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Low-Crosstalk High-Order Mode Silicon Fiber-Chip
Coupler by Utilizing Apodized Double Part

Gratings With Mode Selective Trident
Weilun Zhang , Mengyuan Ye , Yunlong Li , Li Liu , Xiangyu Guo, and Yu Yu , Member, IEEE

Abstract—We propose and experimentally demonstrate a sili-
con integrated high-order mode fiber-chip coupler. By utilizing
a structure of apodized double-part gratings with mode selective
trident, TE1 mode can be coupled with low mode crosstalk. Design
details and the corresponding simulation results are presented.
The coupler is fabricated on silicon integrated platform. Measured
results show the loss is 4.68 dB for TE1-LP11 mode coupling with
the mode crosstalk <−23 dB. The proposed coupler could be
utilized in the advanced mode division multiplexing (MDM) system.

Index Terms—Few-mode fiber, grating coupler, high-order
mode, integrated optics.

I. INTRODUCTION

IN ORDER to satisfy the demand of ultra-high data capacity
in optical communication networks, various multiplexing

techniques have been utilized, such as wavelength division
multiplexing (WDM) [1] and polarization division multiplexing
(PDM) [2]. In the past decade, MDM technology attracts more
and more attention due to its ability on further increasing the
transmission capacity by introducing high-order modes [3].
MDM technique within few-mode fiber (FMF) is widely studied
as a promising solution to improve the data capacity with con-
trollable mode manipulation [4], [5]. On the other hand, silicon
photonics is commonly regarded as a promising candidate for
next generation optical network because of low cost, high re-
fractive index contrast, and compatibility with matured CMOS
technologies [6], [7]. Hence, coupler utilized as the bridge of
FMF and silicon integrated chip is highly desired. However,
efficient FMF-chip coupling with low mode crosstalk is still a
challenge due to the large mismatch between FMF modes and
integrated waveguide mode.
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Edge coupler (EC) and grating coupler (GC) are two common
interfaces for chip-fiber coupling. High-order mode coupling
within EC scheme [8], [9], [10], [11], [12] show a broadband and
polarization independent operation ability. However, it is crucial
to carefully select the FMF geometry for efficient coupling.
Furthermore, another limitation of EC schemes is its incompati-
bility with wafer-level testing of photonic devices. Alternatively,
GC schemes provide a flexible solution as any point on the
chip could be accessed with much relaxed tolerances on fiber
alignment [13], [14], [15]. As the most popular solution for
fiber-chip coupling, GC schemes for high-order mode coupling
are also developed [16], [17], [18], [19], [20]. Typically, wide
grating region with long taper is required for efficient mode
match between FMF and chip. However such design suffers from
large mode crosstalk and large footprint. Recently, a high-order
mode coupler utilizing a double-part GC combined with mode
selective Y-junction was proposed to achieve both low loss and
compact footprint [21]. However, on-chip mode crosstalk is
hard to eliminate within the Y-junction. To eliminate on-chip
mode crosstalk, structures based on 3D graphene structure [22]
and phase-shifted long-period grating [23] have been proposed,
demonstrating low insertion loss with high mode extinction
ratio. However, large footprint and lack of CMOS compatibility
limited their practical application. Therefore, it is still a chal-
lenge to realize a compact, CMOS compatible and low crosstalk
high-order mode coupler for practical system.

In this paper, we propose and experimentally demonstrate
a low-crosstalk high-order mode fiber-chip coupler based
on silicon-on-insulator (SOI) platform. By utilizing apodized
double-part gratings with mode selective trident, TE1-LP11

mode coupling with low crosstalk could be achieved within
the footprint ∼270 μm. Design details and the corresponding
simulation results are presented. Measured results show the
loss is 4.68 dB for TE1-LP11 mode coupling with the mode
crosstalk <−23 dB. The proposed coupler could be utilized in
the advanced MDM system.

II. STRUCTURE DESIGN AND SIMULATION

Schematic of the proposed high-order mode fiber-chip coupler
is shown in Fig. 1. The proposed device consists of a mode selec-
tive trident and apodized double-part gratings. Due to inevitable
on-chip crosstalk, unwanted TE0 mode will be launched into the
coupler with the TE1 mode. By carefully selecting width and gap

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-5288-7147
https://orcid.org/0000-0002-2005-3033
https://orcid.org/0000-0001-8819-7167
https://orcid.org/0000-0002-5641-446X
https://orcid.org/0000-0002-8421-6794
mailto:weilun@cug.edu.cn
mailto:yemy@cug.edu.cn
mailto:liyunlong@cug.edu.cn
mailto:liliu@cug.edu.cn
mailto:m202173359@hust.edu.cn
mailto:yuyu@penalty -@M mail.hust.edu.cn
mailto:yuyu@penalty -@M mail.hust.edu.cn


6600704 IEEE PHOTONICS JOURNAL, VOL. 15, NO. 2, APRIL 2023

Fig. 1. Schematic of proposed higher-order mode grating coupler.

Fig. 2. (a) Structure of the trident; (b) simulated mode field propagation results
for TE0 and (c) TE1 mode.

of the trident, TE1 mode at the input port could be coupled into
two side tapers adiabatically with identical intensity and phase
difference ofπ, while TE0 mode will transmit through the central
waveguide and eliminated by the bend tip filter. Thus the low
crosstalk mode selective coupling can be achieved. 150 μm long
linear tapers are utilized to connect the trident and apodized
double-part gratings, for adiabatic mode size conversion. The
double-part gratings are designed to convert two petal modes
in silicon waveguide into LP11 mode in FMF. To be noted,
apodized design is utilized for the double-part gratings to reduce
the coupling loss.

A. Trident Structure

The trident structure is designed to couple TE1 mode signal
and filter TE0 mode crosstalk launched at the input port. As
shown in Fig. 2(a), structure of the trident consists of one input
taper, two output tapers and a bend tip filter. Based on the
principle of mode evolution, width of the tapers is properly
chosen to realize adiabatic TE1 mode coupling into output tapers
while the TE0 mode maintained at the input taper. Here, the

Fig. 3. (a) Top view of the apodized double-part gratings. (b) simulated
coupling loss of the apodized and uniform GCs.

width of the input taper is set from 0.82 μm to 0.57 μm, whereas
the width of the output taper varies from 0.2 μm to 0.45 μm. The
coupling length of the taper (L) and the gap between two adjacent
tapers (G) are optimized to be 100 μm and 200 nm to realize
adiabatic TE1 mode coupling.

Simulated mode field propagation results are shown in
Fig. 2(b) and (c), indicating output mode field with identical
intensity and phase difference of π at end of the two output
tapers for TE1 mode input, while TE0 mode propagates through
the input taper. In addition, a bend tip filter is utilized at end
of the input taper to eliminate unwanted TE0 mode. The bend
waveguide is designed to change the TE0 mode transmission
direction, and thus ensure the unwanted mode not coupling into
the gratings. The following tip structure is utilized to avoid light
reflection, by squeezing the unwanted TE0 mode out from the
silicon waveguide.

B. Apodized Double-Part Gratings

The double-part gratings are further designed to convert two
petal modes in silicon waveguide into LP11 mode in FMF.
Top view of the double-part gratings is shown in Fig. 3(a). In
order to match the LP11 mode in FMF, the width of gratings
W1 is optimized to be 6 μm, and the gap W2 is chosen to be
8 μm. To further reduce the coupling loss, apodized design is
utilized for the double-part gratings. Duty cycle of the gratings
increases linearly from 0.3 to 0.55, with a fixed grating period
(Λ) of 630 nm. The number of grating teeth is optimized to be
22, which is sufficient to reduce the lateral transmittance. To
compare the performance of apodized GC with uniform GC,
simulations on coupling loss for both schemes are performed.
Fig. 3(b) shows the simulation results, demonstrating ∼1.2 dB
coupling loss improvement could be achieved by utilizing the
apodized double-part gratings.

C. Performance Analysis

Fig. 4 shows the simulated insertion loss and mode crosstalk
of the proposed device. Insertion loss could be divided into two
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Fig. 4. Simulated transmission spectra of the proposed device.

Fig. 5. (a) Full device image, zoom-in image of (b) the mode multiplexer,
(c) the input of the trident, (d) the output of the trident, (e) the double-part
gratings.

parts, namely mode propagation loss in the trident and mode
coupling loss between GC and FMF. The simulation results show
that the mode propagation loss in the trident is ∼0.1 dB, and the
mode coupling loss is∼ 4.12 dB. Mode crosstalk of the proposed
device is introduced by the mode interference occurred in both
fiber-chip coupling and on-chip mode propagation. Fiber-chip
coupling crosstalk could be avoided by utilizing the double
part gratings, by separating the two petal modes And the mode
selective trident is utilized to filter out the on-chip crosstalk.
Simulation results show the mode crosstalk can be suppressed
to be <−27 dB by utilizing the bend tip filter.

III. FABRICATION

The proposed high-order mode grating coupler is fabricated
on an SOI wafer with a 220 nm thick top silicon layer and Box
layer of 2 μm. 248 nm deep ultraviolet photolithography and
inductively coupled plasma (ICP) etching are used to form the
waveguide structure. The microscope images of the fabricated
device are presented in Fig. 5(a)–(e). In order to generate TE1

mode for device performance testing, additional mode multi-
plexer was fabricated, as shown in Fig. 5(b). Insertion losses
of the fabricated mode multiplexer for TE0 and TE1 mode are
measured to be 0.3 dB and 0.6 dB, respectively.

IV. MEASUREMENT AND RESULT

The experimental setup is shown in Fig. 6. A broadband
source (BS, ALS-CL-15-B-FA) is utilized to generate a con-
tinuous wave in 1520–1580 nm, a polarization beam splitter
(PBS, PBC1550SM-FC) and a polarization controller (PC) are
cascaded to fix a linear polarized state. The output LP01 mode
from the PC is coupled into the on-chip device. The output
mode from the designed high-order mode grating coupler is
coupled by a FMF, and collected by the optical spectrum an-
alyzer (OSA, AQ6370D) for performance analysis. Besides,

Fig. 6. The measurement setup.

Fig. 7. Measured output transmission spectra with TE0 and TE1 mode inputs.

Fig. 8. (a) CCD-captured mode field of FMF with TE1 mode input. (b) Ideal
LP11 mode field.

an infra-red charge-coupled device (CCD, Bobcat-320-Gated)
camera is utilized to capture the output field profiles from the
FMF output. The core and cladding diameters of the utilized
FMF are 14 μm and 125 μm, with the refractive indices of 1.448
and 1.444, respectively.

Measured transmission spectra of the fabricated high-order
mode grating coupler are shown in Fig. 7. The spectra have
been normalized by deducting the losses caused by the input
grating couplers and mode multiplexer. For TE1-LP11 mode
coupling, insertion loss ∼4.68 dB with 1 dB bandwidth∼34 nm
is measured. To measure the mode crosstalk, TE0 mode is
also launched into the device. Measure results show the mode
crosstalk is ∼23 dB, indicating low-crosstalk operation is suc-
cessfully achieved.

To verify the high-order mode coupling of the device more
intuitively, an infra-red CCD is utilized to capture the output
mode field of the FMF. The captured mode field with TE1 mode
input is shown in Fig. 8(a). As a comparison, mode profile of
ideal LP11 mode profile is plotted in Fig. 8(b). Through overlap
integration between the captured and ideal mode profiles, one
can verify that efficient TE1-LP11 mode coupling is successfully
achieved.

V. CONCLUSION

In conclusion, we propose and experimentally demonstrate
a high-order mode silicon fiber-chip coupler. By utilizing
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apodized double-part gratings with mode selective trident,
TE1-LP11 mode coupling with low crosstalk could be achieved
within the footprint ∼270 μm. Design details and the corre-
sponding simulation results are presented. The proposed device
is successfully fabricated on SOI platform. Measured results
show insertion loss of the fabricated device is ∼4.68 dB, while
mode crosstalk is <−23 dB. The proposed high-order mode
grating coupler could be utilized in the advanced MDM system.
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