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Broadband Silicon Four-Mode (De)Multiplexer
Using Subwavelength Grating-Assisted Triple-
Waveguide Couplers

Weifeng Jiang, Jinzhu Hu, Sigiang Mao, Hanyu Zhang, Linjie Zhou, Member, IEEE, and B. M. Azizur
Rahman, Life Fellow, IEEE, Fellow, OSA, Fellow, SPIE

Abstract—A broadband silicon four-mode (de)multiplexer
[(De)MUX] is proposed and experimentally demonstrated based
on subwavelength gratings (SWGs)-assisted triple-waveguide
couplers (TWCs), which can (de)multiplex TEo, TE1, TE2, and TE3
modes. The mode interaction is enhanced, benefitting from both
the triple-waveguide coupling and subwavelength structures. The
proposed four-mode (De)MUX is composed of three SWG-assisted
TWCs connected by three linear tapers. The experimental results
show that the 3-dB bandwidths are 100 nm, 76 nm, 90 nm, and 95
nm for the TEo¢, TE1, TEz, and TE; modes, respectively. The
corresponding insertion losses are 0.2, 1.8, 1.3, and 1.7 dB, and the
mode crosstalks are -23.3, -17.7, -15.5, and -17.0 dB at the 1550 nm
wavelength. The proposed device can work as a mode-(De)MUX
compatible with wavelength division multiplexing (WDM) to

increase the transmission capacity of on-chip optical interconnects.

Index Terms—Mode division mode

(de)multiplexer, subwavelength grating

multiplexing,

I. INTRODUCTION

N-chip mode division multiplexing (MDM) has
attracted broad attention within the past decade to increase
the communication capacity of optical communications and
interconnects [1]. The MDM is compatible with the wavelength
division multiplexing (WDM) by multiplexing operating-
modes over the WDM grids. For a multi-dimensional optical
transmission system, a broadband mode (de)multiplexer
[(De)MUX] is critical for future robust optical networks [2].
Silicon photonics has proved to be an effective technology for
achieving a mode (De)MUX because of its compact footprint
from the high refractive index contrast and the complementary
metal-oxide-semiconductor (CMOS) compatible fabrication
process [3].
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To achieve a high-performance on-chip mode (De)MUX,
various structures have been considered, including the adiabatic
coupler (AC) [4], multimode interference (MMI) coupler [5],
asymmetric Y-branch [6], densely packed waveguide arrays
(DPWAs) [7], inverse designed structure [8], micro-ring
resonator (MRR) [9], and asymmetric directional coupler
(ADC) [10]. Amongst these, the AC and MMI couplers can
achieve a broadband and fabrication-tolerant mode (De)MUX
based on the mode-evolution principle [4,5]. However, these
two structures suffer from a large footprint and are also not easy
to scale to handle high-order modes. Although an asymmetric
Y-branch can be used to form a broadband and low-crosstalk
mode (De)MUX, it is not trivial to fabricate the tiny gap
between two branches and a long length is also needed for mode
evolution [6].

To achieve a compact mode (De)MUX, DPWAs, inverse
designed structure, MRR, and ADC could be used [7-10]. The
DPWASs can be used to build a broadband and compact mode
(De)MUX, but the operating modes are limited. The inverse
designed structures are limited by the tight fabrication-
tolerance, and the MRR based mode (De)MUXs suffer from the
narrow bandwidth. The ADC structure has shown a great
promise for large-scale mode (de)multiplexing, benefitting
from its high scalability and simple structure. However, the
critical phase-matching condition is quite strict for ADC-based
mode (De)MUXs. Besides, the bandwidth is limited and the
fabrication tolerance is also tight. To relax the phase-matching
condition, several performance-enhanced ADC structures have
been proposed, including the grating assisted coupler [11],
coupled vertical gratings [12], tapered ADC [13], and
subwavelength grating (SWG) based ADC [14]. Among these,
the SWG-based ADC could form an ultra-broadband mode
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(De)MUX because the SWG can tailor the dispersion properties
of the ADC.

A fabrication-tolerant 11-mode (De)MUX with the low
crosstalk between —154 dB to —264 dB has been
experimentally demonstrated using cascaded SWG-based
ADCs [14]. A broad bandwidth of ~120 nm has been
theoretically achieved for a two-mode (De)MUX via an SWG-
based ADC [15]. Besides, two broadband mode (De)MUXs
have been experimentally demonstrated based on the SWG
engineered MMI coupler [16], and SWG-slot assisted AC [17],
which achieves a broad bandwidth of >100 nm. To further
increase the bandwidth, we proposed and optimized a two-
mode (De)MUX based on a triple-waveguide ADC
incorporating a SWG structure, which can numerically achieve
an ultra-broad 3-dB bandwidth of 320 nm [18].

In this paper, we extend our original concept of the SWG-
assisted triple-waveguide coupler (TWC) to demonstrate a
broadband four-mode (De)MUX. The coupling strength is
significantly enhanced via both the triple-waveguide coupling
and subwavelength structures, and thereby a broad bandwidth
is achieved in (de)multiplexing the TEo, TEi, TE,, and TE3
modes. The proposed four-mode (De)MUX was optimized by
using the three-dimensional full-vectorial finite-difference
time-domain (3D-FV-FDTD) based band-diagram and
propagation analyses. The optimized device was fabricated on
the silicon-on-insulator (SOI) platform and experimentally
measured.

SWG {

Fig. 1. (a) Structure of the proposed silicon four-mode (De)MUX. (b) Three-
waveguide coupler incorporating subwavelength gratings. (c) Subwavelength
grating.

II. RESULTS

A. Structure and Operating Principle

The schematic structure of the proposed silicon four-mode
(De)MUX is shown in Fig. 1(a), consisting of three SWG-
assisted TWCs connected by three linear tapers. The
fundamental TE modes are launched from ports I, Ii, I», and I3,
which are then multiplexed to the TEo, TE;, TE>, and TE3
modes of the bus waveguide by using the tapers and three
TWCs. The enlarged TWC-structure is shown in Fig. 1(b).
Three strip waveguides are embedded in four rows of SWGs.
The extents of two outside SWGs are denoted by t, and those of

two inside SWGs are denoted by gi, where i =1, 2, and 3 for 1%,
2" and 3" [from left to right in Fig. 1(a)] TWCs, respectively.
The pitch and duty cycle of SWG are denoted as A and f= a/A,
respectively, as shown in Fig. 1(c). The coupling strength of the
TWC can be significantly increased benefitting from the SWG
structures, and thereby a short coupling length and a broad
bandwidth are expected. As shown in Figs. 1(a) and 1(b), the
coupling length and the width of the middle waveguide are
denoted as L. and Wy, respectively. The length of the SWG-
based straight access-waveguide is represented by L,. The
width of the bus waveguide is denoted as Wy, where i = 1, 2,
and 3 for 1%, 2™, and 3" TWCs, respectively. In this case, the
1%, 27 and 3" TWCs are capable of (de)multiplexing the TE;,
TE,, and TE3; modes, respectively. The lengths of three tapers
for connecting bus-waveguides are denoted as L, Lo, and L.

The width of the access waveguides is denoted as W..
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Fig. 2. Phase-matching conditions for TE,, TE,, and TE; modes of the SWG-

based bus waveguides.

B. Phase-Matching and Optimizations

As the TE;, TE,, and TE; modes are_coupled via the 1%, 2™,
and 3" TWCs, respectively, the phase-matching conditions of
three TWCs are investigated for these three modes. In this case,
the phase-matched width of the bus waveguide is determined
by optimizing the individual SWG access and bus waveguides,
and then the phase-matched width of the middle waveguide is
optimized according to the propagation characteristics of the
combined TWC. To obtain the phase-matched width of the bus
waveguide, the propagation constants of the SWG access and
bus waveguides are calculated by using the 3D-FV-FDTD
based band-diagram calculations with Bloch boundary
condition [19]. Variations of the propagation constant at 1550
nm with the bus waveguide width are shown in Fig. 2. The
simulated structure of the SWG waveguide is shown in the inset
of Fig. 2. In the simulations, the pitch and duty-cycle of the
SWG are chosen to be A =250 nm and f = 0.5, respectively.
The extent of SWG is set as t = 500 nm, with symmetric
refractive index distribution on both sides [18]. The refractive
indices of silicon and silica are referred to the Palik’s book [20].
The thickness of the silicon layer is 220 nm and the width of the
access waveguide is W, = 400 nm. The propagation constant of
the SWG access waveguide is calculated to be 10.09, as
indicated by the horizontal black dashed line in Fig. 2. The
propagation constants of the TE;, TE,, and TE3; modes in the
SWG bus waveguides are represented by blue solid, red dash-
dotted, and green dotted lines, respectively. The phase-matched



widths of the bus waveguides are calculated to be Wy = 0.96
um, Wiz = 1.525 pm, and Wy3 = 2.08 um for the 1%, 2", and 3™
TWCs, respectively.
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Fig. 3. Variations of the transmittance at the bar port (left y-axis) and optimized
length of the SWG based straight access-waveguide (right y-axis) with the
middle-waveguide width, (a) Wi, (¢) W, and () Wys, respectively.
Variations of the transmittance with the coupling length, (b) Ly, (d) Lc,, and (f)
L, respectively.
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Next, the phase-matched width of the middle-waveguide is
optimized by varying the coupling length, L, and the length of
the SWG access waveguide, L. It should be noted that the
TWCs are simulated individually. The coupling length is firstly
kept constant, and the minimum power at the bar port is
obtained by optimizing Wi and L,. Then, the optimized Wy
and L, are kept constant and the coupling length, L, is varied
to achieve the maximum power at the cross port. Variations of
the transmittance at the bar port (left y-axis) and optimized L,
(right y-axis) with the middle waveguide width, W ;, are shown
in Figs. 3(a), 3(c), and 3(e). In the calculations, the gap between
three waveguides is set to be gi = 200 nm for three TWCs. For
the access waveguide of each TWC, input and output S-bend
waveguides with the sizes of 10 um x 2 pm and 5 pm x 2 pm
are used to decouple SWG waveguides. To reduce the mode
transition loss, two straight segments with the lengths of 1.5 and
0.5 pm are inserted between the input/output S-bends and SWG
access waveguide. Initially, the coupling lengths are set as L
=84 um, L, = 8.9 pm, and L3 = 10.2 um in Figs. 3(a), 3(c),
and 3(e). The optimized middle waveguide widths are W, =
390 nm, Wy = 400 nm, and W3 = 400 nm and the
corresponding L,; are calculated to be L, = 3.725 pym, Ly =
4.725 pm, and L3 = 4.525 pm.

Variations of the transmittance with the coupling length are

then calculated and shown in Figs. 3(b), 3(d), and 3(f). The
optimized coupling lengths are identified as Lc; = 8.388 um, Lc>
=11.888 pm, and L3 = 11.188 um, which gives the maximum
output at the cross port. The insertion losses are calculated to be
0.5, 0.4, and 0.3 dB, and the crosstalks are -29.5, -26.3, and -
26.7 dB for 1%, 2™ and 3 TWCs, respectively. The
propagation fields along the z-direction are simulated by using
the 3D-FV-FDTD method and shown in Figs. 4(a)-4(c) for
multiplexing the TE;, TE,, and TE3 modes, respectively. It can
be observed that the launched TE¢ modes from the access
waveguides can be completely converted to the TE, TE,, and
TE; modes, respectively. As the output field is composed of
mixed modes, the output power of each high-order mode is
analyzed by using the mode expansion method (MEM). The
lengths of three tapers connecting the bus waveguides are also
optimized and chosen to be Ly =4.5 pum, Ly = 8.5 um, and Lg
=4.5 um, respectively, and the excess losses are lower than
0.003 dB.
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Fig. 4. Propagation fields along the z-direction for multiplexing (a) TE,, (b) TE,,
and (c) TE; modes.
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Fig. 5. Fabrication tolerance of the optimized four-mode (De)MUX.

The tolerances and robustness of optimized four-mode
(De)MUX to the fabrication error are analyzed by using the 3D-
FV-FDTD method. To perform a trustworthy tolerance study,
the fabrication errors were applied to both the x and z directions.
Hence, the duty cycle was varied according to the width
changes along the z direction. The widths of three waveguides
were simultaneously changed according to the width changes



along the x direction. In this case, the deterioration of the
performance of the SWG-assisted TWC mostly depends on the
change of the duty cycle. The fabrication errors of +20 nm of
the width changes along the z direction are corresponding to the
+16% pitch fractional error. Variations of the transmittance
with the fabrication error are shown in Fig. 5. With the
fabrication error of £ 20 nm, the degradations of the insertion
loss are less than 0.5, 0.39, and 0.1 dB for 1%, 2", and 3 TWCs,
respectively. The mode crosstalks are less than -15.4, -16.8, and
-21.5 dB for the fabrication error of + 20 nm. In addition, the
performances on the fabrication error over a 100-nm bandwidth
were also calculated and the results are as follows: when the
widths of access, middle, and bus guides, and extents of two

outside SWGs are simultaneously changed by -20 nm (+20 nm),

the mode crosstalks over the wavelength ranging from 1.5 to
1.6 um are less than -7.2 (-11.8), -19.2 (-22.7), and -20.7 (-17.8)

dB for coupling the TE;, TE,, and TE3; modes, respectively.
When the duty cycle of SWG is changed by -8% (+8%). the

mode crosstalks over the wavelength ranging from 1.5 to 1.6
um are less than -7.8 (-10.14), -15.6 (-21.8), and -15.8 (-22.6)

dB for coupling the TE,;, TE,, and TE3; modes, respectively. We
can_see that the mode crosstalk of our proposed mode

(De)MUX is mainly limited to the first TWC for coupling the
TE; mode. Hence, the measured performance will be better by

changing the parameters of first TWC. The mode conversion
can be taken place at the waveguide junction. The light

backscattering loss could be generated when the SWG arrays
are suddenly introduced in the TWC section. If the grating
extends are tapered at the connection, a smooth transition from
silicon waveguides without SWGs to that with the SWGs can
be achieved. Therefore, the operating mode is not see sudden
change in waveguide, and backscattering loss and mode
crosstalk would be reduced.
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Fig. 6. (a) SEM image of the fabricated four-mode (De)MUX. (b) Coupling
regions for multiplexing three modes. Three-waveguide couplers incorporating
SWGs for multiplexing (c) TE,, (d) TE,, and (e) TE; modes. (f) Zoom-in image
of the SWG coupling region. (g) Enlarged image of the grating coupler.

C. Fabrication and Experimental Measurements

The optimized four-mode (De)MUX was fabricated on an
SOI wafer with a 220-nm-thick silicon layer and a 3-um buried
oxide (BOX) layer. The device was patterned by using the
electron beam lithography (EBL, Vistec EBPG 5200+) and
then etched via inductively coupled plasma (ICP, SPTS DRIE-
I). A 1-um-thick silica cladding was finally deposited by using
the plasma-enhanced chemical vapor deposition (PECVD,
Oxford). The scanning electron microscope (SEM, ZEISS)
image of the fabricated four-mode (De)MUX is shown in Fig.
6(a), including both a four-mode MUX and a four-mode
DeMUX. The SEM image of the four-mode MUX section is
shown in Fig. 6(b). SWG-assisted TWCs for multiplexing TE,,
TE,, and TE3; modes are shown in Figs. 6(c)-6(e), respectively.
The Zoom-in image of the SWG coupling region is shown in
Fig. 6(f). A reference waveguide with input/output grating
couplers (GCs) was also fabricated, as shown in Fig. 6(a). The
pitch and duty cycle of the TEy-mode GCs are 630 nm and 0.48,
respectively, and the etching depth is 70 nm. The enlarged
image of the GC is shown in Fig. 6(g). A polarization controller
is connected to a tunable laser to set TE-polarization of the input
light.
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Fig. 7. Measured transmission spectra at four output ports when light is
launched from the input port (a) I, (b) I, (¢) I, and (d) L.

triple-waveguide coupling. The bandwidths of all modes can
fully cover the C-band in WDM networks. Thus, the proposed
mode (De)MUX can be implemented in a hybrid MDM-WDM
network. As the sizes of mode fields are different for different
modes, the evanescent fields would also be different. The
different bandwidths could be due to different mode-coupling
strengths for different modes. The waveguide widths of TWCs
can be changed to improve the operating bandwidths. Note that
the device performance can be further improved by reducing
the fabrication error.

Table I compares the experimental performance and length
of our fabricated device with that of the reported mode
(De)MUXs. It can be noted that the adiabatic coupler based
mode (De)MUX has reported a relatively large bandwidth, a
low loss, and a low crosstalk, but a relatively long length of
several hundred micrometers. The architecture based on MMI
coupler shows a broad bandwidth, but the operating modes are
limited. The asymmetric Y-junction provides a high crosstalk
value and its fabrication problems would be critical due to the
limited resolution of the tiny gap mentioned in the Introduction

TABLEI
EXPERIMENTAL PERFORMANCE AND LLENGTH OF REPORTED MODE (DE)MUXS

Architecture N, Length Insertion Loss Crosstalk Bandwidth Ref./
i (um) (dB) (dB) (nm) Year
Adiabatic coupler 3 310 ~0.2 <-18.0 65 [4]/2017
MMI coupler 2 68 5.5~7.3 / 100 [51/2018
Y-branch 3 >320 <5.7 <-9.7 29 [61/2016
DPWAs 3 60 0.6 <-15 80 [71/2015
Inverse design 3 ~5 <1.0 <-20 80 [81/2019
Micro-ring resonator 3 ~250 1.5 <-12 <5.0 [9]/2014
Coupled vertical gratings 3~5 500 <2.0 -5~-20 <15 [12]/2015
Tapered ADC 2 44.11 <1.0 <-17.4 C+L [13]/2019
SWG based ADCs 11 2179 <52 <-10 50 [14]/2018
SWG based MMI coupler 2 38.6 <1.1 <-18 120 [16]/2020
SWG-slot assisted AC 2 55 <2.6 <18.8 230 [17]/2020
This work 4 48.964 <5.0 <-10.0 100

The measured transmittance responses at four output ports
are shown in Figs. 7(a)-7(d) when input is from Iy, I1, I», and I3,
respectively. The transmission spectra were normalized to that
of the reference waveguide shown in Fig. 6(a). The measured
insertion losses at 1550 nm are 0.2, 1.8, 1.3, and 1.7 dB and the
mode crosstalks are -23.3, -17.7, -15.5, and -17.0 dB, when the
input port is Iy, I1, I, and I3 to (de)multiplex TEo, TE:, TE,, and
TE3 modes, respectively. Compared to the simulated results, the
measured loss is a little bit high due to the imperfection of the
fabrication process. The 3-dB bandwidths are measured to be
100 nm, 76 nm, 90 nm, and 95 nm for inputs Iy, I;, I, and I3,
respectively. For the wavelength range from 1.5 pm to 1.6 pm,
the mode crosstalk is less than -15.0 dB for input ports Iy and I;
and less than -10.0 dB for input ports I, and Is. It reveals that
the fabricated four-mode (De)MUX has a broadband response
for all modes, benefitting from both the SWG structures and

section. Although the structure based on DPWAs achieves a
relatively broad bandwidth and a low loss, the performances of
the device length and operating modes need to be improved.
The inverse designed structure shows a compact footprint and
a relatively large bandwidth, but its fabrication-tolerance is
tight. The architectures based on the MRR and coupled vertical
gratings are limited by a narrow bandwidth. The tapered ADC
achieves a relatively broad bandwidth and a low loss, but its
device length would be larger compared to the SWG based
structures. The SWG assisted ADCs, MMI couplers, and ACs
shows a broad bandwidth and a compact length. Despite the
imperfection of the fabrication process, our device exhibits a
broad bandwidth and a compact length. In this work, the four-
mode (De)MUX is considered, but the proposed mode
(De)MUX can be scaled up for even higher order modes.




III. CONCLUSION

In conclusion, we have proposed and experimentally
demonstrated a four-mode (De)MUX based on three SWG-
assisted TWCs. The band diagram of the SWG waveguides and
the propagation characteristics were calculated by using the 3D-
FV-FDTD method. The experimental results show that the
fabricated four-mode (De)MUX has low insertion losses
(crosstalks) of 0.2 (-23.3), 1.8 (-17.7), 1.3 (-15.5), and 1.7 (-
17.0) dB for (de)multiplexing the TEo, TE;, TE,, and TE3
modes, respectively. The 3-dB bandwidths of 100 nm, 76 nm,
90 nm, and 95 nm have been achieved for the four TE modes,
respectively. The proposed mode (De)MUX can be applied to
on-chip MDM-WDM systems, increasing the communication
capacity of each WDM channel.
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