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Abstract. In this paper, we introduce a new two-mode (de)multiplexer based on the silicon-on-
insulator (SOI) platform. The device is built on a symmetric Y-junction, a 2×2 multimode inter-
ference (MMI) waveguide and a phaseshifter in the form of a ridge waveguide which is designed
using 3D scalar beam propagation method (BPM). The phase evolution in the structure is dis-
cussed in details. The simulation results show that the device can operate in a wide wavelength
range (150 nm) with a low insertion loss and small crosstalk. A large fabrication tolerance to the
width of the input waveguide up to 100 nm is achieved, which is compatible to the current CMOS
manufacturing technologies for the photonic integrated circuits. Furthermore, the small footprint
(4 µm × 286 µm) makes the device suitable for applications in high bitrate and compact on-chip
silicon photonic integrated circuits.
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I. INTRODUCTION

In the era of the rapid growth of bandwidth demands in the information networks for video
on demand, cloud computing and big data, communication systems relied on the wavelength-
division multiplexing (WDM) technology [1] are now approaching the limitation of Shannon’s
information theory limit [2] and the nonlinear effects in optical fiber [3]. The data transmission
capacity in each wavelength can be improved by using advanced techniques such as space division
multiplexing (SDM), polarization division multiplexing (PDM) [4], and higher order modulation
formats [5, 6]. The SDM [7] has recently been proposed as a potential technology to keep up the
demands in traffic growth in optical transmission systems. In the SDM method, spatially sepa-
rated channels are used to propagate multiple signals. Multimode division multiplexing (MDM)
has been also demonstrated in multi-core fibers [8] or few-mode fibers (FMF) [9–13]. SDM has
drawn much attention thanks to its advantages namely cost-effective, dedicated space and energy
saving. The PDM is also another promising method to increase the capacity but this method re-
quires additional separate polarization states individually, this make PDM become more suitable
for dual polarization modulation formats. Otherwise, higher order modulation formats [5] give
an enhancement of the capacity by mean of increasing spectrum efficiency but they suffered from
the decrease of the transmission distance. Recently, mode-division multiplexing (MDM) [14, 15]
has emerged as an efficient approach to further increase the transmission capability. In the MDM
method, each optical mode is considered as an independent channel for carrying optical signal. It
is seen clearly that a tremendous increase in transmission capacity can be realized by combining
MDM with WDM, PDM, and multi-level modulation. A significant advantage of MDM is to sus-
tain nonlinearity of the optical fiber and orthogonality of waveguide modes in order to eliminating
the intermodal interference.

Recently, the combination between WDM and MDM communication systems has been
demonstrated as a key to enhance the transmission capacity of photonic devices. Particularly,
planar lightwave circuit (PLC)-based MDM devices using silicon on insulator (SOI) material plat-
form has some remarkable advantages of high flexibility, relatively low loss, high confinement of
light due to high core-cladding (Si/SiO2) refractive index difference and high compactness, mass-
production due to their mature fabricating technology [16]. A compact and reconfigurable mode
(de)multiplexer which can support numerous modes is essential for realizing the MDM-WDM in
integrated photonics [17].

Some designs of MDMs have been proposed based on multi-mode interference (MMI)
couplers [18–21] which typically exhibit advantages such as broadband, large tolerance fabrica-
tions. Others based on asymmetric directional couplers [22, 23] and Y-junctions [24, 25] have rel-
ative complexity for the manufacture and quite large insertion loss. Similarly, several three mode
(de)multiplexers using adiabatic asymmetric resonators [26] to realize reconfigurable (de)multiplexing
functions. However those structures have a narrow resonant bandwidth.

In this paper, we propose a new-structure of the two-mode on chip (de)multiplexer (TM-
(de)MUXer) which is constructed in a form of a compact symmetric Y-junction coupler, a 2× 2
MMI coupler and a ridge phase shifter using silicon material. We investigate the operation of
this device numerically by mean of scalar beam propagation method (BPM). We show that this
device is compact, low loss, ultra-broadband, and relatively large fabrication tolerances, which are
suitable for applications on high data rate integrated photonic circuits.
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II. DESIGN PRINCIPLE AND STRUCTURE OPTIMIZATION

Figure 1 shows the schematic structure of the proposed TM-(de)MUXer. At the input, a
symmetric Y-junction coupler is used to divide the fundamental mode and the first order mode
similarly to a 3-dB coupler. Then, a 2× 2 MMI coupler with a phase shifter (PS) that is formed
a ridge waveguide inserted at one of the input ports to separate two optical paths into two output
ports individually. The waveguides are made of the silicon layer that is embedded on a silica
layer with the upper cladding of air. Refractive indices of the layers are: the silicon core layer
nr = 3.457, the silica cladding layer nc = 1.444, the air nair = 1. The device is designed in the
three-dimensional space waveguides, operating in 1550 nm wavelength range. Silicon waveguides
are proposed to be fabricated in the form of standard silicon on insulator (SOI) wafer with the total
height H= 220 nm and the slab height h0 = 130 nm, respectively. The device can be fabricated
with the E-beam lithography and etched down to the substrate layer by using inductively coupled
plasma etching technique with a photoresist layer, such as Poly(methyl methacrylate) (PMMA).
Cladding silica layer is created by using plasma-enhanced chemical vapor deposition (PECVD)
method.
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Fig. 1. (a) Schematic of the proposed TM-(de)MUXer and (b) the structure of silicon
ridge waveguide.

Firstly, we use the symmetric Y-junction coupler to divide equally the fundamental mode
and the first order mode in the polarization state of TE. The Y-junction coupler composes of a stem
at the input port is a straight waveguide whose width is Win. The stem waveguide only supports
for the operation of two order modes. The output ports of the Y-junction coupler consists of two
S-bent waveguides placed symmetrically. S-bent waveguides have the length in the propagation
direction as Ls and the distance in the transverse directional as G chosen previously as 1.6 µm. The
width of S-bent is chosen as 500 nm for satisfying the single mode condition of the wavelength
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1550 nm [27]. EIM method incorporated with scalar BPM method are utilized for simulation the
width of the Y-junction coupler stem Win, aiming to find out the condition so that the Y-junction
coupler only support for the operation of the fundamental mode and the first order mode. To save
the simulation time but still ensure an essential accuracy for simulation, in whole this design we
use a 3D-scalar BPM simulation with grid sizes as follows: ∆x = ∆y = ∆z= 20 nm (we found that
the smaller grid size does not affect significantly the simulation results). Without the polarity of
guided modes, the 3D scalar BPM is utilized to accurately approximate for numerical solutions
of the guided mode in the optical waveguide [28]. It is seen in Fig. 2, simulation results by BPM
method for effective indices of the Y-junction stem show that the cutoff-condition for limiting
two guided modes in the Y coupler has been occurred at the width Win ≤ 1.2 µm. Therefore,
in this design, we choose the width of the Y-junction stem as Win = 1.2 µm. We use the Y-
junction coupler to divide two guided modes similarly to the idea from Love et al. [25] but using
S-bent waveguides at the output of the Y-junction coupler instead of using straight waveguides
because the S-bent waveguides is less loss at the joint at the Y-junction coupler output than the
straight ones. The BPM simulation has also showed that the optimal length of S-bent for the best
performance of divided transmission property of two guided modes is chosen at the length of Ls
= 80 µm (therefore, the bent radius of S-bent waveguides is 1231 µm). In Fig. 1, the red parts
denote the fundamental mode and the green ones stand for the first-order mode (as seen in Fig. 1).

In the next section, we use the 2×2 MMI coupler to realize the function of (de)multiplexing
for two guided modes. The 2× 2 MMI coupler based on general interference (GI) mechanism.
Two output branches of the symmetric Y-junction coupler is connected to two access waveguides
of the MMI coupler by straight waveguides in the propagation direction that only operated in
single mode mechanism. It is well-known that the symmetric Y-junction coupler can divide the
fundamental mode with two balanced-power and in-phase outputs while dividing the first order
mode with two balanced-power and counter-phase outputs.

Aiming to make the optical combination, the 2×2 MMI coupler is designed as a shortest
possible 3-dB coupler. Two access waveguides are connected to the outputs of the MMI coupler.

Hence, in this proposed design, we choose the width of the MMI coupler as WMMI = 4 µm.
In the GI mechanism, the half beat-length Lπ of the MMI coupler is defined as [29]:

Lπ =
4neW 2

e f f

3λ
(1)

Here, We f f is the effective width of the multimode region, it is defined in TE polarization
state as follow:

We f f =WMMI +
λ

π

(
n2

e−n2
c
)−1/2

(2)

where ne and nc are denoted to the effective refractive index of the core layer and refractive index of
the cladding layer, respectively; λ is the wavelength in the free space. The MMI coupler operate as
the 3dB-coupler at the shortest length of the MMI region is defined by the relation: LMMI = 3Lπ/2.
Using the result of effective index, we obtain the shortest length LMMI to be∼ 67 µm by the theory
of mode propagation method. Because the calculation by using mode propagation analysis (MPA)
method is an approximation, we therefore continue to use the BPM simulation for the length of the
MMI region around the MPA method. As result, the optimal length of the MMI region has been
chosen equally 65 µm. At this length, the transfer matrix of the MMI coupler can easily obtain
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Fig. 2. Effective index of the stem of the symmetric Y-junction coupler as a function of
the waveguide width.

from Bachmann et al. [30] expressed as:

M =
1√
2

(
1 j
j 1

)
(3)

If we represent the amplitude of the optical fields in the matrix relation, transfer matrices
of guided modes at output ports of the Y-junction coupler can be expressed for the fundamental
mode, the first mode as follows:

Y0 =
1√
2

(
e

jπ
2

e
jπ
2

)
e jθ0 , Y1 =

1√
2

(
e

jπ
2

e
− jπ

2

)
e jθ1 (4)

where θ0 and θ1 are accumulated initial phase angles by the fundamental mode and the first order
mode, respectively.

To achieve the function of multiplexing (or demultiplexing) by combining two optical paths
at two input ports of the 2×2 MMI coupler, a phase shifter (PS) is placed at one arm of the input
ports. Without loss of generality, we assume that the PS is placed onto the left arm between at the
Y-junction coupler and the MMI coupler, as can be seen in Fig. 1. Guided wave propagation for
two guided modes at the outputs of the MMI coupler when shifting a phase angleΦ are expressed
consecutively by the transfer matrix method as follows:

X0 = MY0 =
1
2

(
1 j
j 1

)(
e j(π/2+Φ)

e jπ/2

)
e jθ0 ,

X1 = MY1 =
1
2

(
1 j
j 1

)(
e j(π/2+Φ)

e− jπ/2

)
e jθ1 (5)

It is easy to examine that the phase shift angle Φ = ±π/2 satisfies the (de)multiplexing
condition in equation system (5). The fundamental mode will be combined to the output 2 of
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the MMI coupler and the first order mode will be lead to the output 1 of as can be indicated by
symbols as the red one and the gold one in Fig. 1.

 

(a) 

 

   (b) 

 

Fig. 3. Phase difference of the phase shifter (PS) as a function of the length LPS.

In this paper, we design the PS in the form of a ridge waveguide structure [31] (see the
zoomed part in Fig. 1(a) and the extracted part in Fig. 3(a)). When the ridge height of the PS
becomes broader or smaller, the effective index become bigger or smaller (see Fig. 3), which
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equals providing the upper waveguide with the earlier line or delay line. Thus, the PS makes phase
difference between the lights through the PS and the same long straight waveguide. The phase
shift angle for the light propagating through the PS can be calculated theoretically by following
expression:

Φ(0,LPS) =

LPS∫
0

(β0(z)−βPS(z))dz (6)

where LPS is the length of the PS, β0(z) and βPS(z) denote the propagation constants of the funda-
mental mode in straight waveguide and the PS waveguide, respectively; ne is the effective index
of the core layer.

In this design, we choose the height of the PS to be HPS = 230 nm (a 10 nm-thick layer
is covered on the left arm of the Y-coupler, as seen in Fig. 3(a)). The BPM simulation is used to
investigate the dependence of the phase shift angle Φ as a function of the length LPS of the PS.
As can be seen in Fig. 3(b), the phase difference between the PS for the operation wavelength of
1550 nm at the left arm in comparison with the straight waveguide at the right arm achieve equally
90 degree (π/2 radian) at the length the PS as LPS = 11.5 µm (as seen in the marked point of
Fig. 3(b)).

III. PERFORMANCE EVALUATION AND DISCUSSION

Figures 4(a) and (b) show the field distributions of the mode (de)MUXer at the operation
wavelength of 1550 nm when input ports are launched discretely (the fundamental mode and
first-order mode of scalar optical fields, respectively). It can be seen that the light is efficiently
propagated into the proposed structure and there is a little power radiated out of the guided-wave
regions.

a) b)

 

Fig. 4. Electric field distribution for the proposed TM- (de)MUXer: the fundamental
mode is launched a), the first order mode is launched b).
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For a mode (de)multiplexer, most important factors are insertion loss (I.L) and crosstalk
(Cr.T) which are defined as following:

I.L = 10log10

(
Pout

Pin

)
(7)

Cr.T =−10log10

(
Pout

Punwanted

)
(8)

where Pin is the input power of the device, Pout and Punwanted are the wanted and unwanted output
powers of the device, respectively. Simulation results obviously show that the proposed device has
a low insertion loss and crosstalk.

Optical bandwidth is a very important parameter for mode (de)multiplexer. Fig. 5 shows
the wavelength dependence of the insertion loss and crosstalk for the fundamental mode and the
first order mode as the wavelength varies from 1500 nm to 1650 nm, covering the whole C and
L bands. The input power is normalized equally 1 power unit. It can be seen that the proposed
device has a low insertion loss and low crosstalk in which the insertion loss varies from 0.5 dB to
1 dB and the crosstalk is below -25 dB in the bandwidth of 150 nm, as can be seen in Fig. 5.

Fig. 5. Wavelength dependency of the proposed TM-(de)MUXer in the 150 nm bandwidth.
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Fig. 6. Transmission of the proposed device as a function of the width tolerance of the
input port waveguide Win.

Fabrication tolerance is of importance for the operation of an optical waveguide-based de-
vice. It is well-known that the MMI coupler has a large tolerance compared with its size parameter
variations [32, 33]. In this design, we investigate the influence of other crucial geometrical toler-
ances to the optical performance of the proposed device. Firstly, we survey the width tolerance of
the input waveguide. The BPM simulation results presented in Fig. 6 show that the insertion loss
is about 0.8 dB and crosstalk is kept below -30 dB as ∆Win varies in the range up to ±100 nm.
Secondly, the S-bent length Ls has an important impact to the branching angles of the Y-junction
coupler. Thus, we consider the variation of the S-bent length on to the operation of the device.
Fig. 7 plots the transmission of the device as a function of the length tolerance of the Y-junction
coupler. We can see that, the insertion loss stays nearly the same and fundamental mode of the
crosstalk changes slightly in a tolerance of ±10 µm of the S-bent length tolerance. Finally, we
study the tolerance of the total height of the ridge waveguides. As the thickness of a SOI wafer
cannot be controlled during the fabrication, therefore it depends on the quality of the supplied
samples. The height tolerance (the thickness of the SOI wafer) of ridge waveguides is presented
as seen in Fig. 8 by the BPM simulation. Simulation data shows that a small variation of ± 2
nm in the thickness of the SOI wafer induces a rather large change at the crosstalk. However,
the crosstalk change is kept below -15 dB and the insertion loss is smaller than 1 dB. The 2nm-
accuracy can be achieved by using the current CMOS technology (excimer laser photolithography,
also known as 193 nm DUV photolithography) for the fabricating of the silicon photonic integrated
circuits.
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Fig. 7. Transmission of the proposed device as a function of the length tolerance of the
Y-junction coupler.

Fig. 8. Transmission of the proposed device as a function of the height tolerance of ridge waveguides.
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IV. CONCLUSIONS

We have presented a numerical simulation design of a high-performance TM-(de)MUXer
which is based on the symmetric Y-junction coupler and a 2×2 MMI coupler using the silicon
on insulator (silica) material platform. A scalability of the proposed design can be created, for
instance, a structure of three-mode (de)MUXer can be achieved by mean of a trident – junc-
tion coupler instead of the Y-junction coupler. Obtained results show a successful operation of a
two-mode (de)multiplexer for the fundamental mode and the first order mode. The performance
analysis for the proposed device is carried out by using 3D-scalar BPM simulation. The results
have shown that the device has a low insertion loss and crosstalk. These features make the device
a very promising candidate for the MDM-WDM systems. Furthermore, since the whole size of
the proposed device can be integrated on a footprint as 4 µm × 286 µm, it is potentially suitable
for applications on high-speed on-chip photonics integrated circuits.
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