric structure of the trident coupler, the first-
order mode TE1 is converted to two fundamental mode TE0 and equally
divided to the two outer arms of the trident coupler. Second, the length
𝐿𝑠 of the sinusoidal waveguides of the trident coupler is adjusted to offer
the following functions: (a) when the fundamental mode TE0 is coupled
with the stem, the optical field is divided equally into two outer output
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Fig. 3. Power excitation coefficients of the guided mode, when it is led to output ports
of the trident coupler, as functions of the length of the S-bent coupler.

waveguides and vanished at the central output waveguide of the trident
coupler, and (b) when the second-order mode TE2 is coupled with the
stem, the mode is transformed to fundamental mode TE0 and the power
is concentrated to the central output waveguide of the trident coupler.
Therefore, the power in the central output waveguide for the case of
the second order mode equals TE2 is twice that of in the outer arms for
the cases of the fundamental mode TE0 and first-order mode TE1. This
principle can be addressed thoroughly as follows.

An input field profile 𝛹𝜈(𝑥, 0) imposed at 𝑧 = 0 at the input of the
trident stem (𝑥-coordinate in the direction of the waveguide width while
𝑧-coordinate in the propagation direction) will be propagated to the end
of the stem with the field profile as:

𝛹𝜈 (𝑥, 𝐿) = 𝛹𝜈 (𝑥, 0)𝑒𝑥𝑝(𝑗𝛽𝜈𝐿) (1)

where 𝐿 is the stem length of the trident coupler and 𝛽𝜈 is propagation
constant at 𝜈-order mode of the stem (𝜈 = 0, 1, 2). This field will be
divided into the modal field distribution of all modes 𝜓𝑚𝜈 (𝑥) at output
port of the trident coupler as

𝛹𝜈 (𝑥, 𝐿) =
3
∑

𝑚=1
𝜀𝑚𝜈𝜓𝑚𝜈 (𝑥) (2)

where 𝑚 is the order of output ports of the trident coupler (we denote
that 𝑚 takes 1, 2, 3, consecutively from left to right arm). Here, the
summation should be understood for both guided and radiated modes.
The field excitation coefficients 𝜀𝑚𝜈 of 𝜈-th mode at 𝑚th output port can
estimated by using overlap integrals

𝜀𝑚𝜈 =
∫ 𝛹𝜈 (𝑥, 𝐿)𝜓𝑚𝜈 (𝑥)𝑑𝑥

√

∫ 𝜓2
𝑚𝜈 (𝑥)𝑑𝑥

(3)

In the design, we initially set the width of S-bent waveguides of the
outer arms of the trident coupler 𝐺 = 1.15 μm. This parameter is set
accordingly to the device structure described in Section 2.1). By using
BPM simulation method, we simulate the power excitation coefficients
𝑐𝑚𝜈 =∣ 𝜀𝑚𝜈 ∣2 at output ports of the trident coupler for each mode 𝜈. Fig. 3
shows simulated curves of 𝑐𝑚𝜈 as a function of the length 𝐿𝑠 of the S-bent
waveguide. Simulation results show that when the length 𝐿𝑠 varies from
10 μm to 200 μm, power excitation coefficients of the fundamental mode
TE0 as well as the second-order mode TE2 change rapidly with opposite
fashions. As a result, when the optical field of the fundamental mode
is evanescent at the central output port, the optical field of the second
order mode is concentrated mostly at that port of the trident coupler.
In the design, we choose 𝐿𝑠 = 160 μm as an acceptable value so that

Fig. 4. Transmission characteristic of 3 × 3 MMI coupler as a function of the length of
the coupler.

the trident coupler could achieve an sufficient coupling efficiency for
all three modes.

Assume that, the amplitude of the optical fields is denoted in the
matrix relation, the transfer matrices for three guided modes of the
trident coupler can be presented in turn of the fundamental mode, the
first mode and the second mode as follows:
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where 𝜃 is accumulation phase of the optical field of guided modes when
propagating through the trident coupler.

2.3. 3 × 3 MMI coupler

Operating principle of the proposed 3 × 3 MMI coupler is obeyed
Talbot’s effect [23]. In the general interference (GI) mechanism [24] of
this principle, self-image of a 3 × 3 MMI coupler will be reformed at
the length as 𝐿𝑀𝑀𝐼 = 3𝐿𝜋∕2. Here, the half-beat length 𝐿𝜋 of the MMI
coupler is given by the relation:

𝐿𝜋 =
4𝑛𝑒𝑓𝑓𝑊 2

𝑒

3𝜆
(5)

where 𝑊𝑒 = 𝑊𝑀𝑀𝐼 + 𝜆
𝜋 (𝑛

2
𝑒𝑓𝑓 − 𝑛2𝑐 )

−0.5 is effective width of the MMI,
𝜆 is operation wavelength, 𝑛𝑒𝑓𝑓 is effective index, and 𝑛𝑐 is refractive
index of the cladding. To enhance the transmittance efficiency of the
modes, linear tapered waveguides have been placed to link with access
waveguides before and after coupling to the MMI region. The length
of the MMI region is optimized as shown in Fig. 4 which plots the
transmission characteristic of the MMI coupler as a functions of the
length 𝐿𝑀𝑀𝐼 . Here, the optimal length is chosen at 𝐿𝑀𝑀𝐼 = 109.5μm
(marked by circles in Fig. 4) for the MMI to achieve a maximum
transmission at the desired output ports while keeping a small crosstalk
to other ports. This value is agreed with the theoretical length value
given in Eq. (5) to achieve maximum transmittance efficiencies for
three modes. Similarly, to maximize the light confinement and minimize
crosstalk for TE2 mode, the width of linear taper is selected at 0.9 μm.

Next, we connect three output ports of the trident coupler with
the 3 × 3 MMI coupler. On one of two outer arms of the trident
coupler connected to the MMI coupler, we place a phase shifter (PS)
to combine/separate optical paths for the operation process of the
(de)multiplexing function. Since the proposed device has a symmetrical
structure, without loss of generality, the PS is placed on the left outer
arm as seen in Fig. 1. From the symmetric interference mechanism, the
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Fig. 5. BPM simulation for the phase shift 𝛥𝛷 as a function of the central width of the
phase shifter (𝑊𝑝𝑠) for three wavelengths: 1500 nm, 1550 nm and 1600 nm.

self-imaging at the central line of the MMI coupler will be reproduced
at the length equally to an integer multiple number of the characteristic
length to be𝐿𝑀𝑀𝐼 = 3𝐿𝜋∕4. Thus, the signal at the center input port will
be guided continuously to the central output port of the MMI coupler
(with the length of 𝐿𝑀𝑀𝐼 = 3𝐿𝜋∕2).

When the PS produces a phase shift 𝛥𝛷 = 𝜋∕2, the transfer matrix for
the two outer input/output arms of the MMI can be written as [23,24]

Y0 =
1
√

2

(

1 e
𝜋
2 i

e
𝜋
2 i 1

)

(6)

Therefore, the transfer matrix for TE0 mode when the PS is set at 𝜋∕2
written as
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The transfer matrix for TE1 mode when the PS is set at 𝜋∕2 written
as
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Similarly, we can also write the transfer matrix for TE0 and TE1
modes when the PS is set at −𝜋∕2 as follows

Q0 =
(

0
i

)

ei𝜃 , Q1 =
(

1
0

)

ei𝜃 (9)

Expressions (7)–(9) prove that the setting of phase shift 𝛥𝛷 = ±𝜋∕2
is an important condition for input signals at TE0 and TE1 modes to be
combined or separated into the two individual output ports of the MMI
coupler. In this paper, we choose the phase shift 𝛥𝛷 = −𝜋∕2 for realizing
the function of the mode (de)multiplexing of the device.

2.4. Phase shifter

To achieve the phase shift 𝛥𝛷 = −𝜋∕2 for (de)multiplexing oper-
ation, a butterfly-formed waveguide is used to make a passive phase
shifter as shown in the inset of Fig. 5. This PS has the length 𝐿𝑝𝑠 =
13 μm and the width 𝑤 = 500 nm. The central width 𝑊𝑝𝑠 of the
butterfly waveguide is varied to make the propagation constant changes
proportionally. The phase shift over the PS can be calculated by using
the following formula:

𝛥𝛷(𝑧0, 𝑧0 + 𝐿𝑝𝑠) = ∫

𝑧0+𝐿𝑝𝑠

𝑧0
[𝛽0 − 𝛽𝑝𝑠(𝑧)]𝑑𝑧 (10)

Fig. 6. Electric field patterns of the proposed three-mode (de)multiplexer for fundamental
mode (a), first-order mode (b), second-order mode (c), and total of three modes (d). Color
bars indicate normalized field intensity. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

where 𝑧0 and 𝑧0 + 𝐿𝑝𝑠 are the beginning and ending points of the
PS along 𝑧−direction, respectively; 𝛽0 is the propagation constant at
point 𝑧0 and 𝛽𝑧 is a function of the propagation at 𝑧-point within
(𝑧0, 𝑧0 + 𝐿𝑝𝑠). Fig. 5 shows BPM simulation for variation of the phase
difference 𝛥𝛷 as a function of the central width 𝑊𝑝𝑠. We can see that
at the width 𝑊𝑝𝑠 = 0.35 μm, the phase shift 𝑊𝑝𝑠 given by the phase
shifter is −𝜋∕2. It is important to note that since the phase shifter is
constructed in the form of the tapered waveguide, it is almost insensitive
to wavelength [21]. With this design, the fundamental and first-order
modes can be demultiplexed to the left and right output arms of the
MMI, respectively.

3. Optical performance and discussion

3D-BPM numerical simulation together with effective index method
is used to examine the optical performance of the designed device. We
will observe the optical modes when they are excited and propagated
into the device from the input port to the output ports. Fig. 6 shows elec-
tric field pattern of the proposed mode (de)multiplexer at wavelength
of 1550 nm when fundamental mode TE0(a), first-order mode TE1 (b),
second-order mode TE2 (c), and all three modes (d) are launched to the
device, respectively. It can be seen that, the optical field of TE2 mode is
guided to the central output port while those of TE0 and TE1 modes are
divided into the right and left output ports, respectively. Fig. 6 proves a
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successful simultaneous (de)multiplexing of three modes TE0, TE1 and
TE2 as predicted over our simulation and analysis. Small amount of light
is radiated out of the waveguide, suggesting a small power loss of the
device.

Next, we evaluate the optical performances of the proposed device
taking into account important parameters including insertion loss (I.L)
and crosstalk (Cr.T) which are defined as

I.L = −10 log10
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

(11)

Cr.L = −10 log10
𝑃𝑜𝑢𝑡

𝑃𝑢𝑛𝑤𝑎𝑛𝑡𝑒𝑑
(12)

Note that the total loss of the device in practice would be higher due
to the power loss of the light coupling between the planar waveguides
and optical fibers when the chip is connected to fiber-terminated com-
ponents of the optical fiber communication system. The light coupling
can be realized by using several techniques, for example, using a linear
taper waveguide to guide the light between fiber and the chip, or using
a grating coupler to convert the momentum from the optical fiber to
the planar waveguide. The grating coupler has been widely used for
high coupling efficiency between the silicon waveguide and the optical
fiber [25].

Fig. 7(a) and (b) show the insertion loss and the crosstalk of the
device as a function of wavelength for three modes TE0, TE1 and
TE2. The wavelength is varied within the range from 1500 nm to
1600 nm. The input power is normalized within the low level to avoid
the influence of Kerr effects in silicon waveguides. A small insertion
loss and crosstalk are obtained below 0.9 dB and −17 dB, respectively,
within 40 nm wavelength range spanning from 1525 nm to 1565 nm.
The mode conversion efficiency changing from 81.3% to 94.4% within
40 nm wavelength range is obtained. The low insertion loss and low
modal crosstalk suggest a wide bandwidth operation of the three-mode
(de)multiplexer. Note in Fig. 7(a) that the insertion loss of TE2 is always
smaller than those of TE0 and TE1 for both short and long wavelength
regions due to the designed geometrical parameters of the proposed
device. For example, as seen from Fig. 4, mode TE2, which propagates
from the center input port to the center output port of the MMI coupler,
has the smallest insertion loss at the center wavelength of 1550 nm. This
is because the symmetric interference mechanism results in a smaller
loss compared to the asymmetric interference mechanism due to the
smaller radiated powers. Furthermore, the access waveguide at the
center port of MMI coupler is designed with a narrower width than the
outer ports. As a result, the relative ratio of the multimode region width
and the access region width for center port is larger than for the outer
ones. Consequently, the insertion loss spectrum of TE2 is wider than
those of modes TE0 and TE1.

The influence of fabrication errors to the optical performance of the
device against geometrical sizes has been also investigated. By scanning
geometrical size parameters for each combination of input and output
ports, we can quantify the amount of crosstalk which is resulted from
the spatial multiplexed and demultiplexed modes. First, Fig. 8(a) show
the optical performance of the device against the variation of MMI
length (𝛥𝐿𝑀𝑀𝐼 ). When 𝐿𝑀𝑀𝐼 varies within ±0.5 μm, the insertion loss
and crosstalk of the device are smaller than 0.4 dB and −18.3 dB,
respectively. Second, Fig. 8(b) show the tolerance of the device to
the variation of the input waveguide width (𝛥𝑊0). As 𝛥𝑊0 varies in
a range within ±50 nm, the insertion loss and crosstalk of the device
are smaller than 0.28 dB and −19 dB, respectively. For the length of
S-bent waveguide which is chosen at 160 μm, if we varies it gradually
around the chosen value, the performance of three modes will change
insignificantly as can be see in Fig. 3. Thus, the length tolerance of S-bent
waveguide is very large. Moreover, the width of the trident coupler is
much wider than that of the access waveguides of MMI coupler, leading
to its large tolerance against fabrication error.

Last but not least, the impact of the etching depth variation on
the device performance is studied. It should be note that the etching

Fig. 7. Insertion loss (a) and crosstalk (b) of the proposed three mode-(de) multiplexer
as a function of the operating wavelength for TE0, TE1, and TE2 modes.

depth is an important fabrication parameter because it determines the
slab thickness of SOI wafer, it is normally difficult to control during
fabrication. Fig. 9 plots the insertion loss and crosstalk depending on
the etching depth variation. The results show that as the etching depth
varies within ±5 nm, the crosstalk is well below the value of −17 dB
while the insertion loss is below 0.3 dB. These obtained large tolerances
of the device are completely suitable to current fabrication technologies,
such as E-beam lithography and ICP etching. Compared with the designs
in [18,20,21], the present device has comparable optical performance
while it successfully works for simultaneous multiplexing of three
modes. In addition, the device also exhibits a small footprint as much
as 5 μm × 400 μm. With the small-footprint, wideband, low loss, low
crosstalk and large fabrication tolerance operations, the proposed device
could be applied for all-optical (de)multiplexing functions in on-chip
silicon photonics integrated circuits.

4. Conclusion

We have presented a new structure of a compact three-mode
(de)multiplexer using SOI trident-junction and 3 × 3 MMI couplers. 3D-
BPM numerical simulation and EIM methods have been put through
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Fig. 8. Fabrication tolerances of the proposed (de)multiplexer on variation of (a) the
second MMI coupler length (𝐿𝑀𝑀𝐼 ), and (b) the input waveguide width (𝑊0)

Fig. 9. Insertion loss and crosstalk in the three mode-(de) multiplexer as a function of the
etching depth.

to look into the optical performance of the device. All three TE modes
(TE0, TE1 and TE2) are successfully (de)multiplexed at the outputs with
small insertion loss (< 0.9 dB) and crosstalk (< −17 dB) in the whole

C-band. The device also offers an extra functionality by converting
modes of all inputs to an uniform fundamental mode (TE0) at the out-
puts, which made the device compatible with conventional single mode
elements at the transceivers. Furthermore, the proposed device feature
a small footprint (5 μm× 400 μm) and large fabrication tolerances. With
the exemplary features regarding bandwidth, insertion loss, crosstalk,
footprint and fabrication tolerance, the present mode (de)multiplexer
could be an promising candidate for applications on on-chip photonics
integrated circuits and mode multiplexed optical networks.
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