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Abstract A compact 64-channel hybrid demultiplexer based on
silicon-on-insulator nanowires is proposed and demonstrated
experimentally to enable wavelength-division-multiplexing and
mode-division-multiplexing simultaneously in order to realize
an ultra-large capacity on-chip optical-interconnect link. The
present hybrid demultiplexer consists of a 4-channel mode mul-
tiplexer constructed with cascaded asymmetrical directional-
couplers and two bi-directional 17 × 17 arrayed-waveguide
gratings (AWGs) with 16 channels. Here each bi-directional
AWG is equivalent as two identical 1 × 16 AWGs. The mea-
sured excess loss and the crosstalk for the monolithically
integrated 64-channel hybrid demultiplexer are about -5 dB and
-14 dB, respectively. Better performance can be achieved by
minimizing the imperfections (particularly in AWGs) during the
fabrication processes.

Monolithically integrated 64-channel silicon hybrid
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1. Introduction

The optical interconnect has been attracting intensive atten-
tion due to its potential to achieve a very high link capacity.
Particularly, the link capacity over a single optical fiber
or waveguide can be further improved by utilizing vari-
ous advanced multiplexing technologies [1]. Among them,
the wavelength-division-multiplexing (WDM) technique,
utilizing many wavelength channels, is one of the most
popular technologies and has been developed very success-
fully in the past decades, not only for long-distance opti-
cal fiber communication system but also for short-distance
optical interconnects [2]. In a WDM system, many laser
sources are needed, and thus the cost for the hardware as
well as for the management might be too expensive to be
affordable. Recently, mode-division-multiplexing (MDM)
technology utilizing multiple orthogonal guided-modes in
a multimode fiber or waveguide has received intensive at-
tention for fiber optical communications as well as on-
chip optical interconnects due to its benefits to the capacity
of a single-wavelength carrier [3]–[4]. For an MDM sys-
tem, the key component is the mode (de)multiplexer, which
combines/separates the signals carried by different mode-
channels. In recent years, various mode (de)multiplexers
have been developed successfully by using multimode inter-
ference (MMI) couplers [5]–[6], adiabatic mode-evolution
couplers [7], an asymmetrical Y-junction [8–10], and asym-
metrical directional couplers (ADCs) [11–19]. The ADC-
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based mode (de)multiplexer is an attractive option because
of the broad wavelength band, the small footprint and the
scalability. Previously, a 4-channel mode (de)multiplexer
with excellent performance has been demonstrated by us-
ing cascaded ADCs [14].

It is even more interesting to improve the capacity of
an optical-interconnect link further to even Peta-bits/s by
utilizing a multi-dimensional hybrid multiplexing technol-
ogy, which combines several multiplexing technologies to-
gether compatibly [1], and the key component is the hy-
brid (de)multiplexer. An 8-channel hybrid multiplexer has
been proposed and demonstrated to enable the MDM and
PDM (polarization-division-multiplexing) technologies si-
multaneously [17]–[18]. Recently there are also some im-
pressive experiments demonstrating an MDM-WDM link
with a few modes and wavelengths, as summarized in
Table 1. For example, a 2-mode × 3-wavelength MDM-
WDM link with a wavelength channel spacing �λch
as large as 15 � 16 nm was demonstrated by using
the (de)multiplexer based on ADC-assisted microrings in
Ref. [19]. In [20], a mode multiplexer based on an asym-
metrical Y-junction was used to realize a 2-mode × 3-
wavelength MDM-WDM optical link with �λch =
8 � 10 nm. More recently, a SiN mode (de)multiplexer
based on ADC-assisted microrings was demonstrated for
realizing MDM-WDM link [21]. These experimental re-
sults prove the capability of the mode (de)multiplexer to
work in a WDM system. However, in these experiments
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Table 1 Hybrid demultiplexing technologies enabling WDM and MDM.

Reference #. [19] [20] [21] [22] The present

Mode-channel number 2 2 3 4 4

Wavelength-channel number 3 3 1 16 16

�λch (nm) 15, 16 8, 10 / �3.2 �3.2

λ-channel crosstalk (dB) / / / �−10 �−14

Mode-channel crosstalk (dB) −22, −18, −12 �−30 −10, −15, −24 �−20 �−20

Excess loss (dB) 3 � 16 / / �7 3.5 � 5.5

the total channel number is very limited and the channel
spacing is pretty large (�10 nm; see Table 1). Further-
more, there are few demonstrations for the realization of
monolithically integrated hybrid demultiplexer enabling si-
multaneous multi-channel MDM and WDM.

Recently, we proposed and demonstrated a monolithi-
cally integrated 64-channel hybrid demultiplexer on silicon
by combining a 1 × 4 mode demultiplexer and four identical
arrayed-waveguide gratings (AWGs) for the first time [22].
Each AWG has 16 channels, and the wavelength-channel
spacing is as small as 3.2 nm. Note that an N × N AWG
can work bi-directionally. Previously a silica N × N bi-
directional AWG with loop-back optical paths had been
utilized to achieve an add-drop multiplexer [23]. For a
bi-directional AWG, the insertion loss increases a little
because the input waveguide is positioned at the edge
[24]. Fortunately, the performance degradation is accept-
able and excellent bi-directional AWGs have been demon-
strated [25]. In this paper, we propose a novel silicon hybrid
demultiplexer with (N + 1) × (N + 1) bi-directional AWGs
that can play the role of two identical 1 × N AWGs equiva-
lently. In this way, the number of the AWGs needed for the
hybrid demultiplexer is reduced by half. As an example, a
64-channel MDM-WDM hybrid demultiplexer is realized
by integrating a 1 × 4 ADC-type mode demultiplexer (with
4 mode-channels) and two 17 × 17 bi-directional AWGs
(with 16 wavelength-channels). With the proposed design,
a very compact hybrid demultiplexer with excellent perfor-
mance is realized, and the issue of the channel-wavelength’s
misalignment is also greatly reduced since only two AWGs
are involved in comparison with the previous design with
four AWGs demonstrated in [22].

2. Structure, fabrication and
characterization

Figure 1(a) shows the previous configuration for the two-
dimensional hybrid demultiplexer, including a mode de-
multiplexer with M mode-channels and M wavelength-
division-demultiplexers with N wavelength-channels (e.g.
1 × N AWGs [22]). The novel hybrid demultiplexer pro-
posed in this paper is shown in Fig. 1(b), in which there
are a 1 × M mode demultiplexer and M/2 bi-directional
(N + 1) × (N + 1) AWGs. The 1 × M mode demultiplexer
has a bus waveguide (which is multimode in order to sup-

Figure 1 (a) A hybrid demultiplexer enabling MDM and WDM
simultaneously with a 1 × M mode demultiplexer and M
wavelength-division-demultiplexers with N channels (like 1 × N
AWGs) [22]. (b) The present hybrid demultiplexer with a 1 × M
mode demultiplexer and M/2 bidirectional AWGs. M is the mode-
channel number, and N is the wavelength-channel number.

port the propagation of the M mode-channels) and M single-
mode output waveguides. The launched M mode-channels
in the bus waveguide are separated and coupled to the fun-
damental mode of the M singlemode output waveguides,
so that the regular bi-directional AWGs operating with the
fundamental mode can be utilized. Note that any single-
mode output waveguide of the 1 × M mode demultiplexer
carries N wavelength-channels, which are demultiplexed
by the cascaded bi-directional AWGs and output from the
corresponding ports (O1_1 � O1_N, O2_1 � O2_N, . . . ). In
this way, the total channel number of the proposed hybrid
demultiplexer is M × N while the number of AWGs needed
is M/2 only (M is the mode-channel number) since each
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Figure 2 Optical microscopy pic-
tures for the proposed hybrid demul-
tiplexer including a 4-channel mode
demultiplexer and two identical bi-
directional AWGs with 16 channels.
(a) The whole structure, (b) the en-
larged view for the part including the
1 × 4 mode demultiplexer, and (c) the
enlarged view for the part including
the FPRs and the input waveguides.

bi-directional (N + 1) × (N + 1) AWG has two input
waveguides and can deal with the signals from any two
mode-channels.

As an example, we consider the case with four mode-
channels and 16 wavelength-channels, i.e., M = 4 and N =
16, so that there are 64 channels available. For this case,
only two 17 × 17 bidirectional AWGs are needed, as shown
in Fig. 2(a). All 64 channels carried by the four modes (the
TM0, TM1, TM2, and TM3 modes) and 16 wavelengths (λ1,
. . . , λ16) are first mode-demultiplexed into four groups,
each of which has 16 wavelength-channels. These signals
carried by the i-th mode-channel are further demultiplexed
by the corresponding bi-directional AWG and output from
ports Oi_1 � Oi_16. As shown in Fig. 2(a)–(c), the bi-
directional AWG has 28 arrayed waveguides, the ends of
each of which are connected with two identical free prop-
agation regions (FPRs). For any one of the FPRs, there
are 17 access optical waveguides arranged uniformly along
the Rowland circle, as shown in Fig. 2(a). Among these
17 access optical waveguides, the waveguide at the edge is
chosen as the input waveguide for the AWG while the other
16 access waveguides are used as the output waveguides for

light launched from the input waveguide at the other side
in the inversed direction. In this way, such a bi-directional
17 × 17 AWG has two input waveguides and 32 output
waveguides, so that it essentially functions as two identical
1 × 16 AWGs.

For the present design, both the mode demultiplexer and
the AWGs are designed to work with the TM polarization.
Here we choose the channel spacing to be �λch = 3.2 nm
(400 GHz) and the diffraction order to be m = 13 in order to
ensure that the free spectral range (FSR) is large enough to
cover all 16 channels, i.e., FSR>N�λch. The corresponding
length difference between the adjacent arrayed waveguides
is � 11.547 μm. The length of the FPRs is chosen to be
LFPR = 100 μm, and correspondingly the end separation
between the output waveguides is about 2.42 μm, which is
large enough to minimize the evanescent crosstalk between
the output waveguides. The gap between the adjacent ar-
rayed waveguides at the end connected to the FPRs is set
at 500 nm to ensure a uniform etching depth. The width of
the arrayed waveguide is designed to be 500 nm in order
to be singlemode, and adiabatic tapers are introduced be-
tween the arrayed waveguides and the input/output FPRs.
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Figure 3 The photonic integrated
circuit including a 4 × 1 mode
multiplexer, a bus waveguide, a
1 × 4 mode demultiplexer, and two
bi-directional AWG demultiplexers.
There are focus grating couplers con-
nected at the input/output ends for ef-
ficient fiber-chip coupling.

The maximum width and the length for these tapers are
1.0 μm and 10 μm respectively.

The mode demultiplexer used here is realized with the
ADC-based configuration regarding that this kind of mode
demultiplexer works in a broad wavelength band and thus
is WDM-compatible. The ADCs consist of a narrow ac-
cess waveguide and a wide bus waveguide in the coupling
region, and the key for this design is to obtain the mode-
selective coupling for the TM1, TM2, and TM3 modes in
the wide bus waveguide, respectively, by optimizing the
width of the wide bus waveguide according to the phased
matching condition. The details for the ADC-type mode
(de)multiplexer can be found in our previous paper [13]–
[14]. For example, when the width of the narrow waveguide
is set at wa = 400 nm, the widths of the wide waveguides in
the ADCs for the TM1, TM2, and TM3 modes are w1 =
1.035 μm, w2 = 1.695 μm, and w3 = 2.363 μm, re-
spectively. Since the number of AWGs is reduced by half,
the total size of the present hybrid demultiplexer is much
smaller than the previous one with four AWGs reported in
[22].

For the fabrication process, the chip was fabricated on
a silicon-on-insulator (SOI) wafer with a 220 nm-thick top-
silicon layer on a 2 μm-thick silicon oxide layer. First an
E-beam lithography process was used to make the patterned
photoresist for the structure. Then an inductively coupled
plasmon (ICP) etch process was conducted to fully etch the
top silicon layer down to the silicon oxide layer with the
patterned photoresist as the mask. Finally a PMMA thin film
was formed via spin coating to protect the fabricated device.
In order to characterize the present hybrid (de)multiplexer, a
4 × 1 mode multiplexer is introduced at the input end of the
wide bus waveguide. In this way, the desired mode-channel
can be excited by launching light at the corresponding input
port of the mode multiplexer. Figure 3 shows the optical
microscopy image for the whole photonic integrated circuit,
including the 4 × 1 mode multiplexer and the present hybrid
(de)multiplexer.

For the characterization process, full-etched grating
couplers were used for the fiber-chip coupling, and the
fibers were tiled with a tilted angle of 10o. A tunable laser
was used as a light source, and a power-meter was used
as the detector. The polarization of the input light was ad-
justed by a polarization controller. For measurement pur-
poses, light was input from port I1, I2, I3, and I4- one by one,
and correspondingly the TM2, TM0, TM1, and TM3 modes
in the bus waveguide were excited selectively by the 4 × 1
mode multiplexer. After propagating through the 200 μm-
long bus waveguide, the light was then mode-demultiplexed
to the TM0 modes in the narrow excess waveguides by the
1 × 4 mode demultiplexer, and then the wavelength chan-
nels were separated by the cascaded AWG demultiplexers.

Figure 4(a)–(d) shows the measured responses from all
64 channels, when light is input from ports I1, I2, I3, and
I4-, respectively. These responses are normalized with the
transmission response of a straight waveguide on the same
chip. It can be seen that light is output dominantly from
the AWG connected to output-port Oi of the mode demul-
tiplexer when light is input from port Ii (i = 1, 2, 3, 4), as
expected. The total excess losses of the central wavelength-
channels (O1_8, O2_8, O3_8, and O4_8) for the four mode-
channel groups are about 3.5 dB, 5.0 dB, 5.5 dB, and 5.0 dB
when light is input from ports I1, I2, I3, and I4, respectively.
The excess loss mainly results from two parts, i.e., the
mode multiplexer and the hybrid demultiplexer (including
the mode demultiplexer and the cascaded AWG demulti-
plexer). When light propagates from port I1 of the mode
multiplexer to port O1 of the mode demultiplexer, there are
only several low-loss adiabatic tapers (without any cross-
coupling due to phase mismatch). Therefore, the excess loss
for the transmission from port I1 of the mode multiplexer to
port O1 of the mode demultiplexer is negligibly low, and the
excess loss of the AWG becomes the dominant contribution.
From the measured total excess losses, it can be estimated
that the central channel for the AWG is about 3.5 dB. Ac-
cordingly, the excess loss for the transmission from port
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Figure 4 Measured responses for
the hybrid demultiplexer when light
is input from port I1, I2, I3, and I4-, re-
spectively. The responses are nor-
malized with the transmission of a
straight waveguide with focus grat-
ing couplers at both ends on the
same chip.

Ii of the mode multiplexer to port Oi of the mode demul-
tiplexer (i = 2, 3, 4) is about � 1.5 dB. Figure 4(a)–(d)
also show that the transmissions for channels Oi_1 � Oi_16
(i = 1, 2, 3, 4) are quite uniform and the non-uniformity
is less than 2 dB, which is similar to the channel non-
uniformity of a single AWG fabricated on the same
chip. This indicates that the present ADC-type mode
(de)multiplexer has a broad band to cover all the AWG
channels (ranging from 1540 nm to 1590 nm) and thus is
WDM-compatible, as verified in our previous paper [14].

From Fig. 4(a)–(d), it can also be seen that the present
hybrid demultiplexer has crosstalks of <−20 dB between
the mode channels, which is also similar to the performance
of a single mode (de)multiplexer demonstrated in Ref. [14].

The crosstalk between the wavelength channels is relatively
large (�−14 dB), which is due to the phase errors in the
bi-directional AWG (de)multiplexer. It can be seen that the
performances of the bi-directional AWG presented here
is similar to the regular AWG shown in our previous pa-
per [22]. The present hybrid demultiplexer should work
well according to the realization of error-free transmission
(bit error rate<10−12) using a microring multiplexer with a
crosstalk of �−13 dB demonstrated in Ref. [19]. It is pos-
sible to further improve the performances (e.g., <−20 dB
crosstalk) for the bi-directional AWG by introducing wide
arrayed waveguides to minimize the phase errors from fab-
rication imperfections [26], and thus realize an excellent
hybrid demultiplexer in the future.
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3. Conclusion

In summary, we have proposed a novel silicon hybrid de-
multiplexer to realize WDM and MDM simultaneously by
introducing (N + 1) × (N + 1) bi-directional AWGs so that
the number of the AWGs is reduced by half and the foot-
print for the hybrid demultiplexer is also reduced greatly.
As an example, a compact 64-channel MDM-WDM hybrid
demultiplexer based on SOI nanowires has been realized
by utilizing a 1 × 4 ADC-type mode demultiplexer with
four mode-channels and two 17 × 17 bi-directional AWGs
with 16 wavelength-channels. Each 17 × 17 bi-directional
AWG is equivalent to two identical 1 × 16 AWGs. For
the fabricated device, the excess loss is 3.5 � 5 dB while
the wavelength-channel crosstalk and the mode-channel
crosstalk are about −14 dB and <−20 dB, respectively.
Better performance can be achieved by minimizing the im-
perfections (particularly in AWGs) during the fabrication
processes in the future.
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