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16-channel hybrid WDM-PDM-MDM (de)
multiplexer for multi-band large-capacity optical

transmission system based on thick Si3N4 platform
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Abstract—We propose a novel design of hybrid multi-
band wavelength/polarization/mode (de)multiplexer based on
800 nm thick Si3N4 platform. The 16 channels are enabled
by asymmetric rib polarization beam splitters, subwavelength
polarization rotators and asymmetric directional couplers,
consisting of two operating frequency bands, dual polarization
and four transmission modes (2×2×4). A broad bandwidth
range from 930 nm to 1600 nm is supported simultaneously
on a same chip. This chip can achieve low insertion loss and
crosstalk in the 100 nm range near the center wavelength
(1550 nm and 980 nm). Our results demonstrate that all
channels of the (de)multiplexer have an average insertion loss
of less than 1.1 dB. In addition, the crosstalk in the same
band is less than -20 dB, while less than -15 dB in different
frequency bands. This hybrid (de)multiplexer chip has a great
potential for application in multi-band large-capacity optical
communication systems, especially in integrated multi-band
multiplexing systems.

Index Terms—multi-band, multiplexing ,hybird (de)MUX,
WDM, PDM, MDM

I. Introduction

W ITH the rapid development in communication,
sensing, artificial intelligence, and other fields,

current optical transmission systems are struggling to
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meet the rising capacity demands. With the extended
spectrum, the Multi-band (MB) optical networks have
great potential to meet the requirement. Integrating
wavelength-division-multiplexing (WDM) technology, MB
network can achieve large number of channels in-parallel
[1]–[5]. However, the cost increases significantly with too
many wavelength channels involved [6]. Therefore, it is not
an sufficient solution for addressing transmission capacity
bottlenecks.

As an alternative, Hybrid (de)multiplexing technology
can present a direct and highly efficient approach for
expanding the number of transmission channels by in-
tegrating WDM with mode-division-multiplexing (MDM)
and polarization-division-multiplexing (PDM) techniques
[7]–[10]. Implementing hybrid (de)multiplexing technology
in the MB transmission system represents a pioneering
approach to overcoming capacity limitation, enabling the
maximization of optical communication system volume.
Furthermore, the MB hybrid (de)multiplexing system,
which supports the 980 nm band, serves not only as an
optical interconnection tool but also as a pump source for
on-chip amplifiers, enhancing transmission distance, and
signal quality [11]–[14].

The core component facilitating MB hybrid
(de)multiplexing is the (de)multiplexer ((de)MUX).
Many excellent work has been reported into on-
chip (de)MUX technology, including systems with
multiple transmission channels utilizing WDM [15]–[17],
interconnection chips incorporating MDM technology
[18]–[23], (de)MUXs designed for mode-polarization
hybrid (de)multiplexing [24]–[26], (de)MUXs combining
WDM and MDM techniques [27]–[29], on-chip multi-
channel hybrid (de)MUXs enabling simultaneous
wavelength-/polarization-division-multiplexing [30]–
[32], and multidimensional (de)multiplexing systems
integrating WDM, PDM, and MDM [31], [33]. However,
the majority of these studies focus on individual band,
with rare research on on-chip MB (de)MUXs, especially
hybrid (de)MUX.

In this work, we introduce a technique for designing
a wideband MB hybrid (de)multiplexer incorporating
WDM, PDM, and MDM. Integrating subwavelength grat-
ing polarization rotator (SWGPR) and asymmetric rib po-
larization beam splitter (ARPBS) in the design enables the
(de)MUX to support a wide operational bandwidth of 100
nm centered at both 980 nm and 1550 nm on a single chip,
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Fig. 1. The schematic configuration of the designed Si3N4 MB hybrid WDM-PDM-MDM (de) multiplexer;(b) Structure fo the subwavelength
gating polarization rotator (SWGPR) (the insets show the SWG with key parameters and optical axis deflection Angle θ); (c)The structure
and key parameters of the asymmetric rib polarization beam splitter (ARPBS);(d) The structure and key parameters of the asymmetric
directional coupler (ADC).

allowing for a wavelength range spanning from 930 nm to
1600 nm while maintaining low loss and crosstalk. With a
wide operational bandwidth and numerous channels, the
(de)multiplexer paves the way for high-capacity optical
network communication. Additionally, our work also finds
extensive application in other MB systems, including on-
chip amplification and detection systems.

II. Theory and Design
In this work, a MB hybrid 980 nm/ 1550 nm (de)MUX

is designed on 800 nm thick Si3N4 platform, shown in
Fig.1(a). The thick Si3N4 platform, in comparison to
the SOI platform, provides a wider transparent window
spanning from visible light to mid-infrared light. It also
exhibits lower nonlinear effect and lower loss. Additionally,
this platform features a narrower refractive index gap
between Si3N4 and the SiO2 substrate, contributing to
the enhancement of transmission mode stability [34],
[29], [35]. The (de)MUX comprises SWGPRs,ARPBSs
and asymmetric directional couplers (ADCs) as depicted
in Fig. 1. This (de)MUX accommodates 16 channels
(2×2×4), including two operational bands at 1550 nm
and 980 nm, two polarization states: Transverse Electric
(TE) and Transverse Magnetic (TM), and four modes
(TE(M)0, TE(M)1, TE(M)2, TE(M)3).

A. Subwavelength grating polarization rotator
The polarization rotator (PR) is implemented on the

(de)MUX for enhancing the conversion between the TE0

mode and the modes in the TM state. Enhanced bire-
fringence effect is realized with the employment of the

subwavelength grating (SWG) [36]. This structure offers
board operation bandwidth due to its characteristic of
wavelength insensitivity. Additionally, low transmission
loss of subwavelenth structure has been demonstrated [37].
The SWGPR is shown in Fig. 1 (b).

For the light incident vertically on the SWG waveguide,
the grating structure can be regarded as a uniform medium
whose refractive index is between the waveguide medium
and the substrate medium. The equivalent refractive index
satisfies the following relationship [38], [39]:nxx
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Where nxx, nyy, nyy and are the refractive indices along
the x, y, and z axes; f are the subwavelength grating duty
cycle; nSiO2

and nSi3N4
are the refractive indices of SiO2

and Si3N4, respectively.
The equivalent refractive index distribution of cross

section is asymmetric for partially etching the straight
waveguide into SWG. And this structure deflects the
optical axis in the waveguide. The deflection angle between
the optical axis and the fixed coordinate system in the
waveguide structure is defined as θ (where the fixed
coordinate system is defined as the Cartesian coordinate
system, with the X-axis parallel to the waveguide epitaxial
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(a) (b)

(c) (d)
Fig. 2. The calculated optical axis deflection angle θ with varied
Hetch ,Wetch and duty f . (a)(b) 980 nm ((a)f = 0.3;(a)f =
0.4);(c)(d) 1550 nm ((c)f = 0.3;(d)f = 0.4).

layer, and the Y-axis perpendicular to the waveguide epi-
taxial layer).The deflection angle θ satisfies the following
relationship [40], [41]:

tan(θ) =

∫∫
Aw

n2(x, y)e2xdxdy∫∫
Aw

n2(x, y)e2ydxdy
(4)

Where n (x, y) is the refractive index distribution in
the cross section ex(x, y) and ey(x, y) are the transmitted
electric field components.

The beat frequency length of the birefringent light is Λ
, which is expressed by Equation (5):

Λ =
λ

no − ne
(5)

Where λ is the wavelength ,no and ne are the equivalent
refractive indices of the ordinary ray and extraordinary
ray, respectively.

In the polarization conversion structure designed in
this work, the polarization direction of the incident light
is parallel to the fixed coordinate axis of the straight
waveguide, and the angle between the incident light and
the optical axis in the polarization converter structure is
the above optical axis deflection angle θ. After passing
half a beat frequency Λ

2 , the polarization direction of the
outgoing light and the input light will be deflected by 2θ
[42], [43].

By designing the etching depth (Hetch), the etching
width (Wetch) and the duty cycle of the SWG, the polar-
ization rotation of the input linearly polarized light can

(a) (b)

(c) (d)
Fig. 3. The calculated beat frequency length Λ with varied Hetch

,Wetch and duty f . (a)(b) 980 nm ((a)f = 0.3;(a)f = 0.4);(c)(d)
1550 nm ((c)f = 0.3;(d)f = 0.4).

Fig. 4. The calculated effective refractive index mismatch severity
of other fundamental modes when one mode is matching in ARW
(Hrib = 340 nm ,Wrib = 600nm and Wslab ranges from 0.1 µm to
1.6µm) (a:1550TM0 ,b:1550TE0,c:980TM0 and d:980TE0)

be realized. The deflection angle and the half-beat length
with different structural parameters of the polarization
converter are calculated, and the results are shown in Fig.
2 and Fig.3.

Reducing duty cycle of the SWG can lower the required
length of PR. However, a high fabrication process is
demanded for preparing grating structure with a small
duty cycle. Therefore, considering the device length and
production preparation, the duty cycle of the SWG struc-
ture designed for the PR in this work is set to 0.4. In
order to simplify the preparation process, the same height
of shadow etching is used for PRs of dual wavelength bands
are used. The parameters of the designed subwavelength
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(a) (b)
Fig. 5. The calculated effective refractive index of modes in strip
waveguide ((a) 1550nm ,(b)980nm).

grating structure are shown in Table 1.

B. Asymmetric rib polarization beam splitter
The phase matching condition of fundamental mode

signals with different wavelengths and polarization could
be satisfied at the same time in ADC. A polarization beam
splitter (PBS) with low loss and crosstalk is demanded for
the (de)MUX. Many excellent PBSs have been reported
that can separate signal of dual polarization states well.
But few work can support simultaneous beam-splitting
of signals with different oscillation directions and wave-
lengths [44]–[46]. In this work, a PBS based on asymmetric
rib waveguide (ARW) is designed, shown in Fig. 1 (c).

Fig.4 shows the phase mismatch severity of other funda-
mental modes when one mode is matching in ARW where
the width of rib is 600nm and slab width ranges from 0.1
µm to 1.6 µm. Polarization and wavelength band beam
splitting can be realized with the ARW. Additionally, the
ARPBS has a broad operation bandwidth. In order to
simplify the preparation difficulty of design, the depth of

shallow etching (Hrib) is unified to 340 nm , which is same
with Hetch of PR. The parameters of the designed PBS
are shown in Table 2.

C. Asymmetric directional coupler
The cascaded ADCs are used for the transmis-

sion and reception of signals from high-ordor modes
(TE(M)1, TE(M)2, TE(M)3) of this (de)MUX. The
structure of the ADC is shown in Fig. 1 (d). The power
conversion between tow waveguides could be solved by
coupled-mode theory, shown as follow [47], [48]:

κ(z) =
sin(ηz)

1 + α [neff1 − neff2]
(6)

Where κ(z) is the coupling efficiency of ADCs, α and
η are constants determined by couplers, the neff1 and
neff2 the refractive indices of modes in each waveguides
of ADCs, respectively.

When the fundamental mode signals light from ends
of the (de)MUX have phase matching (neff1 = neff2)
with the stable mode in the bus waveguide, the uploading
and downloading between channel ends and bus could
be realized by coupling. Fig .5 illustrates the effective
refractive index of each mode at 1550nm and 980nm. The
channel information and ADC parameters of the (de)MUX
are shown in Table 2.

III. result and analysis
The finite-difference time-domain (FDTD) method is

used to study the (de)MUX. Fig. 6 shows the transmission
diagram of optical vector in different directions (Ex and
Ey) of the SWGPRs of bands centered at 1550 nm and
980 nm. With the TE0 signal passing through the PR, the
Ex component of the input light decreases to zero while

TABLE I
Polarization converter structure parameters

Wavelength Band(nm) W_pr(µm) H_pr(µm) Wetch(µm) Hetch(µm) P(µm) f LPR(µm)
1550 0.8 0.8 0.4 0.34 0.2 0.4 56
980 0.8 0.8 0.35 0.34 0.2 0.4 72

TABLE II
Structural parameters of asymmetric directional coupler

Wavelength Band(nm) Channel Mode Wwg(+0.0m) Wgap(µm) Wbus(µm) Wrib(µm) Wslab(µm) LADC\LPR(µm)

1550nm

CH1 TM3 0.8 0.5 4.45 - - 92
CH2 TE3 0.8 0.3 3.91 - - 162
CH3 TM2 0.8 0.54 3.23 - - 101
CH4 TE2 0.8 0.63 2.88 - - 162
CH5 TM1 0.8 0.45 2 - - 62
CH6 TE1 0.8 0.6 1.84 - - 102
CH7 TM0 - 0.5 1 0.8 0.5 106
CH8 TE0 - 0.62 0.9 0.8 0.3 127

980nm

CH9 TE0 - 0.2 0.98 0.8 0.95 114
CH10 TM0 - 0.25 0.72 0.6 0.7 60
CH11 TE1 0.8 0.23 1.725 - - 110
CH12 TM1 0.8 0.24 1.835 - - 108
CH13 TE2 0.8 0.23 2.65 - - 141.5
CH14 TM2 0.8 0.285 2.86 - - 188
CH15 TE3 0.8 0.19 3.58 - - 103
CH16 TM3 0.8 0.28 3.89 - - 184
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(a) (b)
Fig. 6. The electrical field profiles of Ex and Ey in SWGPRs of two
bands ((a) 1550nm (b) 980nm).

(a) (b)
Fig. 7. The excess loss(EL) and polarization extinction ratio of
SWGPRs in this work ((a) 1550nm (b) 980nm).

Ey component gradually increases. This phenomenon
demonstrates the conversion between TE0 and TM0. Fig.
7 illustrates the transmission spectra of the PRs. The
subwavelength grating structure exhibits excellent wave-
length insensitivity, resulting in high conversion efficiency
and low crosstalk ranged a wide spectral. Specifically, the
conversion efficiency at 1550 nm is 94% with a crosstalk
of -18 dB and the conversion efficiency at 980nm is 86%
with a crosstalk of -23 dB. The lower efficiency at 980 nm
compared to 1550 nm can be attributed to the higher loss
of shorter wavelength in the SWG with the same period.

In order to verify the performance of the PBSs, the
fundamental mode signals with different polarization
and wavelength are respectively injected into the bus
waveguide to observe the transmission effect of each sig-
nal (1550TM0(CH7),1550TE0(CH8),980TM0(CH9),and
980TE0(CH10)). Fig. 8 shows the light field of the
ARPBSs within the (de)MUX. Rare light passes through
the waveguide of other channels and few signal light
remains in the bus, when only one mode signal is trans-
mitted. Only a small amount of TE0 light at 1550 nm is
coupled into and out of the ADC of CH7 during trans-
mission. The TE0 and TM0 modes of various wavelengths
transmitted through the bus are fully coupled into the
output ends of each channel. Consequently, the ARPBS
sequence demonstrates effective polarization isolation and
low crosstalk between the 1550 nm and 980 nm bands,
enabling the PBS to support the (de)multiplexing of
fundamental modes with different polarization states in
the dual wavelength band.

Fig. 8. The numerical simulation profile of the ARPBS with
fundamental modes inputs. ((a) 1550 TM0;(b) 1550 TE0;(c) 980
TM0;(d) 980 TE0).

The transmission characters of (de)MUX are analyzed,
as well. To enhance the demonstration of the performance,
we calculate the transmission spectra of the MUX link
created by this device. The MUX link is illustrated in
Fig.9, and the signal transmission spectra of the link
are displayed in Fig.10. The transmission spectral lines
of the signal light input from CH1 to CH8, spanning
from 1500 nm to 1600 nm, are depicted by solid lines,
with the corresponding wavelengths indicated on the lower
horizontal axis. Similarly, the transmission spectral lines
of the signal light input from CH9 to CH16, ranging from
930 nm to 1030 nm, are represented by dashed lines, and
their corresponding wavelengths are shown on the upper
horizontal axis. Among them, the TM polarization mode
channels have larger loss compared with the TE direction,
which is due to the loss introduced by the polarization
converter in the incident end and the outgoing end. The
transmission spectra of CH9(Fig.9 (i))-CH16(Fig.9 (p))
have more crosstalk from others. That is attributed to the
narrow gap of the ADCs and PBSs in the 980 nm band,
leading to a reduced phase mismatch between the long-
wavelength signal in the bus and the output waveguides
[49]. In the 100 nm range of 980 nm and 1550 nm as
the center wavelength, the crosstalk is less than -20 dB
between the light of the same frequency band and less than
-15 dB in almost every channel between different bands.
Additionally, the average insertion loss of the (de)MUX
link is -1.1 dB.
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Fig. 9. the schematic of the (de)MUX link formed by the hybrid multiplexers.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)
Fig. 10. The transmission spectra of each channels.((a)∼(h)The channels of the band centered at 1550nm, the wavelength coordinates are
located on the lower axis of the figure; (i)∼(p)The channels of the band centered at 980nm, the wavelength coordinates are located on the
upper axis of the figure )
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IV. Conclusion
In this study, a MB hybrid (de)MUX based on 800nm

thick Si3N4 platform for large-capacity optical transmis-
sion system has been developed. The ARW structure
serves as the PBS to facilitate polarization beam split-
ting and decrease crosstalk among different bands. Each
component in the multiplexer is wavelength-insensitive,
ensuring a vast operational bandwidth. This design offer
16 channels with WDM-PDM-MDM technology,consisting
of two frequency bands, dual polarization and four trans-
mission modes (2×2×4). The bandwidth across 670 nm
band has been achieved and within the wavelength ranges
of 100 nm centered at 980 nm and 1550 nm, the crosstalks
of the same frequency band are less than -20 dB , the
crosstalks of different frequency band channels are almost
always less than -15 dB, and the average insertion loss is
-1.1 dB.

With the board bandwidth and multi bands, this
(de)MUX could support large number of channels, paving
the way for high-capacity optical network. Additionally,
this device can support a versatile platform for on-chip
few-mode amplifier chip development by integrating both
the pump and communication bands. As the core com-
ponent of multi-band integrated systems, this design also
has great potential applications in sensing, optoelectronic
computing, and other fields. To the best of our knowledge,
this device is the first hybrid (de)MUX chip enabling
simultaneous transmission across the 980 nm and 1550
nm bands within a single device.
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