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Design of compact bi-directional triplexer based on silicon
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A compact bi-directional (BiDi) triplexer using grating-assisted multimode interference (MMI) coupler is
proposed based on silicon nanowire waveguides.Because of the high index contrast between silicon and
silicon dioxide, the size of the structure is greatly reduced with a footprint of 2.5×911 (µm). Asymmetrical
ports are introduced in the MMI structure to satisfy the bandwidth requirements of the industrial standards
ITU-T G.983.3-dB bandwidths of 100, 22, and 15 nm are obtained for the wavelengths of 1 310, 1 490, and
1 550 nm, respectively. The device can be readily fabricated using a commercial CMOS process.
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Fiber-to-the-home (FTTH) system has been developed
to meet the ever-increasing demand for bandwidth. Bi-
directional (BiDi) triplexer, as one of the key components
in FTTH system,is widely used to provide a triple play
service, i.e., the wavelengths of 1 310, 1 490, and 1 550
nm carry upstream data, downstream data, and down-
stream video signals, respectively. Thin film filters based
triplexers are commonly used today to de/multiplex
these signals[1]. However, it is difficult to integrate and
package them with other devices,making them bulky
and costly. Photonic integration scheme based on planar
lightwave circuits (PLCs) is a promising solution to re-
duce the size of triplexers and is also suitable for volume
production at low cost[2]. Several designs based on PLCs
have been reported[3−6]. Although the devices proposed
in Refs. [3, 4] can successfully de/multiplex three up-and
down-stream channels, it is difficult for these structures
to meet the bandwidth requirements of the industrial
standards ITU-T G.983, where 3-dB bandwidths of 100,
20, and 10 nm for wavelengths λ =1310, 1 490, and
1 550 nm are required respectively[7]. Novel structures
were proposed[5,6] to fulfill the bandwidth requirements.
However, the sizes of these devices are still quite large
(typically 36×7 000 (µm)) since they are based on silica
waveguides with a low index contrast. Another solution
for compact triplexer is based on photonic crystals[8],
which may have even more compact sizes, but their
bandwidths are limited.

In recent years, silicon based photonic devices are
becoming more and more attractive for practical appli-
cation.The high refractive index contrast between sili-
con and SiO2 offers a strong light confinement, mak-
ing it possible to construct waveguides with sub-micron
cross-sections and bending radii less than 5 µm. The
process compatibility with commercial CMOS technol-
ogy would also reduce the fabrication cost greatly.Low
loss silicon nanowire waveguides and various devices
have been demonstrated[9,10], indicating their great po-
tential for practical applications.Recently, a compact

triplexer based on sub-micron silicon rib waveguide was
demonstrated[11]. While the total length of the device-
was only 400µm, it fails to meet the bandwidth require-
ments.

In this letter, a compact BiDi triplexer is designed
based on silicon nanowire waveguides. Grating-assisted
multi-mode interference (MMI) coupler is employed in
the device and the BiDi beam propagation method
(BiBPM) is used to optimize the structure. To sat-
isfy the bandwidth requirements for different channels,
asymmetric tapered ports are introduced.The footprint
of the optimal device is only 2.5×911 (µm).

The schematic of the triplexer is illustrated in Fig.
1. It consists of a 2×2 MMI coupler with a shallow-
etched Bragg-grating defined in the multimode waveg-
uide region.Downstream data and downstream video
signals at 1 490 and 1 550 nm wavelengths are down-
loaded from port 1 to port 2 and port 4, respectively,
while upstream data carried by 1 310 nm wavelength
is uploaded from port 3 to port 1. Considering the
bandwidth specifications required by the standard, es-
pecially the large bandwidth for the wavelength of
1 310 nm, the Bragg-grating is used to reflect the sig-
nal at 1 310 nm wavelength from port 3 to Port 1.
Both the etching depth and the number of period are
carefully designed to meet the demands on the band-
width and the extinction ratio. For the down-stream
signals at 1 490 and 1 550 nm wavelengths, the MMI
coupler functions as a coarse wavelength-division mul-
tiplexing (WDM) to de/multiplex them from port 1 to

Fig. 1. Schematic configuration of the present triplexer.
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port 2 and port 4, respectively. Tapered ports are used to
reduce the loss and ensure an adiabatic transition. The
device is based on silicion-on-insulator (SOI) wafers with
top silicon of 220 nm and buried oxide (BOX) of 2 µm.

Bragg-grating is designed in this structure to upload
the signals at 1 310 nm wavelength from port 3 to port
1. Shallow-etched slots are defined in the multimode
waveguide region to form the Bragg-gratings.The grat-
ing period Λ is determined by

Λ = mλ0/2neff, (1)

where neff is the effective refractive index of the grating
region, λ0 is the central wavelength of reflection and m
is the diffraction order. BiBPM[12] is used to design the
Bragg-grating. TE mode is assumed in the simulation.
To satisfy the large bandwidth requirement for 1310 nm
and achieve a high reflection, both the etching depth and
the grating number of the Bragg-grating are optimized.

The influence of the etching depth and the period num-
ber on the reflection and bandwidth are first simulated
and shown in Fig. 2. One sees that as the etching depth
increases, both the reflection and bandwidth increase
accordingly, while the increase of the period number of
grating leads to an increase of reflection and a decrease of
the 3-dB bandwidth. Considering the bandwidth and ex-
tinction ratio specifications for the 1 310 nm wavelength,
an etching depth of 70 nm and a period number of 30
are chosen, while the Bragg-grating period Λ is set to be
232 nm to reflect the wavelength of 1 310 nm according
to Eq. (1). This design gives a reflection of 98.7% and
a 3-dB bandwidth of 100 nm at 1 310 nm, as shown in
Fig. 3. On the contrary, the grating structure poses little
influence on the down-stream signals as the reflections
at 1 490 and 1 550 nm are only 0.76% and 0.32%, respec-
tively. Besides, the excess loss and extinction ratio are
calculated to be –0.51 and –20.7 dB, respectively.

Fig. 2. (a) Reflection and (b) 3-dB bandwidth for different
etching depths and grating period number.

Fig. 3. Spectral responses at 1 310-nm wavelength.

In order to achieve the function of triplexer, we need
to embed the Bragg-grating into the MMI coupler.
Here, the MMI coupler functions as a coarse WDM to
de/multiplex the down-stream signals at λ=1490 and
1 550 nm. The operation principle of the MMI coupler is
based on the self-imaging effect[13]: a number of modes
are stimulated in the multimode region and the input
field is reproduced in single or multiple images at peri-
odic intervals along the multimode waveguide. Define Lπ

as the beat length of the two lowest modes, which can be
expressed as

Lπ = 4ncW
2
e /λ0, (2)

where nc and We represent the effective refractive in-
dex and the effective width of the multimode sec-
tion,respectively,and λ0 is the wavelength in free space.As
the imaging position is related to Lπ, which is depen-
dent on λ0, as shown in Eq. (2), different wavelengths
can be separated as they have different imaging posi-
tions. The direct and mirrored images can be produced
at L = p(3Lπ), p=0, 1, 2, · · · , for p even and p odd,
respectively. Therefore, when the length of the multi-
mode waveguide is set to be an even multiple and an
odd multiple of the beat lengths for 1 490 and 1 550
nm, respectively, the two wavelengths can be separated
and output via the through-path and cross-path, respec-
tively. In our design, the width of MMI coupler (Wmmi)
is set to be 2.5 µm, and the optimized grating is shallow-
etched in the multimode region. To meet the single
mode condition, 0.5×0.22 (µm) is chosen as the size of
the input/output waveguides. Linear tapers are used
to broaden the input/output waveguides to reduce the
mode mismatching loss between them and the multimode
region[14]. All of the four ports are set to be 1.2 µm wide
initially. Figure 4 shows the propagation powers of 1 490
and 1 550 nm for different paths.One sees that the power
alternates between the through-path and the cross-path
for each wavelength. Since the field distributions for
the two wavelengths are different along the propagation
direction, an optimal MMI length (Lmmi) can be found
so that the power for one of the wavelengths is output to
the through-path while that for the other wavelength is
output to the cross-path. Therefore, the two wavelengths
are demultiplexed.

From the simulation result shown in Fig. 4, we can see
that the signal at 1 490 nm wavelength reproduces itself
in the through-path while that at 1 550 nm wavelength is
imaged in the cross-path for Lmmi= 851.5 µm. The prop-
agation field distributions for the two wavelengths are
shown in Fig. 5. One sees that the two wavelengths are
separated successfully to each output port.We also calcu-
late the excess loss and the extinction ratios for the two
ports, the excess loss are –0.42 and –0.52 dB while the
extinction ratios are –19.6 and –21dB for 14 90 and 1 550
nm, respectively.However, 3-dB bandwidths of 17 and 18
nm are obtained for 1 490 and 1 550 nm wavelength, re-
spectively, which fail to meet the bandwidth requirement
of 20 nm at 1 490 nm according to ITU-T G.983. To solve
this problem, asymmetric tapered ports are introduced
in the MMI structure. A wider port(port 2) is used for
the 1 490 nm channel which allows a larger range of wave-
lengths to couple into the output port, thus broadening
the bandwidth. After optimization, the width for port 2
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Fig. 4. Transmission power both in through-path and cross-
path for the wavelengths of 1 490 and 1 550 nm.

Fig. 5. Propagation electric field distributions of the triplexer
for the two wavelengths of (a) 1 490 and (b) 1 550 nm.

Fig. 6. Spectral responses at (a) 1 490- and (b) 1 550-nm
wavelength.

Table 1. Performance Parameters of the
Optimal Triplexer

Wavelength
Parameter

Channel (nm)

3 dB Excess Extinction

Bandwidth Loss Ratio

(nm) (dB) (dB)

1 310 100 –0.51 –20.7

1 490 22 –0.65 –26.3

1 550 15 –0.81 –20.2

(W2) is chosen as 1.4 µm while the width for port4 (W3)
is chosen as 0.9 µm. The resulting spectral responses
at port2 and port4 are shown in Fig. 6. It shows that

the bandwidth for 1 490 nm increases to 22 nm, while
that for 1 550 nm is 15 nm, satisfying the bandwidth
requirement. Because of the asymmetric tapered output
ports, there is mode mismatching between the imaging
field and the two output ports, which slightly increases
the excess loss of the triplexer. Finally, the performance
parameters of the optimal design are summarized in Ta-
ble 1. The excess loss and the extinction ratio are less
than 1 dB and lower than –20 dB, respectively, for all
of the three wavelength channels, while the bandwidth
specifications fulfill the ITU-T G.983 standard.

In conclusion, a compact BiDi triplexer is proposed
based on silicon nanowire waveguides. Grating-assisted
MMI coupler is employed in the device. Because of the
high index contrast between silicon and silicon diox-
ide, the size of the structure is greatly reduced with a
footprint of 2.5×911 (µm). To satisfy the bandwidth
requirements in ITU-T G.983, asymmetrical ports are
introduced in the MMI structure and 3-dB bandwidths
of 100, 22, and 15 nm are obtained for 1 310, 1 490, and
1 550 nm, respectively. The optimal device also has a
good performance in terms of low excess loss and large
extinction ratio. Besides, the device can be readily fab-
ricated using a commercial CMOS process, making it
quite low cost.
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