
Optics Communications 475 (2020) 126240

Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier.com/locate/optcom

A side-ported MMI based InP polarization beam splitter
Qiang Tang, Yunlong Liu, Lichen Zhang, Xiaobo La, Xuyuan Zhu, Song Liang ∗, Lingjuan Zhao,
Wei Wang
Key Laboratory of Semiconductor Materials Science, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China
Beijing Key Laboratory of Low Dimensional Semiconductor Materials and Devices, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China
Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

A R T I C L E I N F O

Keywords:
Multimode interference (MMI)
Polarization beam splitter (PBS)
Side ported

A B S T R A C T

The design of a multimode interference coupler (MMI) based InP polarization beam splitter (PBS) at 1.3 μm
wavelength is reported. When the input and output waveguides are placed on the side walls of the PBS MMIs,
the PBS can be shortened effectively, while maintaining both low insertion loss (IL) and high extinction ratio
(ER). The optimized PBS design is 299 μm in length which is less than 1/3 of the PBS with end ported access
ports. At the same time, the ER of the side ported PBS is notably better than the ER of the long end ported
PBS.

1. Introduction

The polarization beam splitter (PBS), which is used to realize on-
chip polarization control in a photonic integrated circuit, has been
arousing great interests in recent years. A PBS enables polarization di-
vision multiplexing (PDM) in an optical communication system, which
doubles the data capacity to meet the ever-increasing bandwidth de-
mands of signal transmission [1]. In addition, through combination of
the application of PBSs and polarization rotators, polarization trans-
parency can be realized for photonic integrated circuits (PICs) [2].
Compared with Si based PICs, InP based PICs have the advantage that
light sources can be integrated monolithically [1–3]. Besides PBSs on
Si based PICs [4–6], InP based PBSs, which can be integrated with both
passive and active optical components, have also been presented for InP
PICs in recent years [7–10]. The design of PBS is generally based on two
mechanisms including modal evolution and interferometry. The modal
evolution-based PBS can be realized by combining an adiabatic mode-
converter and an asymmetric Y-coupler [8]. The interferometry-based
PBSs can be realized by using directional couplers (DC) [11,12], Mach–
Zehnder interferometers (MZI) [13,14], and multimode interference
couplers (MMI) [9,15]. Among these different types of PBSs, the MMI
based PBSs have several advantages including low insertion loss, easy
design and simple process of production, which have attracted a lot of
attention from researchers.

In this paper, we report the design of a side-ported cascaded MMI
based InP PBS at 1.31 μm wavelength. By placing the input and output
waveguides on the side walls of the MMIs, the length of the PBS can
be shortened effectively, while still maintaining both low insertion loss
(IL) and high extinction ratio (ER). The results obtained from 3D BPM
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studies show that the length of the side-ported PBS is 299 μm, which is
only 1/3 of the length of the PBS which has end ported access ports in
Ref. [9]. For both TE and TM modes, extinction ratios (ER) are larger
than 31 dB and insertion losses (IL) are smaller than 0.6 dB at 1310 nm.

2. Theory and simulation results

For the general type of interference, a reproduced self-image is
located at:

𝐿 = 𝑚(3𝐿𝜋 ) 𝑤𝑖𝑡ℎ (𝑚 = 1, 2, 3…) (1)

where the factor m represents the periodic nature of the imaging along
the MMI waveguide, and 3𝐿𝜋 is the self-imaging length given by:

3𝐿𝜋 = 3
4𝑛𝑟𝑊 2

𝑒
3𝜆0

(2)

where 𝐿𝜋 , 𝑛𝑟, 𝑊𝑒 and 𝜆0 are the beat length of the lowest-order mode,
the effective refractive index of the MMI, the width of the MMI, and the
working wavelength. In our design, the factor m equals 1 which means
the lengths of the MMIs equals their self-imaging lengths.

The propagations of lights of TE and TM modes in a side ported MMI
are shown in Fig. 1(a) and (b), respectively. For TM polarization, the
first order self-image is at 𝐿𝑇𝑀 on the right-boundary side. An output
waveguide can be put there to couple the TM light power out. For TE
polarization, its self-image is also located at 𝐿𝑇𝐸 on the right-boundary
side, but it is smaller than 𝐿𝑇𝑀 . Due to the shorter self-imaging length
of TE polarization, the TE light power is reflected at 𝐿𝑇𝐸 to the left
side of the MMI before leaking into the TM output waveguide. As
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Fig. 1. Propagations of lights at 1310 nm in (a) quasi-TE mode, side ported MMI; (b)
quasi-TM mode, side ported MMI; (c) quasi-TE mode, end ported MMI; (d) quasi-TM
mode, end ported MMI, where the letter V represents the V region.

shown in Fig. 1(a), a triangle region, in which the TE light intensity is
notably low, is highlighted by red dashed line and is termed as V region
hereafter. By putting the TM output waveguide at the V region, only
very little TE light power could leak into the TM output waveguide,
thus, separating the TE and TM lights.

Fig. 2(a) shows the schematic structure of the proposed PBS. The
length of MMI1 𝐿𝑀𝑀𝐼1 = 𝐿𝑇𝑀 . A second MMI2 is cascaded with MMI1
in its left region to collect the reflected TE light power. Different from
the end ported devices in Ref. [9], in which the access waveguides
are placed on back and front ends of MMIs, the input and output
waveguides are positioned on the side walls of MMIs. As shown in
Fig. 2(a), there is an angle 𝜃𝑖𝑛 between the access waveguide and
the MMI side walls. 𝜃𝑖𝑛 = 8◦ in this paper if not specified. Fig. 2(b)
shows the cross-section structure of the waveguide studied in this work.
The waveguide’s core layer is a 300 nm thick InGaAsP material with
a 1.2 μm bandgap wavelength. The thickness of the InP cap layer
is 1.5 μm. The total height of the ridge waveguide is 2.6 μm. The
refractive indexes are 3.206 and 3.424 for InP and InGaAsP materials,
respectively, and the working wavelength is 1310 nm. Three-dimension
(3D) beam propagation method (BPM) is used to simulate the light
propagations. The ER and IL of the PBS are defined as:

𝐸𝑅 = −10 log(𝑃𝑑∕𝑃𝑢) (3)

𝐼𝐿 = −10 log(𝑃𝑑∕𝑃𝑖𝑛) (4)

where 𝑃𝑑 and 𝑃𝑢 are the intensities in the desired and undesirable out-
put ports respectively, and 𝑃𝑖𝑛 is the intensity in the input waveguide.
As will be shown in detail in the following, the side ported access
waveguides enhance the performance of the PBS greatly. This can be
attributed to their effects on the properties of the V region described
in Fig. 1. Due to the different self-imaging process, the light intensity
distribution is also different. Compared with the end ported MMI with
same MMI width and access waveguide width, the side ported MMI

shows much lower light intensity distribution in the V region, as can
be seen from Fig. 1 by comparing Fig. 1(a) and (b) with Fig. 1(c) and
(d). On the one hand, because the TM mode output waveguide can be
placed at a cleaner V region, less TE power will be coupled into the TM
output, which leads to a higher ER. On the other hand, the TE mode’s
light power can be collected effectively by the collecting MMI with a
narrow width, which lowers the ILs.

For the end ported PBS, the width of the main MMI must be
increased to obtain better performance [9], which will also increase
the length of the MMI greatly because the MMI length is proportional
to the square of its width. A wider collecting MMI also must be used
to collect more TE power, which, however, results in a lower ER. It is
because that the separation between the TM output waveguide and the
collecting MMI is reduced at the same time, which will increase the
crosstalk between TE and TM modes. Besides, the difference between
𝐿𝑇𝑀 and 𝐿𝑇𝐸 of the side ported MMI is larger than the difference of
the end ported MMI. As a result, the TM output waveguide of side
ported PBS is more far away from the image point of TE mode, further
reducing the crosstalk.

Fig. 3 shows the TE and TM light propagations in a side ported PBS
at 1.31 μm. The width of the input/output waveguides is 𝑊out = 1.0 μm.
The widths of MMI1 and MMI2 are 𝑊mmi1 = 4.5 μm and 𝑊mmi2 = 2.5
μm, respectively. The corresponding lengths are 𝐿mmi1 = 240 μm and
𝐿mmi2 = 59.2 μm, respectively, resulting a PBS length of 299.2 μm. The
gap width between the TM output waveguide and the collecting MMI is
2 μm. The ER and IL of the TE and TM modes are about 37.8 dB and 0.6
dB, 31.4 dB and 0.1 dB, respectively. For comparison, the properties of
an end ported PBS, which has the same MMI1 width as that of the side
ported PBS, are also calculated. The lengths of its MMI1 and MMI2
are 224.5 μm and 64.2 μm, respectively, leading to a total length of
288.7 μm. As shown in Fig. 4(a) and (b), The ER and IL at 1310 nm
of the TE and TM modes are about 9.4 dB and 1 dB, 23.1 dB and 0.21
dB, respectively, all of which are worse than the corresponding values
of the side ported PBS. It also should be noticed that the difference
between 𝐿𝑇𝐸 and 𝐿𝑇𝑀 increases with the width of MMI, which helps
to enhance the performance of PBS. As shown in Ref. [9], when the
width of MMI1 of the end ported PBS is increased to 8 μm, though the
TM mode ER can be increased to be over 30 dB, the TE mode ER is
still only about 21 dB. The large MMI length results in a PBS length of
950 μm which is over three times of the length of the side ported one.
To further improve the TE mode ER, an MMI filter can be used [9],
which however complicates the device structure.

The ERs and ILs at different wavelengths of the side and end ported
PBSs both having 𝑊mmi1 = 4.5 μm are shown in Fig. 4(a) and (b),
respectively. For the side ported PBS, the TM mode ER is larger than 20
dB in the wavelength range from 1289 nm to 1328 nm and the TE mode
ER exceeds 20 dB in the wavelength range from 1291 nm to 1321 nm.
For the end PBS, however, only the TM mode ER is larger than 20 dB
in a narrow wavelength range from 1306 nm to 1315 nm. The TE mode
ER is smaller than 10 dB for all the wavelengths. The ILs for both the
PBS is smaller than 4.3 dB in the wavelength range from 1295 nm to
1325 nm.

𝜃𝑖𝑛 in Fig. 2 is an important parameter for the design of the side
ported PBS. 𝜃𝑖𝑛 dependence of the IL and ER of the side ported PBS at
1310 nm is shown in Fig. 5(a) and (b), respectively. As can be seen
from Fig. 5(a), the TE and TM ER increase with 𝜃𝑖𝑛 and peaks at 7 and
8 degree, respectively. Increase of 𝜃𝑖𝑛 to 9 degree leads to ER decrease
for both modes. At further larger angles, no stable mode propagation is
supported in the PBS waveguide. As can be seen from Fig. 5(b), while
the TM mode IL keeps below 0.16 dB in the angle range, the TE mode
IL decreases gradually.

The effects of the width of MMI2 on the ER and IL of the side ported
PBS are shown in Fig. 6. Because of the clean V region, the TE mode
power can be collected by MMI2 effectively. Even when MMI2 has less
than half the width of MMI1, the TE mode’s IL is less than 1 dB. The
TE mode’s ER is better than 30 dB when the width of MMI2 is varied
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Fig. 2. Schematic configuration of the PBS structure (a) top view; (b) cross section view.

Fig. 3. Propagations of lights at 1310 nm in the side ported PBs in quasi-TE mode (a) and quasi-TM mode (b).

Fig. 4. ERs (a) and ILs (b) of the PBSs at TE and TM polarizations as a function of wavelength.

from 2.0 μm to 3.7 μm. As can be seen from Fig. 6(a), the TM mode’s
ER decreases notably when the width of MMI2 is larger than 3.1 μm, it
is because that the TM mode power starts to be coupled into MMI2. It
also can be seen than the IL of the TE mode decreases simultaneously
when the width of MMI2 is larger than 3.1 μm, which can be explained
by the fact that a larger MMI2 can collect more TE mode light, resulting
in a lower loss of the TE mode.

For the end ported PBS, the effects of the width of MMI2 on the ER
and IL are also simulated. The width of the input/output waveguides is
1.0 μm. The widths of MMI1 and MMI2 are 4.5 μm and 2.5 μm, and the
lengths of MMI1 and MMI2 are 224.5 μm and 64.2 μm, respectively. As

shown in Fig. 7, the TE mode only has less than 10 dB ER. To reduce
the TE mode IR below 1 dB, the width of MMI2 must be increased
over 3.4 μm to collect more light power. It is even worse that width
like this would lead to only 100 nm separation between MMI2 and the
TM output ports, which is difficult to be realized experimentally. In
comparison, for the side ported PBS, the separation between MMI2 and
the TM output ports can be set as large as 2 μm without damaging either
ERs or IRs significantly, which eases device fabrication greatly. Finally,
we would like to point out that tapered input and output waveguides
do not help to improve the performance of the PBSs.
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Fig. 5. ERs (a) and ILs (b) of the side ported PBS as a function of the 𝜃𝑖𝑛 at 1310 nm.

Fig. 6. ERs (a) and ILs (b) of the side ported PBS as a function of the width of MMI2 at 1310 nm.

Fig. 7. ERs (a) and ILs (b) of the end ported PBS as a function of the width of MMI2 at 1310 nm.

3. Conclusions

In summary, by placing the input and output waveguides on side
walls of the PBS MMIs, the length of the PBS can be shortened effec-
tively, while maintaining both low IL and high ER. For the optimized
PBS design, the length of the side ported PBS is 299 μm, which is only
1/3 of the length of the end ported PBS. This PBS is promising for
applications in future high performance InP based PICs.
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