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Abstract: In this paper, a design of a silicon mode (de)multiplexer based on cascaded
counter-tapered couplers is proposed and investigated. By using the particle swarm opti-
mization algorithm and finite difference time domain method, structural parameters of each
counter-tapered coupler in our proposed mode (de)multiplexer are optimized so that high
conversion efficiencies can be obtained and coupling lengths can be significantly short-
ened. The coupling lengths of counter-tapered couplers in the proposed silicon four-mode
(de)multiplexer operating in transverse-electric polarization are 8 um, 9 um, and 10 um.
The corresponding conversion efficiencies are respectively 98.98%, 99.98%, and 98.68%.
Experimental results show that, the fabricated device exhibits a demultiplexed crosstalk
of —32.76 dB, —27.10 dB, —32.45 dB, or —33.29 dB at 1550 nm wavelength, when the
fundamental transverse-electric mode is respectively launched into the ports Input, Input;,
Inputs, or Input;. The measured demultiplexed crosstalk is less than —15.15 dB from 1525
to 1596 nm and lower than —18.12 dB from 1525 to 1561 nm.

Index Terms: Integrated optics, Silicon waveguide, Mode (de)multiplexer, Counter-tapered
coupler.

1. Introduction

As the number of parallel processing cores continues to increase, the demand for high-capacity
communication between cores and memories would become a tremendous challenge [1]. To
address such challenge, silicon-based optical interconnects with the advantage of massive par-
allelism, high speed, broad bandwidth, and excellent complementary metal-oxide-semiconductor
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(CMOS) compatibility can offer an attractive solution [2]-[4]. As is well known, multi-level mod-
ulation, wavelength division multiplexing, and polarization division multiplexing are conventional
approaches to enhance the transmission capacity. Besides that, mode-division multiplexing (MDM)
using each guided mode to act as an independent data channel is drawing a great attention for
providing an additional degree of freedom to further increase the transmission capacity [5].

For realizing a densely integrated MDM system, mode (de)multiplexers are one of the key
functional components. Up to now, various approaches have been developed to experimentally
demonstrate mode (de)multiplexers on the silicon-on-insulator (SOI) platform, such as grating
assisted couplers (GACs) [6], [7], adiabatic couplers (ACs) [8]-[12], densely packed multimode
waveguide arrays (DPMWAs) [13], [14], inverse design [15]-{17], asymmetric directional couplers
(ADCs) [18]-[21], asymmetric Y-junctions [22]-[24], and tapered directional couplers (TDCs) [25],
[26]. Although the fabricated GAC-based mode (de)multiplexers can realize low crosstalk, their
bandwidths are limited. For the reported AC-based or DPMWA-based mode (de)multiplexers, they
can have the low crosstalk level over the broad bandwidth, but relatively large areas are occupied.
To achieve compactness, inverse-designed mode (de)multiplexers have been introduced. Never-
theless, it is not easy to expand mode channels further. The ADC-based mode (de)multiplexers
can exhibit excellent scalability and good performance, but they are susceptible to fabrication errors
owing to the required precise phase matching. By contrast, mode (de)multiplexers based on asym-
metric Y-junctions or tapered directional couplers as mode-evolution-based devices are broadband
and high tolerance to fabrication errors [16], [27]. However, in reality, it is hard to obtain a very sharp
branching angle for the asymmetric Y-junction. By controlling the waveguide width and spacing, the
tapered directional coupler provides a promising option for forming the mode (de)multiplexer. But
the lengths of the reported TDC-based mode (de)multiplexers are conventionally very long. Thus,
it is challenging to achieve a mode (de)multiplexer with compact footprint, low crosstalk, broad
bandwidth, and excellent scalability, especially when mode (de)multiplexers are used to construct
hybrid (de)multiplexers or switches [28]-[30].

In this paper, we propose a design of a silicon mode (de)multiplexer based on cascaded
particle-swarm-optimized counter-tapered couplers. Structural parameters of each counter-tapered
coupler are optimized by taking advantage of the particle swarm optimization (PSO) algorithm
and finite difference time domain (FDTD) method, and thus high conversion efficiencies can be
achieved within the greatly reduced coupling lengths for our designed mode (de)multiplexer. For
the designed silicon four-mode (de)multiplexer operating in transverse-electric polarization, the
coupling lengths are 8 um, 9 um, and 10 um, and the corresponding conversion efficiencies are
98.98%, 99.98%, and 98.68%. To experimentally demonstrate the viability of this design, the device
comprising a four-channel mode multiplexer, a multimode straight waveguide, and a four-channel
mode demultiplexer is fabricated on the SOI platform. Experimental results reveal that, for the
fabricated device, the demultiplexed crosstalk less than —15.15 dB within a bandwidth from 1525
to 1596 nm and lower than —18.12 dB from 1525 to 1561 nm can be obtained.

2. Principle and Design

Fig. 1(a) shows the structure of a pair of the introduced silicon-based mode (de)multiplexers
using cascaded particle-swarm-optimized counter-tapered couplers. A detailed drawing and cross-
sectional view of the counter-tapered coupler involved are illustrated in Fig. 1(b) and 1(c). The
proposed silicon-based mode (de)multiplexers using cascaded particle-swarm-optimized counter-
tapered couplers could be designed for both transverse-electric (TE) and transverse-magnetic (TM)
polarizations. Fig. 1(d) describes the effect of the waveguide width on effective refractive indexes
of guided modes in a 220-nm-thick silicon strip waveguide at 1550 nm. Here, SiO. and Si given by
Lumerical FDTD Solutions software are used and TE modes are considered. As seen in Fig. 1(b)
and (d), for the counter-tapered coupler in the i-th stage, when the effective refractive index of
the ith-order (i = 1, 2...) mode in a tapered waveguide is equal to the one of the fundamental
mode in the adjacent taper waveguide, the mutual conversion between the fundamental mode and
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Fig. 1. (a) Schematic of the proposed silicon-based mode (de)multiplexers (b) A detail drawing of
the particle-swarm-optimized counter-tapered coupler (c) Corresponding cross-sectional view of the
coupling region (d) Calculated effective refractive indexes of eigenmodes in a silicon strip waveguide.

the i-th-order mode is realized. In order to achieve excellent performance and compact footprint,
structural parameters of each counter-tapered coupler are properly designed.

Note that in Fig. 1(a)—(c), for the counter-tapered coupler in the i-th stage, a tapered waveguide
in the coupling region is divided into n (n > 1) segments. Each segment has the same length Ly,
and the width of the segment is labeled as Wi (x=0, 1, 2, ..., n). In this work, the FDTD method
and PSO algorithm are used to optimize the number n and the width W,,. The definition of the
optimization figure of merit (FOM) is given by FOM1 = Pcyoss_TEi_TE0 fOrthe case of 1 < x < (n—
3), while FOM is written as FOM2 = min(Pcyoss_TEi_TE0/ PBar_TEi, PBar_TE(-1)/ Pcross_TE(-1)_TE0;
PBar_TE(-2)/ Pcross_TE(-2)_TE0s -+- PBar_TE0/Pcross_TE0_TE0) fOr the case of (n — 2) < x < n. Here,
Pcross_TEi_TE0 Stands for the optical power of TE; mode received at the Cross port and Pga,_TE;
represents the optical power of TE; mode received at the Bar port when the TE; mode is injected
into the Input port at 1550 nm for the counter-tapered coupler in Stage i. Each segment’s width
is regarded as the particle’s position and the variation range of segment’s width is treated as the
velocity of the particle. The position and velocity of the particle are updated by using the following
equations [31].

Ve 1 = w; X vex + rp x rand() x (bpx — psk) + r2 x rand() x (gpk — pSk) (1)
PSk+1 = PSk + ve )

where ve, and ps;, (k= 1, 2, ...) stand for the particle’s velocity and position, bp, and gp;. represent
the individual best position and the global best position, r;, r2, w; and rand() are respectively the
cognitive rate, the social rate, the inertial weight and the random number uniformly distributed
between 0 and 1. The related optimization steps in each stage are as follows.
1) Assign the variable nand set x = 0.
2) Initialize the states of particles, including the velocity and position.
3) Set x=x+ 1and FOM = FOM1, if x < nis satisfied. Otherwise, set n= n + 1 and return to
step 1.
4) Set FOM = FOM2, if x > (n — 2) is satisfied. Otherwise, go to step 5.
5) Carry out FDTD simulation, calculate the corresponding FOM, obtain the individual and global
best positions, and update the position and velocity by utilizing (1) and (2).
6) Go to step 7, if the number of iterations reaches the maximum. Otherwise, return to step 5.
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Fig. 3. FOM1 and FOM2 as a function of the number of iterations for the counter-tapered couplers in

Stage 1, Stage 2 and Stage 3.

7) Finish the optimization process, if the value of FOM meets the requirements. Otherwise,

return to step 3.

The corresponding flowchart is shown in Fig. 2. Fig. 3 describes FOM1 and FOM2 as a function
of the number of iterations for the counter-tapered couplers in Stage 1, Stage 2, and Stage 3. In

the optimization process, r, and r, are chosenas r, = r;

= 2, the length Ly is selected to be 1 um,

the gap G, is set to be 100 nm, and the widths Wiy, Wig, Way, Wag, W3, and Wiy are fixed. The
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TABLE 1
Segments’ Optimum Widths in «m for Tapered Waveguides in Different Stages

Stage  Symbol Value Symbol Value Symbol Value Symbol Value Symbol Value

Stage 1 Wio 0.85 W 0.85 Wis 0.76 Wis 0.72 W4 0.66
g Wis 0.58 Ws 0.56 Whq 0.53 Ws 0.45
Stage 2 W 1.05 Wi 1.04 W 0.97 Was 0.98 W4 0.97
g Was 0.93 Was 0.89 W7 0.89 Wag 0.88 W9 0.85
W30 1.40 W31 1.36 W3, 1.32 W3 1.30 W34 1.25
Stage 3 W35 122 W}f, 121 W37 118 W}g 114 W39 110
Wi 1.05

—==TE,;_Our designed counter-tapered coupler i Ji
-#-TE,_Conventional counter-tapered coupler
~#-TE,_Our designed counter-tapered coupler
-#+-TE; Conventional counter-tapered coupler |:
—&-TE;_Our designed counter-tapered coupler |!
--TE;_Conventional counter-tapered coupler |: - |
iConventional counter-tapered coupler
—_———————] -

5 6 7 8 9 10 11 12 13 14 15 16 17 18
Coupling Length (ium)

Conversion efficiency (%)

Fig. 4. Conversion efficiencies of the two types of counter-tapered couplers as a function of the coupling
length.

optimal widths of segments for tapered waveguides in different stages are summarized in Table 1. It
takes about 46 hours, 53 hours, and 60 hours to obtain the optimal widths of segments for tapered
waveguides in Stage 1, Stage 2, and Stage 3 on a computer with a 4-core central processing
unit (Inter(R) Core(TM) i7-4790), respectively. A comparison of the two types of counter-tapered
couplers is shown in Fig. 4. As illustrated in Fig. 4, our designed counter-tapered couplers can have
high conversion efficiencies in shorter coupling lengths. When the lengths L;, L, and L3 are chosen
asL; =8um, L, =9 um,and L3 = 10 um, conversion efficiencies of our designed counter-tapered
couplers can reach 98.98%, 99.98%, and 98.68%.

Fig. 5 illustrates the simulated light propagation in our designed silicon-based mode
(de)multiplexers using cascaded particle-swarm-optimized counter-tapered couplers at 1550 nm.
As illustrated in Fig. 5(a)—(d), the functionality of our designed silicon-based mode (de)multiplexers
can be implemented well. Fig. 6 shows the optical transmission of a pair of our designed silicon-
based mode (de)multiplexers as a function of the wavelength when the waveguide width variation
AWis setto be —10 nm, 0 nm, or 10 nm. As described in Fig. 6, when the waveguide width variation
AW s 0 nm, the designed device with the TE; mode launched into the ports Inputy, Input;, Inputs,
or Inputs can exhibit a demultiplexed crosstalk of —26.19 dB, —24.92 dB, —23.03 dB, or —23.80 dB
and an insertion loss of 0.23 dB, 0.05 dB, 0.14 dB, or 0.41 dB at an operating wavelength of
1550 nm. When the wavelength changes from 1500 to 1600 nm, the IL is less than 0.56 dB and
the CT is lower than —17.68 dB. Here, the IL is defined as IL,,, = —10l0g9(Poutputm/Piaputm), Where
Poutputm @nd Prpuem respectively stand for the optical output power received from the output port
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Fig. 5. Simulated light propagation in our designed silicon-based mode (de)multiplexers with TEg
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Fig. 6. Simulated transmission spectra of a pair of our designed silicon-based mode (de)multiplexers
with different values of the waveguide width variation A W.

Output,, and the optical power launched into the input port Input,, (m=0, 1, 2, 3). The definition of
the demultiplexed crosstalk is described as the ratio of the maximum power at the undesired output
port to the power at the desired output port. If the waveguide width variation AWis —10 nm, the
corresponding IL and CT will be respectively lower than 0.64 dB and —15.21 dB within a bandwidth
from 1500 to 1590 nm. For the case of AW = 10 nm, the IL is smaller than 0.69 dB and the CT is
less than —15.57 dB from 1500 to 1600 nm. Fig. 7 depicts conversion efficiencies of the four modes
in our proposed silicon-based mode demultiplexer changing with the angle 6. W, represents the
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Fig. 8. Microscope image of the fabricated device.

width of the silicon waveguide. As shown in Fig. 7, it can be seen that conversion efficiencies would
gradually decrease with the increase of the angle 6.

3. Fabrication and Characterization

The designed silicon-based mode (de)multiplexers using cascaded particle-swarm-optimized
counter-tapered couplers are fabricated on an SOI wafer with a top silicon of 220 nm thickness
and a buried oxide layer of 2 um thickness. Structures are patterned and fully etched by utilizing
electron-beam lithography and inductively coupled-plasma dry etching. A plasma-enhanced chem-
ical vapor deposition process is used for forming a 1.5-um-thick SiO layer as the upper cladding
layer. The microscope image of a straight waveguide and a fabricated device consisting of a mode
multiplexer, a bus waveguide, and a mode demultiplexer is illustrated in Fig. 8.

To characterize the fabricated device, a broadband (1525 nm—1600 nm) amplified spontaneous
emission source and an optical spectrum analyzer (YOKOGAWA AQ6317B) are used. The trans-
mission spectra are obtained at the four output ports as the light beam is injected into each one
of the input ports. Fig. 9 depicts the measured transmission spectra. The measured transmission
is normalized with reference to the measured transmission of a straight waveguide on the same
chip. From Fig. 9, it is seen that, as the TE, mode is injected into the ports Inputy, Input;, Input,,
or Inputs, the measured demultiplexed crosstalk of the fabricated device is respectively —32.76 dB,
—27.10 dB, —32.45 dB, or —33.29 dB at a wavelength of 1550 nm. Within a bandwidth from 1525
to 1596 nm, the fabricated device can have a demultiplexed crosstalk less than —15.15 dB and an
insertion loss smaller than 4.73 dB. The demultiplexed crosstalk can be lower than —18.12 dB from
1525 to 1561 nm. The main reasons behind the contradictions between simulated and experimental
results are given below: firstly, the sidewall roughness of the fabricated waveguide causes the
scattering loss [32], secondly, spectral ripples could be induced by the fabrication imperfection of
grating couplers [12], and thirdly, the widths of the fabricated waveguides could be inconsistent with
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Table 2
Comparison of the Reported Fabricated Silicon Four-Mode (de)Multiplexers

Structure Channels Bandwidth Insertion Loss  Crosstalk Coupling Length
(nm) (dB) (dB) (nm)
ACTI1] 4(TE) 1500-1600 <130 <23.00 (TE'UngI) (TE‘f(T)EZ) (TES%ES)
inverse design [17] 4(TE) 1510-1570 <1.50 <14.60 (TE,. TEy. Ty, TEO_“TEO’ TE,. TE TE.)
ADC [19] 4(TM™) 20 <1.00 <-23.00 (TN?O'_STOM ) (TMtf’TOMZ) (TM90'_7T0M3)
TDC [28] 4(TE) 1535-1570  ~<240°  ~<-14.00° (Téfé%]) (Tégj%z) (ngﬁ%z)
Subwavelength grating [30] ~ 4(TE2+TM2)  1540-1550 <6.60 <-18.70 (TE?)(—)gEO) (TET—?"E D (TM30(—)"?"M 0 (TM?)(—);]"M D
This Work ATE) 15251506 <473 <1505 e 1p ey (B TEy

aThe length of an angled taper waveguide. ®The values of insertion loss and crosstalk are estimated from Fig. 3 in Ref. [28].

the optimal widths of the designed waveguides owing to fabrication errors so that the demultiplexed
crosstalk and insertion loss would be affected. Additionally, due to the limited bandwidth of the light
source, the measured bandwidth of our fabricated device is not as large as the simulated one. A
comparison of our device with other fabricated silicon four-mode (de)multiplexers is summarized
in Table 2. As seen in Table 2, although the inverse-designed mode (de)multiplexer has an ultra-
compact size, it is not easy to add more mode channels. The ADC-based mode (de)multiplexer
operating in TM polarization can achieve compact footprint, low crosstalk, and small insertion loss.
However, as is known, according to the coupling length L. = 7 / (Beven — Boda) associated with
the difference between the propagation constant of the even mode and that of the odd mode
[33], the required coupling length for TM polarization is shorter than the one for TE polarization.
When our proposed mode (de)multiplexers is designed for TM polarization, the corresponding
coupling lengths are 5 um, 7 um, and 9 um. The simulated insertion loss and crosstalk can
be respectively lower than 0.25 dB and —23.17 dB within a bandwidth from 1528 to 1560 nm.
Compared with reported fabricated silicon four-mode (de)multiplexers using couplers operating
in TE polarization, the coupling lengths of our proposed device can be significantly shortened.
Additionally, our proposed device can realize low crosstalk, broad bandwidth, and good scalability.
In order to improve the demultiplexed crosstalk, expand the bandwidth, and lessen the insertion
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loss further, high-quality fabrication processes are needed to reduce the sidewall roughness, realize
high-performance grating couplers, and improve the accuracy [34]. Our design of the silicon mode
(de)multiplexer using cascaded particle-swarm-optimized counter-tapered couplers is also suitable
to be fabricated in foundry platforms and the corresponding structural parameters ought to be
redesigned according to the minimum feature size design rule.

4. Summary

In conclusion, we have proposed and investigated a design of a silicon mode (de)multiplexer utiliz-
ing cascaded particle-swarm-optimized counter-tapered couplers. For our designed silicon mode
(de)multiplexers, high conversion efficiencies can be realized within compact coupling lengths.
For the fabricated device composed of a four-channel mode multiplexer, a bus waveguide, and a
four-channel mode demultiplexer, the measured demultiplexed crosstalk is respectively —32.76 dB,
—27.10 dB, —32.45 dB, or —33.29 dB at 1550 nm wavelength when the TE; mode is injected into
the port Inputy, Inputy, Inputy, or Inputs. The demultiplexed crosstalk can be less than —15.15 dB
within a bandwidth from 1525 to 1596 nm and lower than —18.12 dB from 1525 to 1561 nm.
With the characteristics of compact footprint, high CMOS compatibility, broad bandwidth, low
crosstalk, and good scalability, our introduced silicon mode (de)multiplexer utilizing cascaded
particle-swarm-optimized counter-tapered couplers provides an attractive choice for constructing
multi-dimensional-multiplexing optical network-on-chip.
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