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Abstract: A simple mode-group (de)multiplexer utilizing a co-planar directional coupler formed by heterogeneous waveguides is proposed,
which features two few-mode cores with different refractive indices and heights. The proposed device enables the control of mode-group (de)
multiplexing between two few-mode cores, i.e., for manipulating both the £, and £}, modes as a mode group. A three-mode (de)multiplexer
is designed and fabricated with polymer materials through multi-step photolithography to demonstrate the proposed methodology, where only
the high-order modes couple between two few-mode cores. For £,; mode and £, mode, a coupling ratio higher than 90.6% and 89.9% is
measured of our device within the C-band, ranging from 1530 to 1565 nm. A low polarization state sensitivity is confirmed by modal crosstalk
lower than —9.8 dB and —9.5 dB to the E;; mode from E,; mode and E;, mode, respectively. A modal crosstalk lower than —17.8 dB to both
the E5; and E, modes from £, mode is represented. The proposed mode-group (de)multiplexer can be further developed to manipulate more
guide mode groups, and the crosstalks can be further decreased by introducing horizontal and vertical tapers during the fabrication. The device

proposed can find application in photonic integrated chips where mode-group manipulations are required.
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1. Introduction

The continuously growing data volume presents a new demand
for optical communication systems with the development of new
applications, such as big data, cloud, and Internet of Things;
optical communications data traffic has experienced explosive
growth in recent years [1, 2]. To keep up with the pace of data
transmission growth, various technologies have been investigated
to cope with the exponential increase in data traffic, with
multiplexing technology representing a viable option for
increasing the fiber transmission capacity through parallelism of
physical dimensions in frequency, polarization, time, quadrature,
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and space [3]. Space division multiplexing technology, as an
available technique for enhancing the transmission capacity and
spectral efficiency in optical communication [4], can be
implemented through various schemes: multicore multiplexing [5],
mode division multiplexing (MDM) [6], and their combinations.
MDM technology allows for multiple spatial pathways available
in few-mode fibers to significantly enhance transmission capacity
through parallelism of spatial modes, making it one of the
promising efficient methods. Recently, an optical communication
system using MDM and wavelength division multiplexing has
been demonstrated in the mid-infrared region, which multiplexes
three wavelengths of ~3.4 um, two OAM modes, and transmits
50-Gbit/s QPSK signals. Compared to previous mid-IR
transmission with single beam and channel, the proposed system
achieves a ~30x improvement in transmission capacity [7].

Mode (de)multiplexer, which allows for combining and
separating of different modes in an optical communication system,
is a crucial component of MDM system. Currently, many
photonic integrated devices, including Y-junctions, photonic
lanterns, multimode interferometers, and directional couplers
(DCs) [8-13], are explored to implement mode (de)multiplexing.

© The Author(s) 2024. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
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Among these reported devices, DCs attract more attention due to
their merits of flexibility and scalability in the design. Theory of
parallel waveguide coupling was proposed and analyzed by S.
Miller in 1954 [14], and many horizontal DCs were developed
later. For the mode manipulating devices, a three-mode (de)
multiplexer using parallel waveguides with a uniform height has
been demonstrated [15]. However, parallel waveguides cannot
establish coupling between modes with horizontally symmetric
modes as exemplified by the LPy; mode and LP;;, mode, and a
mode rotator which breaks the vertical symmetric by modifying the
mode overlap integral is used to figure out this problem. With a
mode rotator by using a trench in the straight few-mode waveguide
[16], a PLC-based mode (de)multiplexer for four modes has been
demonstrated [17]. Another way to break the symmetry is to
introduce waveguide formed by three-dimensional (3D) structures,
such as vertical DCs or horizontal DCs with non-uniform heights
[18, 19]. However, silicon platform-based devices make the
fabrication of 3D waveguides difficult, and some challenges exist in
the fabrication due to the characteristics of silicon materials [20].

Polymer material, based on photolithography technology, allows
the formation of multilayer and 3D waveguide structures in an easy way,
which provides a particularly flexible methodology for developing
devices that manipulate all modes regardless of the mode symmetric
whether they are in the horizontal or vertical directions. Recently,
adiabatic-tapered waveguides employed in DCs have emerged as a
viable solution for achieving broadband mode (de)multiplexing
[21, 22]. To manipulate more modes with a simpler design, the
efficient multiplexing of three modes with integrating horizontal and
vertical DCs forming 3D waveguide has been demonstrated [23].
However, in the case of all reported DC-based mode (de)
multiplexers, the waveguide cores have an identical refractive index.
The above design means that few-mode cores (FMCs) need to
couple different high-order modes to single-mode cores (SMCs) and
vice versa, which control only one mode with one SMC core. As the
number of the (de)multiplexed mode numbers increases, more DCs
are required, making design and fabrication more difficult.

In this paper, we present a co-planar DC composed of two FMCs,
where one of the FMCs possesses a higher refractive index than the
other one. We can manipulate the mode groups regardless of their
symmetry in the same DC with lower crosstalk in such a
heterogeneous waveguide design, rather than an optical component
that manipulates only one guide mode. In the experimental
demonstration, a mode-group (de)multiplexer for manipulating three
modes is designed and fabricated with polymer materials via multi-
step photolithography. For the E,; and E;, modes, the fabricated
chips demonstrate a coupling ratio higher than 90.6% and 89.9% in
the C-band, and the measured modal crosstalks to £;; modes are
lower than —9.5 dB, demonstrating the state of polarization is
insensitivity. For the E1; mode, modal crosstalk lower than —17.8
dB to E5; and E|, modes is measured. The crosstalk can be further
reduced by a tapered waveguide [23, 24] or 2D material-embedded
waveguide [25]. The device can be further applied in photonic
integrated chips where mode group manipulating is required as well
as increasing the integration of chips.

2. Design and Methodology

The structure of the mode-group (de)multiplexer is shown in
Figure 1, which is composed of two FMCs with different widths,
heights, and refractive indices, where each FMC supports £,
E,,, and Ey; modes as guided mode. In the design, the FMC 2
possesses a higher refractive index than FMC 1, making the
difference in effective refractive index of the E;; mode between
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Figure 1
The structure of the mode-group (de)multiplexer comprises two
few-mode hybrid cores with different dimensions and materials
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the two cores significant. As a result, it is possible to avoid the
significant coupling of the fundamental modes between the two
FMCs. Conversely, strong coupling of both the £,; modes and the
E|; modes can be achieved simultaneously between the two
FMCs by controlling the parameters of the two FMCs, including
heights, widths, and the refractive index.

As shown in Figure 2 for the guide modes, the strong coupling
between modes occurs between two FMCs when the guide modes
meet the phase-matching condition, which relies on the match of
effective refractive indices. For guided modes, the dimension of
the FMCs determines the effective refractive index in the
waveguide design theory. Thanks to the hybrid-core design, we
can realize the strong coupling of the £, and E1, modes while
having a small effect on the £1; mode between the two FMCs.

We determine the effective indices of the three guide modes in
two FMCs by using a mode solver commercial software based on the
full-vector finite-element method (COMSOL). The refractive indices
of FMC 1, FMC 2, and the cladding are set at 1.564, 1.569, and
1.559, respectively. These parameters are also the same as those
used in the fabrication. We design the core heights of FMC 1 and
FMC 2 to be &y =10 pm and s, = 6.5 pm, respectively. Then we
calculate the dispersion of guide modes against the core widths.
The simulation results of the guide modes against the core widths

Figure 2
The phase-matching condition for the E,; mode and
E{, mode between FMC 1 and FMC 2, where the
effective refractive index of the E,; and E;, modes in
FMC 1 is phase-matched that in FMC 2
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Figure 3
(a) The effective refractive indices of different TE-polarized guide modes change with the core width of FMC 1 (orange color)
and the core width of FMC 2 (purple color) at 1550 nm, where the chosen widths for FMC 1 and FMC 2 are fixed at w; = 11.7 pm and
w, = 7.2 um for phase-matched that is highlighted by thin vertical lines. (b) The top view of the waveguide structure built in Rsoft CAD
and the propagation paths with (c) the E;;, (d) the E;;, and (e) the E;, modes launched into FMC 1
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are plotted for TE polarization at the wavelength of 1550 nm, which
is shown in Figure 3(a). The effective indices difference of the £,
mode between two FMCs is larger than 2 x 103, which indicates that
significant coupling is unlikely to happen for the £}, mode between
the two FMCs regardless of the changes in their core sizes.

To achieve the phase-matched of both the £5; and £}, modes, we
choose core widths to be wy; = 11.7 pm and w, = 7.2 pm that allow E5;
mode and £}, mode couple between the two core regions effectively.
To confirm the length of DC, we use commercial software (Rsoft) with
3D finite-difference beam propagation method to study the mode
coupling for the analysis. Figure 3(b) illustrates the top view of the
waveguide constructed in Rsoft. The mode propagation field of
each guided mode is respectively illustrated in Figure 3(c), (d), and
(e). The gap between two parallel waveguides is designed to be 15
pm to ensure the best experimental conditions, and the length for
the parallel waveguides is designed to be 5 mm with two symmetric
S-bend lengths is calculated to be 7 mm which is based on the gap,
and the outlet of two FMCs with a separation of 105 pm both in
the input and output thanks to the S-bend. The design determines
the coupling length and gives the horizontal space for the coupling
between the waveguide and fiber. As shown in Figure 3(c), (d), and

(d) (e)

FMC1 FMC2 FMC1 FMC2 FMC1 FMC2 FMC1 FMC2

¢
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(e), the £y, mode stays at Core 1, where the coupling ratio is
almost equal to zero. Moreover, the £, and £, modes are coupled
to Core 2 with most of the optical power and then output from
Core 2 as expected. As a result, such a device can function as an
effective fundamental-mode-pass mode-group mode (de)multiplexer.

The performances of the mode-group (de)multiplexing can be
characterized in the form of coupling ratios for the E,,, (where
mn=11, 21, and 12) modes from FMC 1 to FMC 2, which are
formulated as follows:

P

out—mn

P

out—total

CRym = 1

where P, ., i the output power of E,,,, mode in FMC 2 when launch-
ing the E,;,,, mode into FMC 1, and P,,,, ;. is the overall power output
from two FMC:s. For the E 1, E>;, and E, modes, the simulated coupling
ratios are respectively labeled as CR;y, CR,;, and CR;, as shown in
Figure 4. For TE and TM polarization, the CR,, is respectively greater
than 95.0% and 96.2% in the C-band, and the CR;, is respectively
greater than 90.0% and 91.2% in the C-band, whereas the CRy is respec-
tively lower than 0.02% and 0.01%.

Figure 4
Calculated coupling ratios for (a) TE and (b) TM polarizations of different guided modes
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Figure 5
The crosstalk of the residual power with launching the E,; and E;, modes into the FMC 1 and the weak coupling of the E;; mode from

FMC 1 to FMC 2 for (a) the TE, (b) the TM polarizations
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Weak couplings from the unexpected modes occur when the
intended modes are launched into FMC 1, which may lead to the
modal crosstalk between different spatial modes. Also, the
residual powers of the intended modes are classified as crosstalks.
As a result, the modal crosstalk can be determined by launching
the intended mode at the MUX port of FMC 1, and then the
output power of all cores except the expected core is crosstalk,
which can be defined as follows:

P
10log,, — 241
810 P

out—mn

cr, (pg # mn)

n—pq — (2)
For TE and TM polarizations, the simulated crosstalk of the CT;1.51/11-12,
CT51.11, and CT5.q; is shown in Figure 5(a) and (b), respectively. By
using Equation (2), The CT11_21/11_12, CT21_11, and CT12_11 are lower
than — 9.7 dB and — 9.6 dB at C-band for TE and TM polarizations.
Then we calculate the device tolerance with different widths of the
FMCs. As shown in Figure 6, the FMC 1 and FMC 2 width variation
with coupling ratios larger than 90% range from 11.58 (11.60) pm to
12.15 (12.17) pm and 7.17 (7.16) pm to 7.33 (7.32) pm for the
TE(TM) polarization, respectively.
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3. Fabrication and Characterization

The mode-group (de)multiplexer is fabricated using EpoCore
and EpoClad polymer materials (Micro resist technology, GmbH)
as core and cladding materials, respectively, following design
parameters via an in-house fabrication facility, where the
fabrication steps are shown in Figure 7. For the supporting
substrate, a silicon substrate with an orientation of <100> is
selected and activated by plasma cleaning. The lower cladding is
formed by spin-coating the EpoClad polymer onto the silicon
substrate. After the EpoCore polymer material with a higher
refractive index is spin-coated onto the lower cladding, then the
pattern of the FMC 2 is formed by using photolithography on the
same plane of the lower cladding. Later, the FMC 2 is cured
before the spin-coating of EpoCore polymer material with a lower
refractive index, so the FMC 1 is then formed on the same plane
of the lower cladding by using photolithography and the FMC 2
does not affect the fabrication of the FMC 1. Conversely, the
construction of FMC 1 as the first step will impact the fabrication
process of FMC 2 because of its large size. Finally, the upper
cladding is formed by spin-coating the EpoClad polymer on the

Figure 6
Coupling ratios of the E;; mode and the E;, mode with the variation of (a) the FMC 1 width and (b) the FMC 2 width
(a) (b)
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Figure 7
Fabrication steps of the proposed mode-group (de) multiplexer
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Figure 8
Device top view during the fabrication of (a) the coupling region and (b) the outlet region; (c) the end face

(@) (b)

top of the device. At last, we can achieve two FMCs DC formed by
heterogeneous waveguides via this fabrication technology [26].
Top views and end face of the photonic circuits during the
fabrication are shown in Figure 8. The coupling region of the chip
is shown in Figure 8(a), where FMC 2 possesses a higher
refractive index than FMC 1. FMC 1 and FMC 2 are of different
heights. The outlet of the photonic circuits is shown in
Figure 8(b), where the interval of the FMC 1 and FMC 2 is about
105 pm. Figure 8(c) shows the end face of the fabricated circuits,
where the end face confirms that the FMC 1 and FMC 2 are
fabricated with different heights and materials. By using the

(©)

FMC1  FMC2

10 pm

multi-step photolithography methodology, we can realize the
fabrication of 3D waveguide structures with different materials
and core dimensions (both the core width and height). The
proposed methodology can further simplify the fabrication process
such as introducing a middle cladding or additional RIE trimming
with metal mask [18, 23].

The fabricated mode multiplex is measured by experimental
measurement setup as shown in Figure 9. A tunable light source
is applied to generate the light in the C-band. A fiber mode
converter is selected to generate the high-order modes (such as the
E», and E, modes) as the input high-order mode source [27]. The

Figure 9
Experimental setups for the device measurement
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Figure 10
(a) Fabricated chip and (b) the captured near-field patterns for the E,;, E>;, and E;, modes from the FMC 1 and FMC 2

Figure 11
Coupling ratios of the mode-group (de)multiplexer for (a) the TE and (b) the TM polarizations of the E,; and E;, modes
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fabricated mode-group (de)multiplexer on a chip is shown in
Figure 10(a), where the length of the chip including the input and
output ports is about 2.9 cm. The intended mode can be launched
into the chip from either end or any port of the chip as desired. The
mode-group multiplexer serves to couple both the E,; and Ej,
modes from FMC 1 to FMC 2 and vice versa, while the remaining
fundamental mode stays in the FMC that was launched in and
propagates along the FMC, and at last the fundamental mode
outputs from the output port of the FMC where it is launched into.
For example, when we launch the three modes into the FMC 1, the
Ey; mode stays in and output from the FMC 1 while the E,; and
Ey, modes are both coupled to FMC 2 and then output from the
FMC 2. Using the infrared CCD (Ophir-Spiricon), the captured
near-field patterns from the output ports of the FMC 1 and FMC 2
for TE and TM polarizations are shown in Figure 10(b). The
experimental results confirm that the device can serve as a mode-
group (de)multiplexer to manipulate the mode groups.

The powers for each mode output from the FMC 1 and FMC 2
of the fabricated mode multiplexer are measured by a photodetector.
By using (1), the coupling ratios of the £, and E;, modes are
calculated as CR,; and CR;, for outputs from FMC 2, and
similarly, CR,, and CR;, for output from FMC 1. As shown in
Figure 11, the CR, (output from the FMC 2) and CRj,(output
from the FMC 2) are higher than 91.3% (90.6%) and 89.9%
(90.8%), while the CR;;(output from the FMC 1) and CR;,(output
from the FMC 1) are lower than 8.7% (9.4%) and 9.2%,
respectively, in the C-band. The CR;; is lower than 0.1% (0.1%),
which is not shown in Figure 11. The device is polarization-
insensitive as confirmed by experimental results. The insertion
loss that includes the coupling loss and propagation loss for the
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E11, E»p, and Ej, modes is measured to be about 8.2 dB, 9.1dB,
and 9.5 dB, respectively. The insertion loss caused by the material
that is operated at 800 nm can be greatly reduced by using low
loss material at 1550 nm.

The residual powers of the £, and £}, modes in the FMC 1 and
the weak coupling of the E;; mode from the FMC 1 to FMC 2 are the
crosstalks. By using Equation (2), the crosstalks are analyzed in the
experiment as well. As shown in Figure 12, for TE and TM
polarization, the crosstalks are lower than —18.2 dB and —17.8 dB

Figure 12
Crosstalks of the mode-group (de)multiplexer caused by the E;;
mode and the residual power of the E,; and E;, modes
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to the £5; and £}, modes from £, mode (CT;.51/11-12), respectively,
and the crosstalks are lower than —10.2 dB and —9.8 dB to the £},
mode from E,; mode, and —9.5 dB and —9.9 dB to the £, mode from
E > mode, respectively. The crosstalks caused by the £, and E,
modes to the £;; mode can be further decreased by introducing
horizontal and vertical tapers during the fabrication [23].

4. Conclusion

Current DC-based mode multiplexers require coupling higher-
order modes in FMCs to the fundamental mode in SMCs or
vice versa, which can only manipulate one mode with two DCs.
To manipulate more modes with less DCs, we propose a mode-
group (de)multiplexer based on co-planar DC formed by
heterogeneous waveguides, which is fabricated via multi-step
photolithography. The simple, scalable, and effective mode-group
multiplexer opens new possibilities in designing devices for
controlling modes, such as mode-dependent-loss compensators,
mode filters, etc. The multi-step photolithography design
methodology could realize photonic integrated chips with a
simpler structure in the applications. The design methodology of
multi-step photolithography could achieve the realization of
photonic integrated chips with a simpler structure in the applications.
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