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Abstract—Multimode spatial-division multiplexing (SDM) technol-
ogy has attracted much attention for its potential to enhance the ca-
pacity of an optical-interconnect link with a single wavelength car-
rier. For a mode-multiplexed optical-interconnect link, the functional
elements are quite different from the conventional ones as multiple
modes are involved. In this paper we give a review and discussion on
multimode photonic integrated devices for mode-multiplexed optical-
interconnects. Light propagation and mode conversion in tapered
waveguides as well as bent waveguides are discussed first. Recent
progress on mode converter-(de)multiplexers is then reviewed. The
demands of some functional devices used for mode-multiplexed optical-
interconnects are also discussed. In particular, the fabrication toler-
ance is analyzed in detail for our hybrid demultiplexer, which enables
mode-/polarization-division-(de)multiplexing simultaneously.

1. INTRODUCTION

As modern microprocessors include tens to hundreds of cores on
a single die for adequate performance, a very large bandwidth
(~102 Thit /s) is needed for the data communication between the cores
and the local/distant caches as well as the off-chip main memory [1, 2].
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The capacity of an interconnect link must be further improved because
the number of cores will continue to increase to > 1000 in the following
years as many industry pundits predict [3]. To meet the bandwidth
challenge for data communication, optical interconnects are regarded
as a very promising solution [1,2], because one can utilize advanced
photonic multiplexing technologies [3], including wavelength-division-
multiplexing (WDM), polarization-division multiplexing (PDM), and
spatial-division multiplexing (SDM), which have been developed and
used for long-haul optical fiber communications.

For example, a 4-channel coarse WDM (CWDM) link with
400 GHz channel-spacing has been used to realize a 50 Gbps
communication link between two chips [4]. However, it will be very
expensive to realize a dense WDM (DWDM) optical interconnect
link with several tens or even hundreds of channels considering
the complicated, expensive, and power-consuming management for
wavelength tuning, conversion, routing and switching in DWDM
systems. Therefore, it is interesting and necessary to enhance the link
capacity with low-cost single-wavelength carrier light. In this case, the
PDM and SDM technologies become very useful.

It is noted that the polarization state of light can be maintained
very well for the case of on-chip optical interconnects. Therefore, on-
chip PMD technology can be realized conveniently to double the link
capacity by using polarization handling devices including polarization
beam splitters (PBSs) and polarization rotators. In recent years,
people have developed various polarization handling devices based on
different structures/materials (see e.g., our recent review on this [5]).
In this paper we focus on the SDM technology, which has attracted
intensive attention for long-haul optical fiber communications to
improve the capacity by using multi-core [6] as well as multimode
optical fibers or waveguides [7,8]. The SDM technology is also
attractive for optical interconnects in data centers where upgrading
an existing network or installing a new network is relatively simple [9-
12]. It becomes even more convenient to apply the SDM technology
to photonic networks-on-chip because planar optical waveguides can
be fabricated precisely within the chip to control accurately the
propagation of guided-modes and the eigen-modes could be converted,
transferred or coupled conveniently between planar optical waveguides
with some specific structures.

In comparison with the multi-core SDM technology, the
multimode SDM technology [13-15] provides a means of achieving
more concise photonic integrated circuits (PICs) as only one multimode
bus waveguide is included and each eigen-mode in the multimode bus
waveguide carries different data. One can easily combine the multi-core
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SDM and the multi-mode SDM when necessary. One should note that
the drawback for the multi-core SDM technology is the large footprint
and the increased layout complexity especially when too many channels
are included. In addition, a significant excess loss might be introduced
due to the waveguide crossings, which are usually indispensable for
large-scale PICs. Therefore, in this paper we focus on the multimode
SDM technology.

For the multimode SDM, which has been proposed to enhance the
capacity of fiber optical communications [7, 8], the difficulty is to realize
mode (de)multiplexers for handling higher-order modes in a multimode
optical fiber/waveguide. In order to reduce the complexity, few-
mode fibers have been developed and the few-mode (de)multiplexing
is realized with some complicated free-space optical setups [16-25],
which, however, is very difficult to extend to include additional
modes. For photonic networks-on-chip, the situation becomes much
better because multi-mode planar optical waveguides can be precisely
fabricated to manage the propagation of multi-modes and some specific
PICs can be designed to realize the conversion between the eigen-modes
conveniently [14]. However, for a multimode SDM optical-interconnect
link, the higher-order mode handling has to be very meticulous to
avoid any undesired mode coupling/conversion so that the channel
crosstalk can be low. For example, the bending radius of a multimode
waveguide has to be large to minimize the mode-coupling crosstalk [26].
In this paper, we first give a discussion on the configuration and
the device demands for a multimode SDM optical-interconnect link.
Light propagation along bent and tapered multimode waveguides is
also discussed. Silicon mode (de)multiplexing technologies and devices
reported recently are then reviewed, particularly some mode converter-
multiplexers as one of the most important key components.

2. THE CONFIGURATION FOR A MULTIMODE SDM
OPTICAL-INTERCONNECT LINK AND THE DEVICE
DEMANDS

For any optical interconnect link with N channels multiplexed, one
must have a transmitter to generate the N-channel data and a receiver
to receive the N-channel data. For a mulitmode SDM system discussed
here, all the channels have the same wavelength while each eigen-mode
in a multimode bus waveguide carries different data. Therefore, only
one laser diode (LD) with a fixed wavelength is needed for all the
N channels, which can lower the cost greatly. In order to realize a
multimode SDM optical-interconnect link with N-channels, we can
take several approaches as shown in Figs. 1(a)—(c).



776 Dai, Wang, and He

Modulator Photodetecitor
1N /,-/ %’— _~ Mode - Mode =
PS - — = ~ — MUXel ~ deMUXer -
xq!H/i -
L | P
Mode/(’:onverter Mode Converter
(a)
Modulator
> Photodete(itor
’ 1xN !é’* =~ Mode . Mode =
PS —~ = MUXe ~ deMUXer =
 — .
Mode Convéter Mode Converter
(b)
Modulator
/ Photodetetitor
. IxN ‘/ "~ Mode Mode —
x ‘:/ ~Converter - - - »Converter -
PS = T -MUXer -deMUXer
()
Opfical modulator Photodetector
a—
o
J o————
‘ — . Mode Mode
1x2NF4 a— :cl,"ve,.te,_, .. . =»Converter -
PS 7P _MUXer -deMUXer  — —=
_f A{:}t'—/ \ .
“’,:/—t,/ —-—=
= ==
PR PR
(d)
Figure 1. The schematic configuration of a mode-division-

multiplexing link, (a) with mode converters, which are inserted in
front of the optical modulators, and mode multiplexers; (b) with
mode converters, which are inserted between the optical modulators
and mode multiplexers; (c) with mode converter-multiplexers after the
optical modulators; and (d) with polarization rotators after the optical
modulators.

In Fig. 1(a), the continuous-wave light from the LD is uniformly
split into NV waveguide channels of the fundamental mode by using
a regular 1xN power splitter. The fundamental mode of the i-th
channel is converted to the i-th higher-order mode by using a mode
converter, and then modulated with subsequently cascaded optical
modulators. These modulated N-channel data are then multiplexed
with a mode multiplexer. At the receiver terminal, the N-channel data
are demultiplexed and received by an array of photodetectors. These
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optical modulators in this approach have to be designed differently to
work for different eigenmodes, which is a big challenge because the
optical modulator available currently is designed to operate with the
fundamental mode only and it is very hard to be extended to work for
higher-order modes.

An improved configuration is to put the optical modulator before
the mode converter, as shown in Fig. 1(b), so that the optical
modulators can have the same design to work with the fundamental
mode, which simplifies the chip design very significantly. Such a
configuration has been demonstrated for fiber-based multimode SDM
transmission with two channels [27]. In this case mode converters and
mode (de)multiplexers are the key components. In Ref. [27], a long-
period fiber Bragg grating (LPFBG) is used to realize the LPg;-LP1;
mode conversion and a fiber mode multiplexer based on a symmetrical
directional coupler is used by exploiting the difference between the
coupling length of the LPg; and LPi; modes. However, one should
note that the scalability of these mode converters as well as mode
multiplexers are limited because it is really hard to deal with more
than two modes (channels). Therefore, the configuration shown in
Fig. 1(b) might not be a good option for a case with more than two
channels.

A modified configuration for an optical interconnect link with
N multiplexed channels is to use a mode converter-(de)multiplexer,
which enables mode conversion and mode multiplexing simultaneously,
as shown in Fig. 1(c). The mode converter-(de)multiplexer can be
realized by using an evanescent coupling system designed carefully [28—
30]. Recently some progress has been made on mode converter-
(de)multiplexers based on planar optical waveguides, which will be
reviewed below.

When trying to utilize the eigen-modes of both polarizations to
form a hybrid multiplexing technology, which enables polarization-
and mode-division multiplexing simultaneously to double further the
channel number, polarization-handling devices are required, including
the PBSs and polarization rotators. Since most of the functional
components (e.g., high-speed optical modulators and photodetectors)
are polarization-sensitive, one can insert an identical polarization
rotator between each optical modulator and the mode multiplexer at
the transmitter terminal as well as between the mode (de)multiplexer
and each high-speed photodetector at the receiver terminal, as shown in
Fig. 1(d). In this approach, one only needs identical optical modulators
and identical photodetectors working for one polarization, which make
the system design simple and easy. Furthermore, one does not need any
polarization rotator working for high-order modes (various polarization
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rotators currently available work only for the fundamental mode [5]).
Note that the polarization separation/combination with higher-order
modes is not easy because a conventional PBS can work for the
fundamental modes only and is not available for the present case with
multiple modes. A novel multimode PBS is desired to deal with not
only the fundamental mode but also the higher-order modes, so that
one can realize hybrid multiplexing with doubled channels by making
the novel multimode PBS work together with a TE mode multiplexer
as well as a TM mode multiplexer.

3. SILICON MULTIMODE PHOTONIC INTEGRATED
DEVICES

For a multimode SDM system, in which multiple eigenmodes are
involved, any undesired mode conversion/coupling between the mode-
channels should be minimized to avoid any significant crosstalk and
excess loss. Therefore, it is very essential to understand and evaluate
any mode conversion in PICs. As bends and tapers are the most
important basic elements for realizing PICs, in Section 3.1 we will
give a discussion on light propagation and mode conversion in bent
multimode optical waveguides as well as tapered optical waveguides.

On the other hand, a mode converter to realize highly-efficient
mode conversion between the eigen-modes is usually desired in order
to generate/switch the mode-channel carrying the data in a multimode
SDM system. Furthermore, as discussed in Fig. 1, a mode multiplexer
is also indispensable and unfortunately it is not easy to realize a
mode multiplexer to combine/separate more than two eigenmodes. A
mode converter-(de)multiplexer, which can realize mode conversion
and mode multiplexing simultaneously, is considered as a better
option. Several kinds of structures for mode-(de)multiplexers have
been proposed recently, which will be reviewed in Section 3.2.

3.1. Light Propagation and Mode Conversion in Multimode
Optical Waveguides

3.1.1. Bent Multimode Optical Waveguides

In order to change the propagation direction of light, we need a bent
multimode bus waveguide for a mode-multiplexed optical interconnect
link. A small bending radius is usually desired to achieve a compact
system. As it is well known, a singlemode SOI strip nanowire
enables an extremely sharp bending (~several microns) with a low
loss (including the pure bending loss and the transition loss) due to
the ultra-high index contrast [31]. However, for a multimode SOI
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(b)

Figure 2. The field distributions for the eigenmodes in multimode
bus waveguides with (a) R = oo and (b) R = 10 pm.

strip nanowire, the modal field is squeezed to the outside sidewall
(like a whispery-gallery mode) and becomes very asymmetric when
the bending radius becomes small, as shown in Figs. 2(a) and 2(b).
As a consequence, when light propagates along a multimode straight
waveguide (SWG) connected to a multimode bent waveguide (BWG)
with a bending radius R, inter-mode coupling occurs, which introduces
large transition loss and mode crosstalk if R is small.

As an example, here we examine the light propagation in a 90°
multimode BWG connecting to a multimode SWG and Figs. 3(a)—(d)
show the mode excitation ratios of the eigenmodes in the BWG when
the input field is the TMy, TM7, TMs, and TM3 mode of the SWG,
respectively. From Figs. 3(a)—(d), it can be seen that the desired intra-
mode coupling ratio (from TM; swa to TM; pwe) decreases (due to the
increased mode mismatching) while the undesired inter-mode coupling
(from TM; swg to TM; Bwg, j # i) increases as the bending radius
R decreases. According to the calculation shown in Figs. 3(a)—(d), the
undesired inter-mode coupling ratio can be very small (e.g., ~ 0.001 or
even smaller) by choosing a large bending radius (e.g., R = 240 pm).
The insets in Figs. 3(a)—(d) show the simulated light propagation in
the structure consisting of a SWG and a BWG with R = 240 um when
the input is the TMg, TMy, TMsy, or TM3 modal fields, respectively.
From these figures, it can be seen that there is a multimode interference
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Figure 3. The mode coupling ratios when light is launched from a
straight waveguide (SWQG) to a bent waveguide (BWG) with a bending
radius R. The input fields are the (a) TM, (b) TM;, (c) TMs, and
(d) TM3 modal fields of the straight waveguide respectively. Insets:
light propagation along the SWG connecting with a BWG.

effect, which indicates that more than one mode is excited as predicted.
Therefore, one should be careful in the design of a bent multimode bus
waveguide, considering the undesired inter-mode coupling/crosstalk.

In order to achieve a small bending radius as well as low mode
crosstalk, one potential method is to reduce the mode mismatching
between the SWG and the BWG. In Ref. [26], the refractive index
profile of the BWG is modified with the assistance of transformation
optics theory so that the bending radius is greatly reduced. Another
simple method is to use a bending section whose curvature varies from
zero to a certain value (e.g., 1/Rp) gradually. In this way, the mode of
SWG can be converted to the desired mode in the BWG adiabatically.
This method has been applied for the design of bent singlemode SOI
strip nanowires to suppress significantly both transition loss and inter-
mode coupling [32].

3.1.2. Tapered Optical Waveguides

An optical waveguide taper is a fundamental element for PICs to
change the light spot size for high coupling efficiency between two
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sections with different cross sections [33-40]. For the design of a low-
loss taper, one usually makes the taper long enough to be adiabatic so
that higher-order modes are not excited [41-44]. This design rule usu-
ally works well especially for low index-contrast (A) optical waveguides
(e.g., SiO2-on-Si buried optical waveguides). However, it becomes very
different for small optical waveguides with very high A, e.g., submi-
cron SOI waveguides, which have been used widely for ultra-compact
CMOS-compatible PICs [45-56]. For high-A optical waveguides, mode
conversion between the eigenmodes may occur in an adiabatic tapered
structure due to the mode hybridization at some special waveguide
widths [57-62]. Here we discuss the light propagation and mode con-
version in tapers based on SOI strip nanowires as well as submicron
SOI rib waveguides.

3.1.2.1 SOI Strip Nanowire

SOI strip nanowires (as shown in Fig. 4) have been used very pop-
ularly for realizing ultrasmall PICs. When the SOI strip nanowire is
asymmetrical in the vertical direction (e.g., with an upper-cladding of
air), mode conversion between the TM fundamental (TMy) mode and
the first-order TE (TE;) mode is observed in an adiabatic taper [61, 62]
due to the significant mode hybridization at some special values of the
waveguide width. The mode hybridization region can be distinguished
easily from the calculated dispersion curves shown in Figs. 5(a)—(c) for
a SOI strip nanowire with h., = 220 nm covered by air (ny = 1), SiOq
(ng = 1.445), and SiN (ng = 2), respectively. Here the wavelength
A = 1550 nm, the refractive indices of Si and SiOs are assumed as
ng; = 3.455 and ngjo, = 1.445, respectively.

For the cases with an upper-cladding of air (ny = 1.0) or SizNy
(ng = 2.0), from Fig. 5(a) or Fig. 5(c) it can be seen that there is a

Upper-cladding Nel

Figure 4. The cross section of an SOI strip nanowire.
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Figure 5. The calculated effective indices for the eigen modes of
SOI strip nanowires with the upper-cladding of (a) air, (b) SiOg, and
(c) SigNy. Here the thickness of the Si core layer is hq, = 220 nm.

notable region around we,n = 0.7 um or 0.76 um, where the two close
curves (corresponding to the TE; and TMy modes) keep anti-crossing
with a small gap between them. This anti-crossing gap around such
a special weyo is due to the mode hybridization. In contrast, for the
cases with an upper-cladding of SiO2 (ny=1.445), no anti-crossing gap
exists between any two curves (see Fig. 5(b)). The calculated electrical-
field profiles (E, and E,) of the two hybridized modes (#1 and #2)
when we,0=0.76 pm and n. = 2.0 are shown in Figs. 6(a) and (b) as
an example. It can be seen that the amplitudes of the F,- and E,-
components of the electrical fields are comparable (which is called mode
hybridization). In the mode hybridization region, the TE; and TMj
modes are not distinguishable. These two modes will be converted
when light propagates along an “adiabatic” (long) taper structure
whose end-widths (w; and ws) satisfy the condition: wi < ween < wa.
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Figure 7. The mode conversion efficiency 7 (from the TMy mode to
the TE; mode) as L,y varies when the TMy mode is launched. Here
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are wg = 0.54 pum, w; = 0.69 um, wy = 0.83 pm, and ws = 0.9 um.
Inset: the schematic configuration of the 3-segment adiabatic taper.

Figure 7 shows the mode conversion efficiencies for the TMy mode
and the TE; mode after the launched TMy mode propagates along
a waveguide taper. A three-segment taper is used to be compact, as
shown in the inset of Fig. 7. The second segment has a very small taper
angle to be adiabatic while the first and the third segments are with rel-
atively large taper angles to shorten the whole taper. The end widths
(w; and wq) for the second segment are chosen as w; = 0.69 pm and
wy = 0.83 pm according to the requirement of wy < weep < we (Where
Weop = 0.76 pm) [62]. The widths (wp, ws) are chosen as wy = 0.54 pm
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Figure 8. The light propagation in the designed adiabatic taper
when the input field is (a) TM polarization, and (b) TE polarization,
respectively. Here the taper lengths are: L1 = 4 um, Ly = 44 pm,
and Lz = Lypi(ws — we)/(w1 — wp). The other parameters are
wg = 0.54 um, wy; = 0.69 um, wy = 0.83 um, and ws = 0.9 um.

and ws = 0.9 um regarding that a smaller wg and a larger ws are
desired to avoid the mode hybridization at the input section and the
output section of the taper. From Fig. 7, one sees that the efficiency
can be very high (close to 100%) from the TM( mode to the TE; mode
when choosing the taper length Ly appropriately for a given taper
length Lyy,;. Fig. 8(a) shows the simulation results for light propagat-
ing along the designed taper with Ly, = 4 pm and L;pp = 44 um when
the TMy mode is launched. In order to give a comparison, the result
for the case with the TE( mode input is also shown (see Fig. 8(b)).
It can be seen that the mode conversion happens for the input TMg
mode as expected, while there is no mode conversion for the TEg mode.

3.1.2.2 Submicron SOI Rib Waveguides

It is well known that submicron SOI rib waveguides are also very popu-
lar for silicon integrated optoelectronics [51-56]. One should note that
there is a significant difference between an SOI rib waveguide and an
SOI strip nanowire. For example, an SOI strip nanowire could be sym-
metrical or asymmetrical in the vertical direction by simply choosing
an appropriate material for the upper-cladding, in which way the mode
conversion could be eliminated or enhanced accordingly [62]. However,
for an SOI rib waveguide, it is still asymmetrical vertically even when
using the same material for the upper- and under-claddings. Therefore,
mode conversion may occur between the TMy mode and a higher-order
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Figure 9. (a) The schematic configuration of a regular lateral taper;
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TE mode even when using an SOI rib waveguide with the same ma-
terials for the upper- and under-claddings. Thus, one must be careful
when designing a taper for an SOI rib waveguide. There are two types
of tapered structures used very widely. The first one is a regular lateral
taper, and the other is the so-called bi-level taper [39, 40, 63, 64].

Figures 9(a)—(b) show the 3D-view of a regular lateral taper and
the cross section of a submicron SOI rib waveguide. Figs. 10(a)—(c)
show the effective indices for the guided modes of SOI rib waveguides
as the core width w,, increases when the etching depth is chosen as
het = 0.4H, 0.5H, and 0.6 H, respectively. As an SOI rib waveguide is
asymmetrical in the vertical direction, mode hybridization is observed
in some special ranges of the rib width, e.g., around w.,0 = 1 pum, and
2.45 um, as shown by the circles labeled in Figs. 10(a)—(c). In the
region around we, = 2.45 um, the mode hybridization occurs between
the TMy and the third-order TE (TE3) mode. The mode profiles of
these two modes are shown in Figs. 11(a) and (b), respectively. In
contrast, when w., = 1.0 um, the mode hybridization occurs between
the TMy mode and the first-order TE mode (TE;), as shown in
Figs. 12(a) and (b). Therefore, when the rib width is tapered from
3um to 0.5 um, it can be seen that there are two mode-hybridization
regions (around weep = 1.0 um, and 2.45 pm). Accordingly, we consider
the mode-conversion in the two tapers with the following width
parameters: (1) wi=2pm and we = 2.7pum (w; < 245um < ws);
and (2) w; = 0.8 um and wy = 1.5 um (w; < 1um < wa).

Figure 13 shows the mode conversion efficiencies coupled to the
TMjp mode and the TE3 mode after the launched TMy mode propagates
along the linear lateral taper with w; = 2.7 um and we = 2.0 um. From
this figure, it can be seen that the conversion efficiency from the TM,
mode to the TE3 mode can be very high (> 90%) when choosing
the taper length L, appropriately. For example, when choosing
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Figure 10. The calculated effective indices for the eigenmodes of
an SOI rib waveguide with different values of the etching depth.
(a) het = 0.4H, (b) het = 0.5H, and (c) het = 0.6H. Here the total
height of the silicon layer is H = 400 nm.

Ly, = 1500 pm, an efficient mode conversion occurs for the case with
the TMp-mode input, as shown by the simulated light propagation
given in Fig. 14(a). In contrast, there is no mode conversion when the
other mode (e.g., the TEq, TE;, and TM; modes) is launched, as shown
in Figs. 14(b)—(d). When one choose a shorter taper (e.g., 350 pm), the
launched TMy mode is then converted to the TE3 mode partially (see
Fig. 13) and thus two-mode interference occurs. Such a partial mode
conversion should usually be prevented in a multimode SDM system
to avoid any significant mode crosstalk. As shown in Fig. 13, the mode
conversion could be very small by choosing a very short non-adiabatic
taper. For example, for a 10 pm-long taper, the mode conversion from
the TM(y mode to the TE3 mode is about 5% only and the loss is low
acceptably for some applications. The simulated light propagation in
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Figure 12. The field profiles (E, and E,) for (a) modes #1 and
(b) mode #2 of an SOI ridge waveguide with w., = 1.0 pm. The total
height of the Si core layer is H = 400 nm, and h.; = 0.5H. Here modes
#1 and #2 are the two hybridization modes in the region around
w = 1.0 pm.

a 10 um-long taper is shown in Figs. 15(a)—(d) for the cases with the
launched TMg, TM;, TEy, and TE; mode fields, respectively. From
these figures, it can be seen that more than one mode is excited and
some small ripples appear due to the multimode-interference effect.
For a linear lateral taper with w; = 1.5 um and wy = 0.8 um, there
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Figure 14. The light propagation in a long taper when the launched
field is (a) TMy, (b) TMj, (c) TEq, and (d) TE; mode, respectively.
The parameters are: H = 400nm, he = 0.5H, w; = 2.7um,
w2 = 2 um, and Ly, = 1500 pm.

is a mode hybridization region around weo = 1 pm (see Fig. 10(b)),
and the mode conversion occurs between the TMy mode and the TE;
mode when the TMy mode is launched, as shown in Fig. 16(a). From
this figure, it can be seen that the mode conversion efficiency from
the TMg mode to the TE; mode is near 100% when choosing the
taper length L, appropriately. Figs. 16(b) and (c) show the simulated
light propagation in a 215 pm-long taper when the TEqg or TMy modal
field is launched. It can be seen that the mode conversion occurs for
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(d)

Figure 15. The light propagation in the long taper designed when
the launched field is (a) TMy, (b) TMy, (¢) TEp, and (d) TE;
mode, respectively. The parameters are: H = 400nm, h,y = 0.5H,
wy = 2.7 um, wy = 2 pum, and Ly, = 10 pm.
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Figure 16. (a) The mode conversion efficiency 7 as the taper length
Ly, varies when the TMy mode is launched. The parameters are
het = 0.5H, w; = 1.5um, and we, = 0.8 um. Light propagation in
the designed taper when the input is the (b) TEy modal field, and
the (¢) TMp modal field, respectively, for the cases with the following
parameters: Ly = 215um, H = 400nm, he = 0.5H, wy = 1.5 um,
and we = 0.8 um. Light propagation in the taper when the input is
the (d) TEy modal field, and the (e¢) TMy modal field, respectively, for
the cases with the following parameters: Ly, = 22.4 um, H = 400 nm,
het = 0.5H, w; = 1.5 pm, and wo = 0.8 pm.
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the input TM( modal field, while there is no mode conversion for the
input TEg modal field, as expected. When one chooses a shorter taper,
the launched TMy mode is partially converted to the TE; mode. For
example, when L;,=22.4 um, one has a mode conversion efficiency of
50% from the TMg mode to the TE; mode, and a significant two-mode
interference effect is observed as shown in Fig. 16(d). In particular,
when choosing Ly, = 0 (i.e., without taper), the mode conversion from
the TMy mode to the TE; mode is about 25% and ~75% power is
preserved to the TMg mode. A discontinuously tapered structure can
be designed to improve the preservation efficiency for the TMy mode
by further optimizing the widths w; and ws, which is similar to that
suggested for the taper design of SOI strip nanowires in Ref. [61].
Such kind of mode conversion has been also observed experimen-
tally in the tapered SOI ridge nanowire shown in Fig. 17(a). The
parameters for the tapers are: h.; = 0.5H, H = 400nm, w; = 1 um,
wy = 1.5 pm, and w3 = 3 um, and Ly, = 100 pm. Figs. 17(b)—(c) show
the measured light transmissions of a series of taper structures when
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c - [}
2 c
s [
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Figure 17. (a) The structure of the lateral taper in our experiments;
(b) the measured spectral responses for tapered structures when the
TMy modal field is launched; (¢) the measured spectral responses for
tapered structures when the input TEg modal field is launched [66].
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the TMy and TEy modes are launched respectively. The length L; of
the 1 um-wide straight section in the middle varies from 0 to 1020 pm.
From these figures, it can be seen that the spectral response is quasi-
periodical for the case with TM-polarization input while there is no
quasi-periodical responses for TE-polarization input. This is because
some mode conversion between the TMgy mode and the TE; mode
occurs in the section tapered from wo = 1.5 um to w; = 1 wm, which
causes two-mode interference phenomena in the 1 pm-wide straight sec-
tion (see Figs. 16(d)—(e)). From the measurement results shown here,
one sees that the mode conversion in a taper structure might be very
severe and may influence the performances of optical waveguides and
devices. Therefore, one should realize that it is necessary to design the
taper very carefully to avoid some undesired mode conversion.

Bi-level taper is another type of tapered structure that has often
been used previously to connect two sections with different etching
depth [36,39,40,63,64]. Figs. 18(a) and 18(b) show the 3D-view
for the bi-level taper and the cross section for the SOI double-rib
waveguide. Usually it is assumed that no higher-order mode is excited
when light propagates along a long bi-level taper, so that one achieves
a low-loss smooth transition between the fundamental mode of the SOI
ridge waveguide and that of the silicon strip waveguide. However, it
is found that higher-order modes might be generated even when the
taper is long and adiabatic [65]. It is very essential to understand this
issue when designing a waveguide taper.

Figures 19(a)—(c) show the effective indices for an SOI double-
rib waveguide with he; = 0.5H as the side-rib width wg;q. decreases
from 3 um to 0 when the central-rib width is chosen as w¢, = 0.85, 1,
and 1.2 um, respectively. It is found that the mode hybridization and
conversion between the TE; mode and the TMy mode occur in the

Cladding

Weo
—kl

Nej Wside
‘—>- ihet H

Npf
Buffer

(a) (b)

Figure 18. (a) The schematic configuration of a bi-level lateral taper;
(b) the cross section for an SOI double-rib waveguide in the taper
section.
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taper when w., = 1.0 pm according to the dispersion curves given in
Fig. 19(b) and the mode profiles shown in Figs. 20(a) and 20(b) for the
cases of wg;ge = 0.5,0 um. In contrast, there is no mode hybridization
and conversion when choosing w., = 0.85 um and 1.2 pm according to
the results shown in Figs. 19(a) and 19(c) and Figs. 20(a) and 20(b)
below. The mode hybridization and conversion can be also avoided by
choosing deep etching depth he, e.g., hee = 0.6H (see Fig. 19(d)).
Figure 21 shows the mode conversion efficiencies from the launched
TMjp mode to the TE; mode in a bi-level taper with different lengths
for the case of hey = 0.5H. From this figure, it can be seen that the
mode conversion efficiency from the TMg mode to the TE; mode is
close to 100% when choosing the taper length Ly, appropriately (e.g.,



Progress In Electromagnetics Research, Vol. 143, 2013 793

0

e

x 10" 1
e S r— i e & m—

. g 2
Mode #1: n.4=2.889387 " idt

Ex

B3

Ex
-1

2 o (] 2
Mode #2: n.;=2.851786

1

y (nm)

0
x (pm)

(a) weo=1.0 pm, w g;7,=0.5 pm

£10 « 10
1 5 1

0 : I b .-

- EX L 5

y (pm)
[ 8]

=

(<]

Q

o

8

El.

il

N

g

[}

©0

=

»

x (pm)

(b) Weo=1.0 um, wyjge =0 pm

Figure 20. The field profiles (E, and E,) for modes #1 and #2 of a
double ridge waveguide with: (a) wgijge = 0.5 um; (b) wgige = 0. The
other parameters are: we, = 1 um, H = 400nm, and h.; = 0.5H. Here
modes #1 and #2 are the two lowest order modes when excluding the
TEy mode.

> 300 pm). Figs. 22(a)—(c) show the simulated light propagation in the
designed taper with L;, = 300 pm when the TMy, TE; or TEy modal
field is launched respectively. It can be seen that the TMy mode and
TE; mode are converted to each other very efficiently while no mode
conversion is observed for the launched TEy modal field. The mode
conversion between such a pair of eigenmodes can be useful for a mode
multiplexed optical interconnect to realize the data exchange between
two mode-channels.

As discussed above, according to Figs. 19(a)—(d) it can be seen
that the mode conversion between the TMy mode and the higher-order
TE mode could be avoided or enhanced by choosing the rib width or
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Figure 22. The light propagation in the taper when the input field
is (a) TMy, (b) TE;, and (c) TEq respectively. The parameters are:
H = 400nm, he = 0.5H, wee = 1.0 pm, and Ly, = 300 pm.

etching depth appropriately. For example, the mode conversion could
be avoided when choosing a relatively deep rib, e.g., hey = 0.6H,
as indicated in Fig. 19(d), which is verified by the measured light
transmissions shown in Figs. 23(a) and (b) for straight waveguides
with bi-level tapered structures at the input/output ends. There is no
notable periodical ripple observed for the measured spectral response,
which indicates that no mode conversion occurs as the theoretical
calculation predicted.

In summary, for a regular lateral taper whose width ranges from
wy to we (w1 < ws), the mode conversion between the TMy mode
and higher-order TE modes (e.g., TE;, TE3) occurs when there is a
mode hybridization region in the range of w; < w < we according to
the simulation given above. Such a mode conversion could be very
efficient (close to 100%) when the taper length is long enough, which
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is very useful for achieving low-loss data-exchange between two mode-
channels in a mode multiplexing system. On the other hand, it is also
possible to design a taper to minimize the mode conversion by choosing
the etching depth (he;) or the taper end-widths (w; and we) when it is
desired to achieve a low-loss and low-crosstalk waveguide taper, which
is a very important basic element for many photonic integrated circuits.

3.2. Mode Converter-multiplexer

As discussed in Section 2, a mode converter plays an important role as
a key component in a mode-division multiplexed system to achieve
highly-efficient mode conversion between two eigen-modes. Several
approaches have been proposed for the mode conversion between the
fundamental mode and a desired higher-order mode. For free space
optics, the desired mode is excited by the LPy; mode using transverse-
mode matched method with a phase management at the expense of the
bulky volume [16-19]. For a fiber based converter, a long-period fiber
grating (LPFG) has been proposed earlier to realize the LPg;-LP1;
mode conversion [20-23]. The mode converter can also be realized by
the evanescent coupling based on the phase matched condition for a
fiber with two asymmetric cores [66,67] or a few cores [68,69]. And
a structure of “photonic-lantern” can also realize mode conversion by
an adiabatic taper [70]. However, it would be easier to realize mode
conversion for PICs rather than the fiber case due to the convenient
and precise fabrication. Grating couplers have been proposed and
demonstrated to synthesize the desired field profiles and excite a few
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LP fiber modes by vertical selective mode coupling [71-74]. In Ref. [25],
an SiOz-on-Si asymmetric mode coupler is utilized to convert the LPg;
to the LP;; mode and the waveguides are connected to the few-mode
fiber by butt coupling method. In Ref. [75], a ~ 18 um-long on-chip
mode converter is demonstrated with a Mach-Zehnder interferometer
(MZI) to realize the mode conversion between the “zero-th” and first-
order optical modes. However, this is hard to be extended for realizing
the mode conversion from the fundamental mode to a desired higher-
order mode. Even when mode conversion can be realized, one should
note that it is still not easy to make a mode multiplexer to combine
the fundamental mode and the higher-order modes together.

A more concise approach is to use a mode converter-multiplexer
which can achieve the mode conversion and mode multiplexing
simultaneously, as shown in Fig. 1(c). Several kinds of structures
for mode converter-(de)multiplexer have been proposed. In [76], a
design based on multi-mode interference is proposed, but works for
two mode-channels only and is not easily extendable for more mode-
channels. Adiabatic mode-evolution couplers have also been proposed
to realize mode (de)multiplexing by using directional couplers [77—
79] or Y-junctions [80-86], which can be extended to handling with
more mode-channels. In Refs. [77, 78], a mode add-drop multiplexer
based on an adiabatic directional-coupler is designed with 1 pm-thick
SOI ridge waveguides and the device length is more than 1 mm. The
length of an adiabatic directional-coupler can be shortened when
using smaller SOI optical waveguides. For example, recently a ~
300 pm-long two-channel mode (de)multiplexer based on adiabatic
couplers was demonstrated by using 340 nm-thick SOI nanowires
to combine/separate two supermodes in a bus waveguide with two
cores [79]. Y-junctions provide another attractive option to realize
mode-conversion/(de)multiplexing [80-86]. In Ref. [80], the concept
of two-mode (de)multiplexing in asymmetric Y-branches is generalized
to several mode-channels and some important design rules were given.
With this concept, mode-order converters in a multimode waveguide
were designed and presented [81,82]. In Ref. [84], a ~ 1cm-long Y-
junction based on weakly-confined optical waveguides was designed
to realize mode (de)multiplexing with four modes. Recently, a
two-channel mode multiplexer was demonstrated experimentally by
using an asymmetric Y-junction based on SOI nanowires [85]. The
Y-junction can be also cascaded in series to handle more mode
channels [86]. These devices based on adiabatic mode-evolution
couplers usually suffer from the large footprints [87].

According to the coupled mode theory, an efficient mode
conversion can be achieved between the eigen-modes in different
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optical waveguides when the phase matching condition is satisfied.
Asymmetrical directional couplers (ADCs) consisting of different
optical waveguides have been used successfully for polarization beam
splitters [88,89]. Particularly, in Ref. [88] the coupling between the
TMp mode in a narrow input waveguide and the TM; mode in a
wide middle waveguide is utilized to realize a PBS based on a three-
waveguide-coupling system. Generally speaking, an ADC consists of a
narrow access waveguide (w,) and a wide bus waveguide (wp) to form
an evanescent coupling region, as shown in Fig. 24(a). Their widths
(w, and wy) are chosen according to the phase matching condition, i.e.,
Nefo(Wa) = Negi(wy), where nego(w,) and negi(wy) are the effective
indices of the fundamental mode of the narrow access waveguide and
the i-th higher-order mode of the bus waveguide, respectively. In this
way, the fundamental mode of the narrow access waveguide can be
coupled to the desired ¢-th higher-order mode in the bus waveguide
completely. On the other hand, those undesired eigen-modes will
hardly be excited due to the significant phase mismatching so that
the crosstalk between the mode-channels is low in principle.

Therefore, it can be seen that an ADC provides a good approach
to generate a desired higher-order mode. With ADCs, one can
realize a mode converter-(de)multiplexer [27,89,90], which is scalable
and flexible to excite any desired high-order mode. In Ref. [27],
we have previously proposed and demonstrated a 4-channel silicon
mode converter-multiplexer operating for TM polarization with low
loss, low crosstalk as well as small footprint. Recently a grating-
assist ADC was designed to construct a 4-channel narrow-band mode
converter-multiplexer [28]. In Ref. [29], a three-channel converter-
multiplexer combining ADCs and microrings for simultaneous mode-
and wavelength-division-multiplexing has also been recently realized
to expand the link capacity.

An ADC is designed according to the phase matching condition
and the dispersion curves shown in Fig. 24(b) for an SOI strip
nanowire with, e.g., h., = 220nm. For example, the narrow access
waveguides are designed to have the same width w, = 0.4 pum while
the corresponding optimal widths for the bus waveguide are chosen as
wi; = 1.02 um, we = 1.68 um, and ws = 2.35 um for the first, second
and third higher-order TM modes, respectively [27]. The optimal
lengths for the coupling regions are determined as L., = 4.5um,
Leo = 7.0um, and L.3 = 9.7 um with a 3D-FDTD simulation when
the gap width wy = 0.3 um. Figs. 24(c)—(e) shows the simulated light
propagation in the designed ADCs. It can be seen that an efficient
mode conversion is achieved from the TMy mode in the narrow access-
waveguide to the desired higher-order mode in the wide bus-waveguide,
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with very little power left in the access waveguide. The theoretical
excess loss of the designed ADCs is almost zero (< 0.1dB) and the
channel crosstalk at the central wavelength is also very low (< —25dB).

The ADCs can be then conveniently cascaded to realize a mode
converter-multiplexer to combine N mode-channels. In Refs. [14,27],
a1l x N (N > 4) mode converter-(de)multiplexer consisting of
cascaded ADCs based on thin SOI strip nanowires (e.g., h = 220 nm)
was proposed and demonstrated, as shown in Fig. 25(a). The bus
waveguide consists of NV straight segments whose widths are different
and an adiabatic taper is inserted between the adjacent two straight
segments. Figs. 25(b)—(e) show the simulated light propagation in the
designed 1 x 4 mode-multiplexer when light is launched from different
input ports. From Figs. 25(b)—(e), it can be seen that the desired
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Figure 25. (a) The schematic configuration of the mode converter-
multiplexer with 4 channels; The simulated light propagation in the
designed mode converter-(de)multiplexers with the light launched at
(b) input 1; (c¢) input 2; (d) input 3; and (e) input 4.

higher-order mode in the bus waveguide is excited efficiently and all the
four channels are multiplexed very well in the bus waveguide when light
goes through the 1 x 4 mode-demultiplexer, as predicted. According to
the reciprocity of light, one can realize a mode converter-demultiplexer
easily.

In order to characterize a mode convert-(de)multiplexer, one
usually needs a PIC including a mode multiplexer (with input ports
I ~ 1), and a mode demultiplexer (with output ports O; ~ Oy), as
shown in Fig. 26(a). The simulated light propagation in the designed
PIC when all the input ports are fed with the TMy mode is shown in
Fig. 26(b). Since there are four eigenmodes excited in the multimode
bus waveguide, multimode interference occurs as shown in Fig. 26(b).
Note that this kind of multimode interference does not introduce any
channel-crosstalk because these modes are orthogonal to each other.
From this figure, it can be seen that the four mode-channels are
multiplexed /demultiplexed very well.

Figure 26(c) shows the SEM (scanning electron microscope)
picture for the chip fabricated with the regular processes for
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silicon photonics including an FE-beam lithography process, an
inductively-coupled plasma dry etching process for silicon, and a
PECVD deposition process for 1 um-thick SiO9 upper-cladding layer.
Figs. 26(d)—(g) show the measured transmission responses at all output
ports O1, Oz, O3, and O4 when light is input from port Iy, I, I3, and
14 respectively. From these figures, it can be seen that one has the
maximal output from the j-th input port to the j-th output port as
desired. The fabricated device has a low excess loss (< 0.5dB) and low
crosstalk (< —20dB) over a broad band around the central wavelength.
The total insertion loss of about 12 ~ 13 dB is mainly from the butt-
coupling loss between the fiber and the chip, which can be reduced by
introducing grating couplers [91] or inversed tapers [92].

The link capacity with single-wavelength light carrier can be
improved further by combining the multimode SDM and PDM
technologies, which doubles the link capacity. In this situation the key
is to design the hybrid (de)multiplexer to combine multiple eigenmodes
for both polarizations at the transmitter/receiver end. In principle,
this can also be achieved by cascading mode multiplexers and a PBS
with the ability to deal with higher-order modes for both polarizations.
However, as discussed in Section 2, almost all the conventional PBSs
work for only the fundamental modes of TE and TM polarizations and
the PBS working for the multimode case is a challenge. Fig. 27 shows a
design to realize a hybrid (de)multiplexer enabling mode-/polarization-
division-(de)multiplexing simultaneously [93]. A PBS is used to
combine/separate the TEg and TMy modes while the high-order modes
(TE;, TE2, TE3, TM;, TMy, and TMs3) are (de)multiplexed by
using six cascaded ADCs. The PBS is achieved by using a three-
waveguide coupler [87], which is optimally designed according to the
phase matching condition for the TM polarization modes.

Basically the ADCs for six higher-order modes are designed
according to the phase-matching condition as shown in Ref. [93].
However, the hybrid multiplexer has to handle multiple eigenmodes for

Multimode waveguide
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Figure 27. A 8-channel hybrid multiplexer enabling mode- and
polarization-division-(de)multiplexing simultaneously [93].
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two polarizations and consequently the situation becomes complicated.
One has to check the channel crosstalk from mode-channels of both
polarizations carefully. For example, for the ADC (with wp, = 1.272 pm
and w, = 0.4 pum) designed for the TEs mode, the phase mismatch
between the TM; mode in the bus waveguide and the TMgy mode
in the access waveguide is not large. Consequently there is partial
coupling between the TM; mode in the straight bus section and the TM
mode in the access waveguide, which will cause some excess loss and
some crosstalk from the TM; mode channel to the TEs-mode channel.
In order to solve this problem, the width of the access waveguide is
modified slightly to be w, = 0.406 um so that the length L. of the
coupling region can be chosen as L. = L, tpe = 4L, 1M1, in which
L, 1E2 and L, 71 are the beat lengths for the TEo mode and the

Bus waveguide Taper 0.4 um  access waveguide o)
~ A :
™, ™,

Figure 28. The schematic configuration of the 8-channel hybrid
demultiplexer for the simulation.
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Figure 29. The simulated performance of the 8-channel hybrid
demultiplexer with Aw = Onm when input field is of (a) TMj, (b)
TMl, (C) TMQ, (d) TM3, (e) TE(), (f) TEl, (g) TEQ, and (h) TE3
mode.

TM; mode, respectively. This way the excess loss and crosstalk can be
reduced greatly.

In order to evaluate theoretically the mode-channel crosstalk of the
(de)multiplexer, the transmissions of the present hybrid demultiplexer
(see Fig. 28) is calculated as shown in Fig. 29. In this calculation,
each power-normalized guided-mode is launched at the bus waveguide
separately and the power at each output port is monitored. It is
noted that some higher-order modes launched will become cut-off as
it propagates along the bus waveguide (which is tapered down). The
powers monitored at some of the undesired output ports are very low
intrinsically. In this case, the curves are not shown in the figures. For
example, when the TM3 mode is launched, the power is mainly dropped
by the first ADC and output from port Og (as shown in Fig. 28). The
residual TM3 mode in the bus waveguide will be leaky because the TMj3
mode is not supported in the following bus waveguide that has been
tapered down. As a consequence, the crosstalk (i.e., the power received
at the other ports O1 ~O7) is very low and the curves are not given in



804 Dai, Wang, and He

Fig. 29(d). From these figures, it can be seen that around the central
wavelength 1550 nm the crosstalk from the TE3 mode to the TMs mode
is relatively the largest (~ —11dB) and a bit wavelength-dependent.
This is because the ADC working for the TMs mode almost satisfies
the phase matching condition for the TE3 mode. This crosstalk is a
kind of polarization crosstalk, which can be removed by using a TM-
pass polarizer or PBS in the present case. It should also be noted that
the crosstalk is not reciprocal and the crosstalk from the TMs mode
to TE3 mode channel is much lower because the TMs mode is dropped
before it arrives at the ADC working for the TE3 mode and little power
of the TMs mode is left in the bus waveguide to influence (i.e., give
some crosstalk to) the TE3 mode channel.

The fabrication tolerance of the present hybrid demultiplexer is
also analyzed by assuming that the present hybrid demultiplexer has
a waveguide-core width variation of Aw = +10nm and —10nm, as
shown in Figs. 30(a)-(h), and Figs. 31(a)—(h), respectively. From
the figures, it can be seen that the present hybrid demultiplexer has
nice fabrication tolerance of about +10nm. The crosstalk for all
the channels are lower than —10dB over a broad band even when
Aw = 4/ — 10nm. At the central wavelength around 1550 nm, the
crosstalk is as low as —15dB (except the TE3 mode-channel).

Figures 32(a)—(h) show the calculated excess loss of the 8 mode-
channels with Aw = +/ — 10nm. It can be seen that the excess
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Figure 30.

The simulated performance of the 8-channel hybrid

demultiplexer with Aw = +10nm when the input field is of (a) TMj,
(b) TMj, (¢) TMs, (d) TMs, (¢) TEq, (f) TEy, (g) TEs and (h) TE;

mode.
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Figure 32. The calculated excess loss for the 8-channel hybrid
demultiplexer with Aw = 0, £10 nm for the mode channel of (a) TMj,
(b) TMl, (C) TMQ, (d) TMg, (e)TEo, (f) TEl, (g) TEQ and (h) TE3

losses for the TMgy, TM;, TMy, TM3, TEq, and TE; mode-channels
are not sensitive to variation Aw. However, for the TEs and TEj
mode-channels, the excess loss around the central wavelength 1550 nm
increases by 2 ~ 3dB when Aw = 4/ —10nm, as shown in Figs. 32(g)-
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(h) (the excess loss increase will be less than 1dB when |Aw| < 5nm).

In summary, the present hybrid demultiplexer can tolerate the
fabrication error of Aw = 45 ~ 10nm regarding the requirements
of the crosstalk < —10dB and the excess loss < 2dB. This makes
the fabrication of the present hybrid demultiplexer feasible with the
advanced nano-fabrication technology available today.

Figure 33 shows the optical image of the fabricated PIC consisting
of an 8-channel hybrid multiplexer (with input ports I; ~ Ig),
a 2.36 ym-wide and 100 pm-long multimode bus waveguide, and a
hybrid demultiplexer (with output ports O; ~ Og). Figs. 34(a)-
(h) show the measured transmission responses at all output ports
(O1 ~ Og) when light is launched at input ports I; ~ Ig respectively.
Here the TEy mode of the access waveguide is launched at ports
I ~ I while the TMy mode is launched at ports Is ~ Is.
According to the normalization with respect to the transmissions of a
straight waveguide, the present hybrid (de)multiplexer has excess losses
(around 1555nm) of about 0.7dB, 0.14dB, 0.25dB, 0.7dB, 0.2dB,
2dB, 1.5dB and 2dB for the TM, TM;, TMs, TM3, TE, TE;, TE-
and TE3 mode channels respectively. The excess loss is mainly caused
by the scattering loss due to the sidewall roughness and incomplete
coupling in the ADCs due to the fabrication errors.

From Figs. 34(a)-(h), it can also be seen that the crosstalk of
eight channels is not so wavelength-sensitive. The crosstalks (around
1555 nm) for the TMy, TM;, TMs and TM3 mode channels are about
—19dB, —20dB, —20dB and —17.5dB respectively. In contrast,
the four channels for the TEq;, TE;, TE,; and TE3 modes have
relatively large crosstalks (i.e., —16dB, —12dB, —14dB and —11dB,
respectively). Since the present hybrid (de)multiplexer works well
(with low crosstalk and low loss) over a broad wavelength band, it
can be possibly used together with WDM filters to realize a multi-

1 100 um 04
Iy Bus waveguide B (o3
I3 Hybrid MUXer 1 Hybrid de MUXer O3
lg L -: : __________________ -: 04
P 07  foooocoooooooooooooo 1 Os
5 TE; TE, = Bus waveguide o,
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l7 e [;,”' ) i" //T Og
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Figure 33. The optical image of the fabricated PIC including the
hybrid multiplexer, the multimode bus waveguide and the hybrid
demultiplexer. Inset: the optical image of the 8-channels hybrid
multiplexer.
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dimensional hybrid multiplexing technology to further improve the link
capacity.

3.3. Mode-devices for Data Switching/routing in Photonic
Networks-on-chip

It is well known that an optical add-drop multiplexer (OADM) is a
device used for multiplexing and routing different channels of light
into or out of the bus waveguide/fiber, and has been generally used
for the construction of optical telecommunication networks. “Add”
and “drop” here refer to the capability to add one or more channels
to an existing multi-channel signal, and to drop (remove) one or more
channels, respectively. For mode-multiplexed optical interconnects, a
mode add-drop multiplexer is demanded [76,77]. Fig. 35(a) shows
the schematic configuration of a mode add-drop multiplexer for one
channel, which is based on an ADC. As shown in Fig. 35(a), the
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Figure 34. The responses of the eight output ports with the input
at port (a) I, (b) Ig, (c) Iz, (d) Is, (e) I, (f) I3, (g) I2 and (h) I
respectively. The transmission responses of straight waveguides for the
TM and TE modes (black line) are also shown in (a) and (e).

add port and the drop port are of singlemode waveguide whose width
We; 1s designed according to the phase matching condition. The data
launched at the add port will be added to the ¢-th mode-channel in the
bus waveguide while the original data of the i-th mode channel in the
bus waveguide will be dropped in the same time. Such a mode add-
drop multiplexer can be cascaded to achieve add-drop multiplexing
with multiple channels, as shown in Fig. 35(b).

In order to make the network flexible, the exchange of the data
carried by different channels is usually desired. For mode-multiplexed
optical interconnects, the key component is the mode-converter, which
is in analog to the wavelength converter in WDM systems. Fig. 36(a)
shows the proposed mode converter for data exchange between two
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Figure 35. The schematic configuration of a mode add-drop
multiplexer (a) with one mode-channel and (b) with more than one
mode-channel.

Figure 36. The schematic configuration of a mode converter for
data exchange (a) with two mode-channels, and (b) with three mode-
channels.

mode-channels. The j-th mode-channel is dropped first with an
ADC-based mode add-drop multiplexer working for the j-th channel.
The drop data is then converted to the i-th mode on the narrow
optical waveguide and finally added to the i-th mode-channel in the
bus waveguide by using an ADC-based mode add-drop multiplexer
working for the i-th mode-channel. This can be realized easily by
choosing different widths (wa;, wg;) for the narrow optical waveguide
according to the phase matching condition. This mode converter for
data exchange can be expanded to work for more channels, as shown
in Fig. 36(b).

When a reconfigurable data-exchange is desired, an N x N optical
switch is needed, as shown in Fig. 37(a). The present reconfigurable
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Figure 37. (a) Reconfigurable data exchange module for N mode-
channels simultaneously; (b) reconfigurable add-drop mode multiplexer
with IV mode-channels.

data exchange module consists of a 1 x N mode-demultiplexer, an
N x N optical switch, and an N x 1 mode-multiplexer. In this way,
the data exchange is easy and convenient. When the N x N optical
switch is replaced by an array with N elements of 2 x 2 optical-switch,
a reconfigurable add-drop mode multiplexer can be realized (as shown
in Fig. 37(b)), which is very similar to that used in a WDM system.

4. CONCLUSION

In this paper, we have given a review on silicon multimode photonic
integrated devices for on-chip mulitmode SDM optical interconnects
with figures mainly from our own previous work (easier to fix the
copyright issue). The configuration for a mulitmode SDM optical
interconnect link has been discussed in order to ensure that some
regular key devices (including optical modulators and photodetectors)
can be used in the transmitters as well as the receivers. Light
propagation in two kinds of basic elements (including tapers as well
as bending sections) has also been analyzed and discussed. It has
been shown that the mode conversion in an adiabatic taper can be
very efficient and beneficial to realize the data-exchange between two
mode-channels in the bus waveguide. It is also possible to diminish
the mode conversion to reduce the mode-channel crosstalk by choosing
the taper parameters appropriately. For the multimode bends, some
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inter-mode coupling/conversion occurs at the bent-straight junction,
which introduces some crosstalk between mode channels. One method
of solving this problem is to gradually vary the curvature radius of
the bending section and make it adiabatic. The mode converter-
multiplexer based on ADCs has been also discussed and reviewed.
The ADCs are designed according to the phase matching condition to
excite any desired higher-order mode from the fundamental mode of
the access waveguide. A four-channel mode converter-(de)multiplexer
has been proposed and demonstrated experimentally. In order to
improve the link capacity further, a hybrid multiplexer has been
proposed to realize the combination of mode-multiplexing and PDM
technologies. In particular, we have analyzed in detail in the present
paper the fabrication tolerance of our hybrid demultiplexer. Finally
we have discussed the demands for devices and several types of optical
modules, including add-drop mode multiplexers, mode converters for
data exchange with two or more mode-channels, and reconfigurable
data exchange module for N mode-channels. These novel devices for
mode handling are still under the development.
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