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Abstract: Current bandwidth capacity provided by wavelength-division multiplexing and polarization-
division multiplexing is insufficient to keep up with the increasing bandwidth demand required for new
services. Mode-division multiplexing technology paves the way to further increase transmission and
bandwidth capacities in photonic interconnects. In this work, we propose an ultra-broadband two-mode
converter and de/multiplexer based on a sub-wavelength engineered multimode interference coupler,
a 90° phase shifter and a symmetric Y-junction for the silicon on insulator platform. Sub-wavelength
grating waveguides enable dispersion engineering to further increase the bandwidth operation of
conventional multimode interference coupler and, subsequently, of mode de/multiplexer based on
them. Full 3D simulations of the designed mode converter and de/multiplexer show insertion losses
below than 0.84 dB and crosstalk lower than —20 dB over an unprecedented bandwidth of 300 nm
(1.4—1.7 um). The overall footprint of the proposed device is only 36 pm x 3.7 um.

Index Terms: Mode-division multiplexing, mode-converter, broadband, sub-wavelength grating waveg-
uides, silicon-on-insulator.

1. Introduction

Silicon photonic interconnects emerges as an encouraging way to exceed the capacity limits
imposed by copper interconnects [1], [2]. Some advantages of photonic interconnects are lower
power consumption, circumvention of parasitic capacitance and harnessing of multiplexing tech-
niques to increase the overall aggregated bandwidth [3]. Wavelength-division multiplexing (WDM)
has been extensively used to exploit the broad bandwidth of photonic devices [4]. In addition,
polarization-division multiplexing (PDM) can be used together with WDM to increase bandwidth
capacity [5]. But the bandwidth demand is steadily growing in silicon photonic interconnects as
multicore architectures scale up and new services handling massive data volumes arise. There-
fore, new multiplexing technologies are needed in order to further increase bandwidth capacity.
In recent years, space-division multiplexing (SDM) is a straightforward solution to increase trans-
mission capacity in optical fiber communication systems [6] and photonic integrated circuits (PIC)
[7]. The main constraint of SDM technique for PICs arises when a great number of waveguides are
used, inasmuch as footprints of the devices scale up, layout complexity increases and waveguides
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crossings are required [8], [9]. Recently, interest in mode-division multiplexing (MDM) emerged
as a way to further enhance the bandwidth capacity while maintaining integration level [10]. MDM
technology adds a new degree of orthogonality by enabling the transmission and reception of
several spatially-encoded modes through a multimode waveguide, where each eigenmode is
exploited as an independent data channel [11]. Routing complexity of the multimode waveguide
has been the major limitation for MDM, nevertheless ultra-sharp bends [12], [13] and waveguide
crossing [14], [15] have been recently proposed. Another key building block to convert and sepa-
rate or combine these eigenmodes is the mode converter and de/multiplexer (DE/MUX). Different
architectures have been proposed to perform mode conversion and multiplexing, like asymmetrical
directional couplers (ADCs) [16] and ring resonators [17], which are inherent narrowband devices.
However, architectures based on adiabatic and counter-tapered couplers [18], [19] show a broad
performance but they suffer from long lengths since they rely on mode-evolution principle. The
advantage of these architectures is the ease of scalability of multiplexed modes, i.e. more than two
modes can be multiplexed. Asymmetric Y-junctions [20], [21] have been proposed for MDM as well,
but either they require adiabatic transitions, i.e. long lengths, or tight fabrication tolerances. Other
architectures based on multimode interference couplers (MMI) [22] are mainly limited by the excess
losses of the conventional MMI and an additional bandwidth improvement is still sought after. Since
the first demonstrations [23], [24], sub-wavelength grating waveguides (SWG) based on silicon-
on-insulator (SOI) platform have become important building blocks in silicon photonics devices
and have recently attracted attention in order to solve some of the aforementioned problems of
current mode multiplexers. For example, an add/drop mode-division multiplexer based on periodic
waveguides was proposed in [25], working as a mode DE/MUX in the whole C-band, i.e. no mode
conversion is performed. Furthermore, a sub-wavelength grating ADC [26] and a mode multiplexer
based on a sub-wavelength structure [27] have been recently demonstrated. Both devices show
a very compact footprint, even though a broader bandwidth performance is still desired.

In this work we present for the first time a novel ultra-broadband two-mode converter and
DE/MUX based on a sub-wavelength engineered MMI coupler, hereafter SWG-MMI, to overcome
conventional MMIs constraints by means of dispersion engineering. Our device exhibits insertion
losses below 0.84 dB and crosstalk lower than —20 dB in a 300 nm wavelength range (1.4—1.7
um). The starting point of our proposed ultra-broadband mode converter and DE/MUX is the
architecture based on a conventional MMI, shown in Fig. 1, which comprises, in addition to MMI,
a 90° phase shifter and a Y-junction. At the design wavelegth of 1.55 um, the input and output
ports of the device are two single mode access waveguides (ports 1 and 2) and one multimode
access waveguide (port 3) as it can be seen in Fig. 1. When operating as a multiplexer (MUX),
the fundamental mode in port 2 evolves to the first mode in port 3, and it is also combined with
the fundamental mode coming from port 1. Conversely, when operating in reverse (DEMUX), the
device demultiplexes the fundamental and the first mode from port 3 to ports 1 and 2, respectively.

DEMUX \
90° shifter
e
| 2z eegoas 3,
(@ A  © ‘
‘ [ Y-junction

/ MUX >

Fig. 1. Schematic of a MDM device based on a conventional MMI, working in MUX and DEMUX configuration.
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In this case, the first mode in port 3 is also transformed into the fundamental mode in port 2.

This paper is structured in four more sections. In section 2, the physical operation principle of
the proposed device is explained. The design of each component of the ultra-broadband mode
converter and DE/MUX is presented in section 3. Numerical simulation results of the whole device
are discussed in section 4 and, finally, the main conclusions are summarized in section 5.

2. Principle of Operation

Mode DE/MUX based on a conventional MMI, a 90° phase shifter and a symmetric Y-junction
(see Fig. 1) are mainly restricted in bandwidth by the excess losses of the MMI [28], [29].
Conventional MMI couplers are based on the self-imaging principle [30], where the input field
is reproduced in single or multiple images after propagating along a multimode waveguide of
width Wy,sr. If we consider a 2x2 conventional MMI based on general interference, the length
of the multimode section is given by the following expression Lysar = 3L, /2, where L, is the
beat length between the first and the second order modes (TE, and TE,) with effective indexes
ndsp and n; . respectively:

A
Q(ngff()‘> - niff()‘»

Equation 1 shows that the beat length of conventional MMIs depends directly on the wavelength
and, subsequently, self-images are formed at different lengths for every wavelength. Hence the
intrinsic bandwidth limitation of conventional MMlIs will also restrict the performance of conventional
two-mode converter and DE/MUX, since the symmetric Y-junction has a broadband performance
and it is verified that the conventional MMI limits the bandwidth performance more than the phase
shifter. Nevertheless, an almost flat beat length can be achieved by means of engineering the
dispersion of the guided modes in the multimode section of the MMI coupler, so that the index
difference ngff@) - néff()\) compensates the wavelength dependence and, in consequence, the
beat length remains almost constant with the wavelength [31], [32], [33]. For this reason, we
propose to replace the conventional MMI with a SWG-MMI with a broader operation bandwidth.
Accordingly, our proposed two-mode converter and DE/MUX is based on a SWG-MMI, a 90°
phase shifter (PS) and a symmetric Y-junction as shown in Fig. 2. The ultra-broadband behaviour
of the SWG-MMI is achieved through dispersion engineering by means of sub-wavelength grating
waveguides [31], [32]. SWG structures are formed by a disposition of different alternating materials
that are repeated periodically with a pitch (A) smaller than the operating wavelength in order to
avoid diffraction [33]. Thereby the 2x2 SWG-MMI works as its counterpart conventional 3 dB-90°
hybrid coupler, i.e. a 90° phase shift is produced between the two output arms, but with a broader
operation bandwidth. The 90° PS is based on two parallel waveguides, where the upper arm
comprises two trapezoidal tapers in back-to-back configuration and the lower arm is a straight
waveguide of width, T}, supporting only the fundamental mode. In this way, the effective index
of the mode propagated through the upper arm increases, i.e. it is delayed regarding the mode
propagated through the lower arm, leading to a —90° phase shift for a certain PS length at the
wavelength of 1.55 um. In addition, the Y-junction stem of width 21¥/; supports both the first and
the second order modes.

The operation principle of the entire device is schematically shown in Fig. 2. If the device works
as a MUX, the fundamental mode injected through port 1 (in green) is split by the SWG-MMI
with the same amplitude and a phase difference of App — 4 = +90° between the ports B
and A. The PS generates a —90° phase shift between the upper and lower arms, evolving the
total phase difference from +90° to 0 and resulting in two in-phase TE; modes. The symmetric
Y-junction combines these two modes in order to generate the TE, output at the stem (port 3).
Moreover, when the fundamental mode is injected through port 2 (in red), it is also equally split by
the SWG-MMI whereas the phase difference becomes Aypp — p4 = —90°. A total phase shift of
180° is induced after the PS section, and the resulting two out-of-phase TE; modes are combined

Lx(N) = (1)
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Fig. 2. Schematic and principle of operation of the proposed two-mode converter and DE/MUX based
on a SWG-MMI, a symmetric Y-junction and a 90° phase shifter.

by means of the Y-junction to generate the TE; output. For the counter-propagating direction, i.e.
when the device is working as DEMUX, TE, and TE; modes are launched through the stem (port
3). The Y-junction splits the TE; mode in two in-phase TE, modes and after the PS section, the
TE, mode is coupled into port 1. Similarly, the TE; is split in two out-of-phase TE, modes by the
Y-junction and the TEy mode is coupled into port 2.

3. Device Design

Silicon-on-insulator platform was considered for the design of the proposed two-mode converter
and DE/MUX. Refractive indexes of silicon and silicon dioxide are, respectively, ns; = 3.476 and
ngio2 = 1.444 at the central operation wavelength of A = 1.55 um. The high refractive index
contrast of SOI provides high modal confinement and leads to small device footprints. Material
dispersion was taken into account in our full 3D simulations [34], [35] to design, verify and optimize
each element of the two-mode converter and DE/MUX. Typical single-mode dimensions of 220-
nm-thick and 500-nm-wide Si-wire waveguides surrounded by a SiO, substrate and cladding
were chosen for the designed wavelength of 1.55 ym. Single-mode condition is not met at shorter
wavelengths of our simulation wavelength range (1.4—1.7 um). However, residual higher-order
modes at short wavelengths are weakly confined and can be filtered using a sharp bend without
penalty for the fundamental mode. Hence, the width of the Y-junction stem is 2W; = 1 um
supporting TEg and TE; modes.

Power transmission of the symmetric Y-junction depends on the angle between the two branches,
and is lower for the fundamental mode injected through port 3 (green curve in Fig. 3) as the first
mode injected at the same port (red curve in Fig. 3) has a null at the intersection. Since the excess
losses are low, the performance of the Y-junction is almost the same when the fundamental mode
is injected through port C or D. The separation of the branches has been set at 1.5 um. In order
to achieve a compact device, the length of the Y-junction was reduced, i.e. a larger angle was
chosen, until the losses began to increase excessively. Note that excess losses are also related
with the bend radius of the arc type S-bends used for the branches and are determined by the
separation and the angle. In this case, for a chosen angle of §/2 = 12° and a separation of 1.5 um,
the bend radius is ~17 um, yielding a length of Ly = 7.14 um. In terms of bandwidth, symmetric
Y-junctions show a broad performance since their functionality only rely on geometrical design
[36], although their main limitation is the fabrication of the junction between the two branches,
typically resulting in a gap and introducing additional losses.

Physical design parameters of the SWG-MMI were taken from Halir et al. [32], who have recently
demonstrated a novel SWG-MMI design with an ideal simulated performance over a 500 nm
wavelength range, whereas the fabricated device exhibits a measured bandwidth over 300 nm.
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Fig. 3. S-parameters magnitude (a) and excess losses (b) as a function of the symmetric Y-junction

angle, 6/2, when injecting the fundamental (green) and the first (red) modes through port 3. Inset:
symmetric Y-junction scheme.
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Fig. 4. S-parameters magnitude (a) and phase difference between ports B and A (b) of the sub-
wavelength engineered MMI (solid lines) compared to the conventional MMI (dotted lines) when
injecting the fundamental mode through port 1. Ports definitions for the conventional MMI and the
SWG-MMI are shown in Figs. 1 and 2, respectively.

The SWG structure presents a duty cycle (DC) of 50% in order to maximize the minimum feature
size and a pitch (A) of 190 nm to achieve a maximally flat beat length of L, ~ 10 um, yielding
a three-fold reduction compared to a conventional MMI. The initial number of periods of the
multimode section can be calculated as Py = (3L,/2)/A = 79 periods. An adiabatic transition
between conventional waveguides and periodic waveguides is performed by means of SWG tapers
with a length of Ly = 5.7 um, i.e. Pr = 30 periods, adapting the effective index of the conventional
Si-wire waveguide to the effective index of the SWG region. Consequently, no higher-order modes
are excited in the transition when only the fundamental mode is excited in the Si-wire waveguide.
The access width of the SWG-MMI is W4 = 1.7 um and the separation between SWG tapers is
Wgs = 0.3 um. Finally, optimization through iterative simulation of the SWG-MMI width and length
performed in [32] results in Wy = 3.25 pm and Ly = 14.06 pm, with Py = 74.

To be able to compare the performance of our proposed device, an equivalent two-mode
converter and DE/MUX based on a conventional MMI is designed as well. Furthermore, the
equivalent conventional MMI of Halir et al. [32] was chosen to maintain the consistency of the
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Fig. 5. Phase difference between the upper and lower arms as a function of the phase shifter length
(a) and as a function of the wavelength for the selected length of Lpgs = 3.41 um (b).

previous design. The conventional MMI has the same access width (W,), separation between
tapers (Ws) and MMI width (Wa,1) as the SWG-MMI. The length of the conventional MMI grows
up to Ly = 38.5 um and the length of the tapers is L7 = 6 um, yielding a total DE/MUX length
of 61 um. Note that the same design will be kept for the symmetric Y-junction and for the PS.
Figure 4 (a) shows the limitations imposed by the conventional MMI in terms of losses (lower
values of the S-parameters magnitude) for the 300 nm wavelength range.

Regarding the PS design, Fig. 5 (a) shows the simulated phase difference between upper and
lower arms as a function of the PS length. The width of the lower arm is W; = 0.5 um, while
the widest part of the two trapezoids is set to Wpgs = 0.7 um. A —90° phase shift is achieved for
different PS lengths. As a compact DE/MUX is sought after the PS total length should be Lpg =
3.41 um to ensure a —90° phase shift and a broader bandwidth performance. In consequence,
the total length of the designed two-mode DE/MUX is as small as 36 um when interconnection
waveguides between the different elements are not considered. Deviations from the ideal 90°
phase shift in the MMI and the PS result in a degradation of the performance (higher crosstalk
values) of the DE/MUX. In this case, the conventional MMI also limits the crosstalk response
compared to the PS due to the larger phase difference deviations (see Fig. 4 (b) and Fig. 5 (b)).
It is necessary to emphasize that the MMI response is almost symmetric (see Fig. 4 (a)) and, in
consequence, the Mach-Zehnder interferometer (MZI) is always balanced in power. Moreover, the
PS and the Y-junction of the proposed device present low losses compared to the MMI. Assuming
these conditions, it can be shown analytically that the performance of the device is very similar for
MUX and DEMUX operation. The total losses are hence determined by the MMI losses, whereas
the crosstalk is limited by the phase errors of the MMI and the phase shifter.

4. Simulation Results

Full 3D simulation [34], [35] of the complete device is not straightforward, due to the long simulation
time. To leverage previous design simulations, S parameters matrices of the SWG-MMI, the
PS and the symmetric Y-junction were separately calculated using 3D-FDTD, and subsequently,
concatenated in order to obtain the S parameters of the complete device. Note that S parameters
matrices were calculated as a correlation of the corresponding modes at each input/output port.
It is also necessary to notice that the symmetric Y-junction works as a mode converter for the
first and the second order modes, consequently, two simulations were required to obtain the S
parameters for each mode.

Insertion losses and crosstalk are the typical figures of merit used to quantify the behaviour
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Fig. 6. Comparison of the insertion losses (a) and crosstalk (b) of our proposed device (solid curves)
and the conventional equivalent device (dotted curves). Worst case has been taken into account, i.e.
maximum of insertion losses and crosstalk for MUX and DEMUX configurations.

of our proposed ultra-broadband mode converter and DE/MUX. Two different definitions can be
distinguished depending on whether the device is working as a MUX or as a DEMUX. For the
MUX configuration, and for each input/output modal port, insertion losses are defined as the
amount of power relative to the input power that is transferred to the desired mode, whereas the
crosstalk is the power difference between the undesired and the desired modes. On the other
hand, when the device operates as a DEMUX, insertion losses are the amount of power relative to
the input power transferred to the desired output. Additionally, the crosstalk is the power difference
between the undesired and the desired ports. Figure 6 (a) shows the maximum insertion losses
as a function of the wavelength for the device working as MUX or DEMUX. When the TE; mode
is launched through ports 1 and 2 (MUX), insertion losses are below 0.84 dB and 0.61 dB within
the simulated wavelength range (1.4—1.7 um), and almost the same values are obtained for the
DEMUX configuration. Moreover, Fig. 6 (b) shows a crosstalk lower than —20 dB and —20.1 dB
when the TE; mode is launched through port 1 and 2 (MUX) for the undesired modes at the
outputs. Working as a DEMUX, the crosstalk is also below —20 dB and —20.1 dB for the TE,
and TE; modes respectively, within the same 300 nm wavelength range. The 25 nm displacement
between the two crosstalk curves at A = 1.55 um is caused by a small phase mismatch between
the accumulated phase shift of the PS and the SWG-MMI. Return loss below —32.5 dB and —32
dB for TEy; and TE; modes was estimated within the full bandwidth. In the wavelength range
from 1.5 ym to 1.6 um, insertion losses decrease up to only 0.56 dB and 0.37 dB for the MUX
configuration, and to 0.57 dB and 0.37 dB for the DEMUX configuration. The crosstalk, which is
now mainly limited by the narrowband behaviour of the phase shifter, is also reduced to —29.1 dB
and —27.7 dB for the MUX and DEMUX configurations. Figure 6 shows the maximum insertion
losses and crosstalk, since differences between our proposed device operating as MUX and as
DEMUX are almost negligible, proving the ultra-broadband performance of our proposed device
for both configurations.

For the sake of comparison, Fig. 6 also shows the results of the equivalent DE/MUX based
on a conventional MMI which were also obtained by 3D FDTD simulation of each individual
component followed by S parameter concatenation. The conventional DE/MUX (dotted curves)
exhibits insertion losses below 0.85 dB when the bandwidth is reduced to 100 nm (1.455—1.555
um) and the crosstalk is similar for both DE/MUXs. Return loss is lower than —30.6 dB (TE,) and
—31.6 dB (TE;) in the same wavelength range. Therefore, a three-fold bandwidth enhancement is
achieved compared to the conventional design, besides a length reduction of 25.04 um. It should

be noticed that the crosstalk for the TE; mode is lower for the conventional MDM than for the
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Fig. 7. Field distribution of the designed ultra-broadband DE/MUX when TEy mode is injected through
the multimode waveguide (port 3) at wavelengths 1.4 um (a), 1.55 pym (b) and 1.7 um (c).
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Fig. 8. Field distribution of the designed ultra-broadband DE/MUX when TE; mode is injected through
the multimode waveguide (port 3) at wavelengths 1.4 um (a), 1.55 ym (b) and 1.7 um (c).

proposed SWG-MDM at the wavelength of 1.45 um, since the phase shift error of the conventional
MMI and the PS are compensated (see Fig. 4 (b) and Fig. 5 (b)). The appearance of this effect
is unusual and depends on the PS and the conventional MMI design.

The simulated field distribution of the designed ultra-broadband DE/MUX is shown in Fig. 7 and
Fig.8at A =1.4 um (a), A = 1.55 um (b) and A = 1.7 um (c) when the input field is the first order
mode and the second order mode respectively. Figure 7 (a) and Fig. 8 (a) show some field ripples
caused in part by the discontinuity of the symmetric Y-junction branches and by the presence of
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Fig. 9. Insertion losses (a) and crosstalk (b) for the worst case of the proposed ultra-broadband two-
mode converter and DE/MUX as a function of fabrication error at A=1.55 um. Worst case has been
taken into account, i.e. maximum of insertion losses and crosstalk for MUX and DEMUX configurations.

the TE; mode at shorter wavelength. Y-junction contribution to ripples can be reduced with a
longer Y-junction, whereas TE; mode can be readily filtered with a waveguide bend. Insertion
losses of the sub-wavelength engineered DE/MUX are higher at lower wavelengths due to the
excess losses of the SWG-MMI and the Y-junction discontinuity, which presents a greater optical
size at lower wavelengths.

In addition, width fabrication tolerances of each device were calculated independently in order
to analyze the behaviour of the entire DE/MUX by means of S parameters matrices concatena-
tion. We consider fabrication errors as absolute variations of the waveguide dimensions, e.g. a
waveguide increases its width in +20 nm (10 nm per side) for a +20 nm error. To perform a
trustworthy tolerance study regarding the SWG-MMI, the duty cycle was changed accordingly to
the width changes. A critical parameter for the crosstalk of our proposed device is the fabrication
error of the PS. For typical +20 nm fabrication errors of the PS width, the phase shift error is
under 11°. Performance degradation of the SWG-MMI mostly depends on the duty cycle variation.
In our design, fabrication errors between +20 nm of the duty cycle correspond to a ~ +10% pitch
fractional error. Finally, Fig. 9 shows the maximum insertion losses (a) and crosstalk (b) as a
function of fabrication error for our proposed ultra-broadband two-mode DE/MUX at the central
operating wavelength of 1.55 um. Fabrication errors between +20 nm result in insertion losses
under 0.8 dB and crosstalk below —19.5 dB.

5. Conclusions

In this work, an ultra-broadband two-mode converter and de/multiplexer comprised of a SWG-
MMI, a 90° phase shifter and a symmetric Y-junction is proposed for the first time. We show
that the main restrictions are imposed by conventional MMIs used hitherto and we propose to
replace it with a sub-wavelength engineered MMI. SWG structures enable dispersion engineering
in order to suppress the limitations imposed by conventional MMls, attaining a three-fold band-
width enhancement with our proposed device compared to the equivalent DE/MUX based on a
conventional MMI. Full 3D simulations of our proposed device in MUX and DEMUX configurations
show insertion losses below 0.84 dB and 0.61 dB for TE, and TE; modes, respectively, within a
300 nm wavelength range (1.4—1.7 um). The simulated crosstalk is lower than —20 dB for the
TE, and TE; modes within the same wavelength range, and the overall footprint of the device is
as small as 36 xm x 3.7 um. Tolerance study shows good fabrication tolerances to errors between
—20 nm and +20 nm for the entire device. Furthermore, the number of multiplexed modes can be
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increased by scaling the MMI, while a lower crosstalk can be achieved by optimizing the phase
shifter design. Finally, we believe that the results presented in this paper pave the way for compact
mode-division multiplexing devices that can be used together with wavelength-division multiplexing
to further increase bandwidth capacity in silicon photonic interconnects.
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