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Abstract Wavelength-division-multiplexing (WDM) transceiver filters are one of the most essential com-
ponents for realizing the fiber-to-the-home (FTTH) networks. In recent years, silicon photonics have pro-
vided a very attractive platform to build ultra-compact photonic integrated devices with CMOS-compatible
processes. In this review, we focus on the recent progresses on diplexers/triplexers based on multimode
interference couplers (MMI), and directional couplers (DC). The polarization-insensitive devices are also

discussed.
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1 Introduction

With the urgent demand of the big data and optical communication, the fiber to the home (FTTH),
emerged with its unique technical advantages, is one of the typical solutions for broadband services. An
optical transceiver is a key component of the optical network unit (ONU) or optical network terminal
(ONT) in the triple-play service-based FTTH networks. The optical transceiver in the ONU/ONT is
working to transmit/receive optical signals at the same time. The dual/triple wavelength (de)multiplexer
is the core device in the transceiver since it is the most critical part in reducing the cost. How to simplify
such wavelength (de)multiplexers for the transceiver modules is of great interest.

The film filters are commonly used as the wavelength-division (de)multiplexers in the optical com-
munication systems [1-4], but such type of devices suffers from the difficulties in package and volume
production, which make them expensive. Integrated waveguide based optical structures offer the pos-
sibility to miniaturize bulk optical functions and provide the possibility for future integration of the
triplexer with optical sources and receivers. The silicon photonic has been regarded as an attractive
platform to build integrated photonic devices over the recent years, due to the great compatibility with
mature complementary metal-oxide-semiconductor (CMOS) technology with low cost and high volume
processing [5-11]. Moreover, the silicon nanowire waveguide could provide the ultra-high refractive index
contrast between the Si (~3.46) and SiOs (~1.45), which could lead to the sub-micro cross section as
well as the sharp waveguide bends. Furthermore, due to the potential to achieve monolithic optoelec-
tronic integrated circuits, the silicon-based diplexer/triplexer could be integrated with laser diode and
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photodetectors to realize the integrated optical transceiver module [12-14]. Thus, on-chip silicon-based
diplexing /triplexing technologies and devices have attracted much attention and achieved great progress
in recent years.

The typical multi-beam interferometers include arrayed-waveguide gratings (AWGs) [15-21] and echelle
diffraction gratings (EDG) [22-25], which can (de)multiplex tens of WDM channels simultaneously and
have been used in practical dense wavelength-division-multiplexings (DWDM) worldwide. However,
AWG/EDG would not be good choices for a PON triplexer due to large flat passbands requirement [19-21].
Although DWDM channels are narrow and closely packed, the PON’s three channels are necessarily quite
broad and widely spaced. Neither AWGs nor EDGs can readily handle the bandwidths required in a PON.

Many other structures, such as Mach-Zehnder interferometers (MZI), multimode interference (MMI)
couplers, and directional couplers (DC) have been proposed and demonstrated on the silicon platform.
The 3 dB couplers and path length differences of the cascaded MZIs are optimized to separate dif-
ferent wavelength bands [26-28]. Multiplexers utilizing MMI are generally based on the self-imaging
phenomenon [29]. Other principles, such as pseudo self-imaging phenomenon [30-35] and dispersive
self-imaging mechanism [36-42] are also proposed to realize wavelength multiplexers. Reflectors such as
reflective Bragg gratings are further utilized to decrease the footprint of MMI [43-45]. The directional
coupler (DC) can be utilized to multiplex different wavelengths since coupling lengths are different for dif-
ferent wavelengths due to chromatic dispersion [46—48]. The DCs constructed by photonic crystal (PhC)
waveguides can also be used to separate different wavelengths [49-51]. In this paper, diplexers/triplexers
based on cascaded MMIs, tilted MMIs, asymmetrical DCs and cascaded DCs are reviewed in Section 2.
Due to the large effective index difference of two perpendicular polarizations (birefringence) in silicon
waveguide, the polarization dependent loss (PDL) is very large. Polarization-insensitive devices are usu-
ally required [52-59]. In Section 3, some approaches utilized to minimize the polarization-sensitivity of
silicon nanowire waveguide based diplexers/triplexers are reviewed [60-65].

2 Silicon-based on-chip diplexer /triplexer

Figure 1 shows the schematic diagram of the diplexers and triplexers in the optical networks. In an
ONU, a triplexer is used to separate two downstream signals transmitted in a fiber at two different
wavelengths and direct them to a digital signal receiver and an analog signal receiver, while the triplexer
couples an upstream optical signal emitted by a digital transmitter to the same fiber. For passive FTTH
networks, ITU-T G.983 recommends three wavelengths bands, commonly 1310, 1490 and 1550 nm, which
are utilized for upstream data, downstream data and dedicated wavelength for RF digital/analog video,
respectively. And the bandwidths of these three wavelength bands should be larger than 100, 20 and
20 nm. In multiplexing systems, diplexers only utilize 1550 nm channel or 1490 nm channel as the signal
transmitter and 1310 nm channel as the signal receiver.

2.1 Triplexers based on multimode interference (MMI) couplers

2.1.1  Triplexer based on cascaded MMI couplers

The silicon triplexer, based on traditional 2 x 2 general interference MMI coupler with butterfly geometry
structure [29], is proposed to (de)multiplex 1310, 1490, and 1550 nm wavelength bands. The lengths of the
MMI sections are chosen to be common multiples of the beat lengths for three wavelengths. The other
method is employing pseudo self-imaging phenomenon [30-32], which is utilized to design a relatively
simple structure with more compact device. Since the output intensity of the 1310 nm wavelength has a
large tolerance, the 1490 and 1550 nm wavelengths are only considered for defining the optimum length of
one MMI. Furthermore, cascaded step-size MMI, based on pseudo self-imaging phenomenon, is proposed
to separate three wavelengths [33-35]. A cascaded multimode waveguide is utilized to receive pseudo
self-image of one wavelength and then outputs a self-image in this MMI.

In recent years, a kind of tilted MMI couplers utilizing dispersive self-imaging mechanism has been
proposed [36] and utilized to realize various wavelength-multiplexing devices [37—41]. A compact triplexer
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Figure 1 (Color online) Schematic diagram of the wavelength (de)multiplexers (diplexer/triplexer) in optical networks.
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Figure 2 (Color online) Schematic diagram of the triplexer based on cascaded titled multimode interference couplers [42]
@Copyright 2018 Elsevier.

has been designed and experimentally demonstrated with cascaded tilted MMI couplers [42] based on
dispersive self-imaging mechanism. Figure 2 shows that schematic diagram of the triplexer based on
cascaded titled multimode interference couplers. The proposed triplexer consists of two MMI couplers
sections. The first one is a common 1 x 2 MMI coupler based on general interference, and the second is
the tilted MMI coupler. With the first MMI coupler, the 1310 nm wavelength band is (de-)multiplexed
to one port and the other two wavelengths bands (1490 nm/1550 nm) to the other port by using the
pseudo self-imaging principle. Then, the two wavelength bands (1490 nm and 1550 nm) are separated
by a MMI coupler with tilted output ports. Different wavelength bands can be well separated without
satisfying the common multiple of the beat length and the device size can be dramatically reduced by
using such type of tilted MMIs. Thus, the size of the present triplexer, which has been designed to reduce
the device length compared to the common ones, is dramatically reduced to ~450 pm. Figure 3(a) shows
the optical microscope image and scanning electron micrograph (SEM) images of the fabricated device.
Figure 3(b) and (c) show the measured transmission spectra from the three output ports. The device is
characterized with ~1 dB insertion loss (IL) and < —15 dB low crosstalk (CT). The 3 dB bandwidths
are around 100, 28, and 32 nm for 1310, 1490, and 1550 nm bands, respectively.

2.1.2  Triplexer based on Bragg grating assisted MMI couplers
The device footprints are still relatively large due to the utilization of cascaded MMI to (de)multiplex
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Figure 3 (Color online) (a) Optical microscope image and the SEM images of the specific part of the fabricated device.
The normalized transmission spectra of the fabricated device from different output ports: (b) 1310 nm band and (c)
1490 nm/1550 nm band [42] @Copyright 2018 Elsevier.

two wavelengths bands. The device can be more compact with a mirror inserted in the MMI section to
reflect one wavelength band first. Then the other two wavelengths can be separated by the MMI with
self-imaging principle. The triplexer consists of a 2 x 2 MMI coupler with a shallow-etched Bragg grating
adopted as a reflector in the multimode waveguide section [43,44]. The MMI coupler functions as a coarse
WDM to separate two of the wavelength bands with generalized multimode interference principle and
the other one wavelength is reflected to the third output port. Three wavelengths can be separated with
only one MMI section and the device is more compact than the cascaded one.

A silicon triplexer based on Bragg grating-assisted multimode interference couplers has been designed
and experimentally demonstrated [45]. Figure 4(a) shows schematic diagram of the triplexer based on
silicon Bragg grating-assisted MMI couplers. A broadband Bragg grating is adopted as a reflector in
the MMI section to extract the 1310 nm band signal. To reduce the size of the device, the other two
wavelengths (1490 nm /1550 nm) bands are separated by the pseudo self-imaging MMIs instead of utilizing
generalized multimode interference principle, which has to satisfy the common multiple of the beat length
of different wavelengths. Figure 4(b) and (c) shows the simulated optical field distribution at 1490, 1550,
and 1310 nm wavelength, respectively. All the three wavelengths are well separated by the Bragg-grating-
assisted MMI structure. Compared with the conventional MMI-based triplexers, the device length is not
required to be the common multiple of beat length of different wavelengths. The fabricated total device
size is only 5.4 um x 453 pm (with adiabatic tapers) as shown in Figure 5(a)—(d). From the measured
transmission spectra shown in Figure 5(e)—(f), one can find that extinction ratios are higher than 15 dB
and insertion losses are around 1 dB in all output ports.

2.2 Triplexers based on directional couplers (DCs)

The DC can be utilized to multiplex different wavelengths since the coupling lengths are different for
different wavelengths due to chromatic dispersion. However, for the symmetrical DC-based structures [46],
the device lengths have to be quite long to separate the three channels since the length must be the
common multiple of the coupling lengths for the three wavelengths. Asymmetrical directional couplers
(ADC) and bent directional couplers (bent DC) are proposed to decrease the device size.
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Figure 4 (Color online) (a) The schematic diagram of the triplexer based on silicon Bragg grating-assisted MMI couplers.

Simulated optical filed distribution at the wavelength of (b) 1550 nm, (c¢) 1490 nm, and (d) 1310 nm, respectively [45]
@Copyright 2017 TEEE.
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Figure 5 (Color online) (a) The optical microscope image. Enlarged SEM images: (b) the input port and 1310 nm output
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Figure 6 (Color online) (a) The dispersion curves for TEO and TE1 modes at three wavelength bands. (b) The phase
mismatch curves with varied wavelength [47] @Copyright 2017 IEEE.

2.2.1  Triplexers based on asymmetrical DCs

Asymmetrical directional couplers (ADCs), which consist of two parallel waveguides with different widths,
have been widely used in the PLCs. In [47], the ADCs are utilized to realize the triplexer with low
crosstalk and ultra-compact device size. The dispersion curves and the phase mismatch curves for three
wavelengths are shown in Figure 6. By carefully designing the phase mismatch and coupling strength
for each ADC, the large bandwidth and low crosstalk can be obtained and the coupling length can be
efficiently reduced, since the effective index mismatch between the single-mode and multi-mode waveguide
is small enough only within a certain wavelength range. Due to the phase mismatching condition, the
length of the device should not be the common multiple of the coupling lengths for the three wavelengths.
Thus the total length can be reduced with this principle. The designed device is fabricated as shown in
Figure 7. O1, O2, and O3 are the output ports of 1490, 1550, and 1310 nm, respectively. The measured
excess losses are as small as < 1 dB for all three channels. The measured crosstalks of the device based on
ADCs are —27.1, —23, and —25.8 dB at the central wavelengths of 1310, 1490, and 1550 nm, respectively.
The 3 dB bandwidths of 70, 30, and 20 nm can be realized for the three output ports (1310, 1490, and
1550 nm). The total length of the ADC-based triplexer is as small as ~150 pm.

2.2.2  Triplexers based on bent DCs

Recently, bent DCs have been used widely for light coupling due to high performance and easy fabrication.
A novel on-chip triplexer based on bent DCs has been demonstrated to separate three wavelength bands
[48]. Compared to the parallel symmetric DCs, bent DCs have more degrees of freedom for optimization.
Figure 8 shows the schematic diagram and the SEM image of the triplexer based on bent DCs. By
carefully choosing the radii and widths of the parallel bent waveguides, the phase matching or mismatching
condition can be satisfied for different wavelengths multiplexing. The first bent DC is utilized to separate
the broad 1310 nm wavelength band and 1490 nm/1550 nm wavelength band with phase-mismatching
principle. The cascaded DC is used to separate the adjacent 1490 nm and 1550 nm wavelength bands with
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Figure 7 (Color online) The schematic diagram for the triplexers based on asymmetrical DCs and the microscope image
for the fabricated device [47] @Copyright 2017 IEEE.

phase-matching condition. The length of the bent DCs for wavelength multiplexing is also not limited to
the common multiple of the beat lengths for different wavelengths with phase-mismatched condition. The
gap between two bent waveguides can be relatively large for ease of fabrication but with short coupling
length and high performance. The footprint of the present triplexer is dramatically reduced to 19 pum x
31 pm. As shown in Figure 9, the fabricated triplexer is characterized with low crosstalks (~ —15 dB)
and low insertion losses (< 1 dB). The measured bandwidths for the crosstalk < —15 dB are 70, 15, and
15 nm for 1310, 1490, and 1550 nm channel, respectively.

2.2.3  Triplexers based on photonic crystal (PhC) DCs

Photonic crystal (PhC) waveguides, composed of periodic dielectric materials, are popularly studied due
to their unique ability in controlling the propagation of lightwave. A design of the dual wavelength de-
multiplexer (1300 nm /1550 nm wavelengths) based on the unique properties of coupled PhCs is proposed
with a hexagonal-loop waveguide [49], which is utilized to decrease the insertion losses and crosstalks of
two output ports.

Figure 10(a) shows the schematic diagram for a triplexer based on cascaded PhC-based DCs [50].
The PhC-based DCs are designed to be decoupled at the wavelength of 1310 nm. For the first DC,
the length of the coupling region is optimally chosen so that the other two wavelengths (i.e., 1490 and
1550 nm) are separated and the wavelengths of 1310 and 1490 nm are output from the same port to be
separated later by the second DC. It is difficult to achieve low crosstalks with conventional PhC DC,
since the coupling length of the two parallel PhC waveguides is always an integer of the dielectric rods
period. This problem is solved by introducing a tapered coupling region, of which the radii of rods
decrease linearly to the center and increase back in the first DC section. The simulated field distributions
at different wavelengths are shown in Figure 10(b)—(d). All the wavelengths are well separated. The
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Figure 8 (Color online) (a) Schematic diagram of the silicon triplexer based on cascaded bent DCs; (b) the SEM image
of the fabricated device [48] @Copyright 2017 IEEE.
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Figure 9 (Color online) The normalized transmission spectra of the fabricated device from different output ports [48]
@Copyright 2017 IEEE. (a) 1310 nm band and (b) 1490 nm/1550 nm band.

footprint of the device is ~50 pm x 20 wm. The calculated insertion losses are ~ 0.1 dB and crosstalks
are ~ —15 to —20 dB. Another triplexer based on this principle is designed with all the coupling sections
tapered to decrease the crosstalk [51]. Though the insertion loss and crosstalk of triplexers based on PhC
waveguides are ultra-low, bandwidths of the multiplexers are relatively narrow.

Here, a comparison is given in Table 1 for the silicon-based duplexers/triplexers based on different

structures presented previously. The listed performances of the devices are for 1310, 1490, and 1550 nm,
respectively.

3 Polarization insensitive diplexers/triplexers

Due to the large birefringence in silicon waveguide, it is necessary to eliminate the polarization de-
pendence in silicon on-chip devices for some applications [52-59]. The polarization-insensitive diplex-
ers/triplexers based on various structures are discussed. Triplexers based on Fourier-transform-based
Mach-Zehnder interferometers (MZIs) are proposed with rib waveguide in SOI platform [60,61]. The
wavelength (de)multiplexers are realized by careful design of the couplers (DC or MMI) and the path
length difference of the MZI. To reduce the PDL, two layers of thin films on top of the device are utilized
to self-compensate the coupling length difference through film stress.
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Figure 10 (Color online) (a) Schematic configuration for the present triplexer with tapering in the first directional coupler.
Field distributions simulated with an FDTD method for the present triplexer at (b) A= 1310 nm; (¢) A= 1490 nm; (d) A=
1550 nm [50] @Copyright 2006 IEEE.

3.1 MDMI based polarization insensitive diplexer

MMI couplers could be utilized to decrease the footprints of multiplexers. A polarization-insensitive
diplexer based on rib MMI waveguides is designed [62]. Tt consists of SION core layer, of which the
stress-induced birefringence can be ignored. The beat length difference of two polarizations (TE and
TM) varies with the MMI waveguide widths. An appropriate waveguide width can be found to minimize
the polarization sensitivity. Figure 11 shows the schematic diagram for another polarization-insensitive
diplexer based on sandwiched MMI waveguides, which consist of silicon (Si) upper/down cladding layer
and silicon nitride (SiN) core layer [63]. By carefully choosing the refractive index of SiNx and the width
for the MMI section, the beat length difference of the two polarizations can be minimized for both wave-
lengths bands. To realize (de)multiplexing function, the beat length ratio at these two wavelengths is
carefully chosen. Thus, the two wavelengths at both polarizations are separated by generalized interfer-
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Table 1 Comparison of silicon-based duplexer/triplexer based on different structures

Structures Insertion losses (dB) Crosstalks (dB) 3 dB bandwidths (nm) Length (pm)
Butterfly MMI [29] <2 <12 24, 40, 34 900
(simulated)
Tilted MMI [42] 1.23, 1.51, 1.77 —18.9, —15.9, —22.9 100, 28, 32 ~ 450
Bi-directional 0.51, 0.65, 0.81 —20.7, —26.3, —20.2 100, 22, 15 851.5
MMI [44] (simulated)
Bragg-grating assisted 2.6, 0.39, 0.56 —27, —=15.9, —17.9 85, 23, 31 453
MMI [45]
PhC [50] (simulated) 0.03, 0.16, 0.13 —17.2, —23.22, —28.7 48, 20, 15 50
ADC [47] 0.98, 0.69, 0.76 —97.1, —23, —25.8 70, 30, 20 ~ 150
Bent DC [48] 0.54, 0.9, 0.84 —14.4, —15, —22.6 100, 24, 20 31
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Figure 11 (Color online) Schematic configuration of the demultiplexer structure [63] @Copyright 2007 IEEE. (a) Top
view; (b) cross section of the sandwiched waveguide.

ence of MMI as shown in Figure 12. The calculated PDL of this designed device is round 0.3 dB and the
broad 3 dB bandwidths are around 50 nm.

3.2 DC based polarization insensitive diplexer

DC could be utilized to further decrease the size of silicon integrated devices. It will be challenging to
realize de-multiplexing function for two polarizations simultaneously by utilizing conventional directional
couplers since it is difficult to find the common multiples for the coupling lengths. An on-chip polarization-
insensitive two wavelength (de-)multiplexer based on cascaded bent DCs is proposed and demonstrated
[64]. Figure 13 shows the schematic diagram of the proposed polarization-insensitive diplexer. The first
DC is designed to be phase-mismatched for the 1310 nm wavelength band at TE polarization. Due to the
weak-confined optical field of TM polarization, the light of TM polarization still have relatively strong
coupling even with small phase mismatch. Thus, the remaining signals (1310 nm band upstream at
TM polarization and 1490 nm band downstream at TE/TM polarizations) can be separated by carefully
choosing the coupling length with coupler radii and widths. By using the bent coupler, the light can be
prohibited to be transferred from one waveguide to the other if it is deviated from phase-match condition
too much. Figure 14(a) shows the optical microscope image and enlarged SEM images of the fabricated
device. The total device size is about 40 um x 25 pm. From the measured transmission spectrum shown
in Figure 14(b), one can find that a low PDL (< 1 dB) and crosstalks < —15 dB have been realized for
the fabricated device shows.

3.3 DC based polarization insensitive triplexer

An ultra-compact polarization-insensitive triplexer is designed by utilizing DCs based on submicron
silicon rib waveguides [65]. The proposed triplexer includes two stages of DCs as shown in Figure 15.
By carefully choosing the cross-sectional geometry of the rib waveguides, the DCs are designed to be
polarization insensitive. Then, the coupling region lengths are optimally chosen to separate the three
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Figure 12 (Color online) 3-D BPM simulations of the field distribution at the middle of the SiN region of the demultiplexer
[63] @Copyright 2007 IEEE. (a) Quasi-TE mode, at 1310 nm; (b) quasi-TM mode, at 1310 nm; (c¢) quasi-TE mode, at
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Figure 13 (Color online) Schematic diagram of the polarization-insensitive wavelength (de-)multiplexer based on cascaded
bent DCs [64] @Copyright 2017 IEEE.

wavelengths. For the first DC, the length of the coupling region is optimally chosen to separate the
three wavelengths into two parallel output waveguides (1490 nm in one waveguide; 1310 and 1550 nm in
another). The cascaded DC is designed to separate 1310 and 1550 nm wavelengths from the same port
of the first directional coupler. Due to the nearby wavelengths crosstalk, another DC is cascaded to the
ouput port of 1490 nm. The total device length is about 400 wm. Three-dimensional BPM simulation
has shown that the triplexer has good performances for both polarizations (PDL < 0.5 dB) as shown
in Figure 16. The proposed triplexer provides a cost-effective and good performance solution for FTTH
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Figure 14 (Color online) (a) The optical microscope image and enlarged SEM images of the fabricated device. The

measured transmission spectra of the fabricated devices at (b) 1310 nm band and (c) 1490 nm band for both polarizations [64]
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Figure 15 (Color online) Schematic configuration of the polarization insensitive triplexer based on cascaded DCs [65]
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network systems.

Here, a comparison is given in Table 2 for the polarization-insensitive duplexers/triplexers based on
different structures presented previously.
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Figure 16 (Color online) Output powers (normalized to the input power) at the three output ports as the wavelength
varies [65] @Copyright 2009 IEEE. (a) 1310 nm band and (b) 1490/1550 nm bands.

Table 2 Comparison of polarization-insensitive duplexers/triplexers based on different structures

Structures Insertion loss (dB) PDL (dB) Crosstalk (dB) 3dB bandwidths (nm) Length (pm)
Rib MMI [62] <05 NA < =25 NA 667
Sandwiched MMI [63] (simulated) 0.4 0.3 —22 ~ 45 360
Bent DC [64] 0.6 1 —27 ~ 35 40
DC [65] (simulated) 0.5 0.2 —-25 ~ 30 400

4 Conclusion

In conclusion, we have given a review on silicon integrated photonics devices for on-chip two/three
wavelengths (de)multiplexers. Wavelength division multiplexers are significantly utilized to increase the
number of information channels. Ultra-compact silicon on-chip diplexers/triplexers have been realized
with various structures, such as MMI, PhC, DC, etc. Novel structures such as asymmetrical DC and
bent DC are utilized to decrease device footprints and have better performance (low insertion loss and
crosstalk). The discussed polarization-insensitive (de)multiplexers are also important in practical appli-
cations. The dual/triple wavelength (de)multiplexer is one of the key components for optical network
units. However, how to obtain ultra-compact devices with higher performance (lower insertion loss and
crosstalk) and large fabrication tolerance is still under investigation. As discussed at the last sections,
it is urgent to develop simple structures to realize silicon based (de)multiplexers with low PDL for all
(de-)multiplexed two/three wavelengths bands. Furthermore, the integration of the on-chip two/three
wavelengths (de)multiplexers extensively with the laser diodes and the photodetectors, which are working
to transmit/receive optical signals at the same time, is still very promising.
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