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Abstract: To the best of our knowledge, a novel concept of mode heterogeneity for the design of
multimode devices is presented in this paper and applied to the design of scalable multimode power
splitters. Based on a cascade of mode-dependent splitters and converters, we achieve beam splitting
and mode conversion for four modes from TEj to TE3 in the bandwidth from 1525 nm to 1560 nm.
The measurements of the device at 1550 nm show excellent performance, with the insertion loss
ranging from 0.16 dB to 0.63 dB, crosstalk all below —16.71 dB, and power uniformity between
0.026 dB and 0.168 dB.

Keywords: mode heterogeneous devices; multimode power splitter; mode-dependent converter;
silicon photonics

1. Introduction

Silicon-based optical interconnect technology [1-3] has experienced rapid develop-
ment in response to the escalating demand for communication capacity, driven by its
advantages of high integration, broad bandwidth, and compatibility with the complemen-
tary metal oxide semiconductor (CMOS). To alleviate this increasing capacity pressure,
extensive research has been conducted on multiplexing techniques [4], aiming to expand
the communication capacity by introducing new communication dimensions into the sys-
tem. One promising approach is mode-division multiplexing (MDM) systems [5-7], which
load signals onto mutually orthogonal modes, enabling capacity expansion within a single
wavelength channel. The multimode power splitter, as the essential device for building
mode-insensitive optical networks and systems, has received widespread attention and
research in recent years.

The demonstrated multimode power splitters can be categorized into two types.
The first type operates on all input modes within the same structure such as tapered
directional couplers [8] and optimized adiabatic couplers [9] that utilize the same coupling
strategy for multiple modes to achieve power splitting. The self-imaging principle of
multimode interference couplers [10,11] is used to realize the splitting function for low-
order modes. There are also reports on inverse designs [12,13] and geometric optics-
based structures [14,15]. Most of these designs are only effective in low-order modes,
exhibiting limited performance and causing a spike in device size when scaled up to
higher-order modes.

Conversely, the second type of multimode power splitter employs the cascaded ar-
chitectures for the sequential operation of various modes. These include the architectures
that convert each mode to a higher-order mode and then couple it to the corresponding
mode through Y-branching [16]. A more recent type of beam splitter architecture utilizes a
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particle swarm optimization (PSO) algorithm to optimize the tapered couplers, achieving a
splitter with 3 dB splitting of modes under broadband [17]. This class of multimode power
splitters possesses scalability but poor equalization of multiple modes at both outputs.

Modes serve as signal carriers in MDM systems due to the orthogonality of the
same polarization modes, ensuring that distinct signals do not interfere with each other.
Previous designs of multimode devices followed a one-to-one correspondence between
the carrier mode of the input signal and the carrier mode of the output signal. An easily
conceivable way to do this is to demultiplex the modes sequentially into the two sets of
fundamental modes and then couple the fundamental modes back to their original modes
in the output waveguides on two sides, respectively [17]. This introduces an additional
multiplexing/demultiplexing stage in the MDM system, which would greatly increase the
complexity of the system. This correspondence imposed limitations on device design, as it
is unnecessary to strictly maintain the invariance of carrier modes throughout the entire
signal transmission link. Instead, the primary requirement is to ensure the orthogonality of
carrier modes to prevent interference between signals. We propose here the novel concept
of mode heterogeneity. That is, in an MDM system, the multimode device does not need to
maintain the correspondence between signals and modes but only the orthogonality of the
modes in the whole link, and the composition of the modes of the signal group is allowed
to be differently constituted.

In this paper, we propose a straightforward and scalable multimode 3 dB power
splitter with cascaded mode-dependent splitters and converters based on the concept of
mode heterogeneity. The multimode splitter supporting four modes (TEy, TE;, TE;, TE3) is
demonstrated here, which can evenly separate four sets of signals within a single channel
into two spatial channels in an MDM system. The device exhibits excellent performance
from 1525 nm to 1560 nm, with the insertion loss below 1.14 dB for all four modes, crosstalk
less than —14 dB, and power uniformity less than 0.46 dB for the first three modes and
below 1.05 dB for the TE; mode.

2. Design and Simulation
2.1. Principle

Figure 1a shows a schematic of the mode heterogeneous multimode power splitter
(MH-MPS) in both 3D and cross-sectional views. The proposed device can be divided into
four stages. Each section is a mode-dependent splitter and converter (MDSC) that allows
the splitting and conversion of specific input modes to specific output modes. The MDSCs
serving different input and output modes are sequentially connected by the taper. When
a set of signals (A, B, C, and D) corresponding to the carrier modes (TEy, TE;, TE, and
TE3) is input, the D signal is split in the first part and the signal carrier mode is converted
to TEy while other low-order modes will directly pass through. Additionally, the output
TEy is passed through to the other MDSC sections and can consequently be transmitted to
the final port in the outermost two sets of waveguides. Figure 1a illustrates that the input
signals (A, B, C, and D) are split into spatial channels on both sides, and the signal carrier
modes are distributed heterogeneously without correspondence.

Each stage of the MDSCs, as illustrated in Figure 1a, is symmetrical and consists of
seven parallel straight waveguides, sequentially numbered as waveguides 1 to 4. The gap
between the waveguides is all 180 nm. Figure 1b shows the variation in the effective
refractive index versus the waveguide width for the four modes. The widths of waveguides
4 and 1 on both sides of the MDSC should be chosen to match the corresponding input
target mode and the output target mode, and the widths of waveguides 2 and 3 between
them correspond to the fundamental mode. In this paper, we take the matched waveguide
widths corresponding to the four modes to be 0.36 um, 0.76 um, 1.16 pm, and 1.56 pum.
Such widths satisfy that the effective refractive index of the highest-order modes that each
waveguide supports are matched. In this way, the target input and output modes are
coupled within the MDSC and the coupling effect of the low-order modes is weak [18].
To suppress the crosstalk generated by the coupling between the tapers used to connect
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the MDSCs, it is necessary to maintain a sufficient distance between the waveguides 1 and
4 connected to the tapers, and that will make the distance between the tapers sufficiently
large. Additionally, to maintain the coupling of the target modes, waveguides 2 and 3
should be introduced between waveguides 1 and 4. The eigenmodes within the MDSC,
which can be calculated with an EME solver (Ansys Lumerical), are a series of supermodes
with different distributions.
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Figure 1. (a) Three-dimensional schematic of the mode heterogeneous multimode power splitter and
cross-sectional view of each stage. (b) Width dispersion curves for TEy,TE;,TE,, and TE3.

Taking the second stage as an example, the input modes are all the output modes of
the first stage, which are TE in the two waveguides 1 and TEy, TE1, and TE; in waveguide
4. Theoretically, these modes, when coupled into the MDSC, can be expressed as the sum
of its eigenmodes. Figure 2 illustrates the distribution of the excited supermodes within the
second MDSC when the modes are fed at different waveguide inputs. It is discussed here
in two cases.

Target output
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Figure 2. The Ey distribution of the supermodes within the MDSC at stage 2, when target mode TE; is
input from waveguide 4 (a) and non-target modes are input from waveguide 4 (b) and waveguide 1 (c).
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In the case where the input mode is the target mode TE, a series of supermodes are
excited as shown in Figure 2a. Subsequently, because the propagation constants of the
supermodes are different, the phase difference accumulated by each supermode will differ
after a certain propagation distance. Ideally, the phase differences satisfy the condition,
as shown in Figure 2a, so that the phase change of supermodes 1 and 2 is (2n — 1)7r and
that of supermodes 3 and 4 is (2n) 7, where n is a positive integer. The supermodes are
linearly superimposed, resulting in two TE;s being output at the end of waveguide 1.

The case of non-target mode inputs is illustrated in Figure 2b,c. When TEj and TE;
are input from waveguide 4 and TEj is input from waveguide 1, only one eigenmode
can be excited, and the mode field distribution is almost the same as that of the input
modes. The distribution of supermodes is confined within waveguides 1 and 4, as shown
in Figure 2b,c. For target modes, the device has beam splitting and mode switching ca-
pabilities while maintaining the straight-through capability for non-target modes. This
characteristic ensures the sequential conversion and beam splitting of the four modes input
from waveguide 4 into waveguide 1 on both sides. Simultaneously, the target output
mode converted by the MDSC will not be coupled in the next stage, resulting in four
heterogeneous modes at the outputs on both ports.

2.2. Optimization

However, the phase shift of the individual supermodes may not exactly satisfy the
ideal relationship with 7, resulting in the superposition field of the supermodes still being
partially distributed in waveguides 2, 3, or 4 after a certain transmission distance within the
seven-waveguide structure. So, here we introduce a secondary multi-waveguide structure
(SMWS) to improve the transmission efficiency. As shown in Figure 2a, an SMWS is
connected to the end of the seven-waveguide structure so that a small portion of the optical
energy distributed in waveguide 2 can be further coupled to waveguide 1 on both sides by
the SMWS to achieve a more efficient conversion.

Considering that there can be many designs of SMWSs with different impacts on
efficiency, we will only explore five optimized structures here for structural simplicity.
Four of these SMWSs are constructed and their lengths are defined as the matching length
(ML), as illustrated in the optimized schematic in Figure 3a. For a given ML, the optimum
efficiency is obtained by scanning the entire length of the structure. On this basis, the varia-
tion curve of the transmission efficiency can be obtained by changing the ML, as shown
in Figure 3b—d. Based on the results, stage 1 was selected to be optimized as structure 1,
and stages 2 and 3 were optimized as structure 4. However, the phase difference of the su-
permodes within the fourth stage is so large from the ideal case that it is difficult to achieve
efficient transmission efficiency with the above four structures. Here, we introduce two
segments of the SMWS as shown in Figure 3e. By scanning the two MLs, the transmission
efficiency of the fourth stage is obtained as shown in Figure 3f.

With both w, and w3 at 0.36 pm, the overall design parameters of each stage are
listed in Table 1. Multiple MDSCs are connected sequentially with tapers of a length Lt of
6 um. Because the sums of the widths w; and w4 in all four stages are equal, the distance
D between waveguide 1 and waveguide 4 on both sides of the power splitter remains
constant at 1.26 um. This design avoids introducing crosstalk generated by the bending of
the waveguides on both sides. To validate the above analysis, we calculated the optical
propagation profile, as illustrated in Figure 4. Across the entire C-band, the insertion loss
(IL) of the four modes (TEy, TE,, TE, TE3) is less than 0.81 dB, 0.76 dB, 0.79 dB, and 0.77 dB
in order, and their crosstalk is less than —31.8 dB, —22.2 dB, —21.7 dB, and —26.7 dB in
order. At 1550 nm, the insertion loss ranges from 0.15 dB to 0.3 dB for all modes, with the
mode crosstalk varying between —22.17 dB and —33.5 dB. Obviously, the insertion loss
of the four modes shows a gradual increase when the wavelength is far from the center
wavelength. This is because the effective refractive indices of the supermodes within the
multi-waveguide structure are not the same at different wavelengths, causing the coupling
efficiency at a fixed length to vary with wavelength.
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Figure 3. The schematic structure for MDSC optimization in the first three (a) and the fourth (e) stages.
(b—d,f) The transmission efficiency with the matching length for different optimized structures at
1550 nm.
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Figure 4. The simulated insertion loss and crosstalk with the wavelength and light propagation at
1550 nm in the MH-MPS when the inputs are the TEy (a), TE; (b), TE> (c), and TE3 (d) modes.
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Table 1. Design parameters of the MDSC at each stage, with two ML segments at stage 4.
Stage w1 (um) wy (um) L (um) ML (um)
1 0.36 1.56 15.57 2
2 0.76 1.16 16.57 2
3 1.16 0.76 17.88 6
4 1.56 0.36 19.33 4;9

At the same time, we simulated the fabrication errors. The results in Figure 5a show
that the insertion loss of all four modes increases when the device size is reduced by
10 nm. Increasing the size by 10 nm also decreases the transmission efficiency, especially
for the fundamental mode, as demonstrated in Figure 5b. Both of the above have a smaller
increase in crosstalk. In general, the device is relatively sensitive to fabrication errors.
The insertion loss and mode crosstalk at temperatures of 300 K and 350 K are shown in
Figure 5¢,d. It can be seen that the center wavelength of the insertion loss generally shifts
toward the shortwave when the temperature is increased by 50 K. The comparison does
not appear to show a large difference, proving that the temperature has a small effect on
device performance. The functionality of the mode-heterodyne beam splitting has been
effectively implemented.

—— TEo-TEs(Stagel) ~—— TE;-TE;(Stage2) TE,-TE1(Stage3) ~ —— TE3-TEo(Stage4)
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g 20 \—\,\~> s

1.52 1.53 1.54 1.55 1.56 1.57 1.52 1.53 1.54 1.55 1.56 1.57
(c) Wavelength (um) (d) Wavelength (um)

Figure 5. Simulated insertion loss and crosstalk on fabrication error of —10 nm (a) and 10 nm (b) and
at temperatures of 300 K (c) and 350 K (d).

3. Fabrication and Characterization

The designed MH-MPS was fabricated on an SOI platform at Advanced Micro Foundry,
Singapore, with a top silicon layer of 220 nm and a buried oxide layer of 3 um. Figure 6
shows the fabricated MH-MPS and the multimode bend used for normalization. In the
lower part of the figure, light enters the mode multiplexer, passes through the MH-MPS and
multimode S-bending, and exits the mode demultiplexer. When the amplified spontaneous
emission is coupled to one of the inputs, the optical power of the eight output ports is
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measured sequentially with an optical spectrum analyzer. Then, the same operation is
performed by switching to the other input. The transmission spectra of the device in the
multi-group input mode are finally obtained. However, the measured results include the
loss of the mode multiplexer/demultiplexer and the multimode bending; it is necessary
to subtract the insertion loss of these two in the normalization. First, two sets of reference
transmission spectra are measured, one including the S-bend and one including only
the straight waveguide, followed by the transmission spectra including the MH-MPS.
Considering the inconsistency between the target modes for the input and output within
the device, the normalized spectrum requires subtracting the insertion losses of the mode
multiplexer for the input mode and the S-bend and the mode demultiplexer for the output
mode from the measured spectrum. The crosstalk (CT) and power uniformity (PU) of the
MH-MPS are defined by the following equations:

To—o(mn) (PrE,—TE,—up(A) + PrE, —TE, —10w(A)) @
PTEn—TE3_n—up (/\) + PTEn—TEg_n—low ()\) ’

CTTE" (A) = 1010g<

PUrE,(A) = )

Prg _ _up(A
10[08( TE,—TEs_p—up )) _

Pre, T, ,—low(A)

where 1 or m represents the order of the mode. Prg, g, —up (PrE,—TE, —low) TEPTEsents
the optical power measured at the upper (lower) port when TE,, is the input mode and
TE,, is the output mode. The insertion loss and the corresponding crosstalk and power
uniformity in the wavelength range from 1525 nm to 1560 nm for each input mode that
has been normalized are shown in Figure 7. The measured data are detailed in Table 2.
There is some degradation in the measured data compared to the simulated data because
the fabricated waveguide deviates from theory and the gaps are not uniform. Moreover,
the device’s measurable bandwidth is constrained due to the limitations of the light source.
The measured data show that the device meets the design requirements well at 1550 nm.
In addition, lower losses and a wider operating bandwidth can be achieved by using
coupling structures, such as tapered waveguides or subwavelength gratings. The design can
be easily extended to operate more modes by simply varying the widths of the waveguides
in the MDSC so that the widths of the middle waveguide 4 and waveguide 1 on both
sides satisfy the matching conditions for the input or output target modes, followed by the
optimization of the secondary multi-waveguide structure.

 30um

Figure 6. Microscope image of the fabricated device and multimode bending used for normalization.

Table 2. Insertion loss, crosstalk, and power uniformity for TEy, TE;, TE;, TE3 modes.

1.525-1.56 ym 1.55 pm
I t Mod
nPutAO%e 1L @B) CT(dB)  PU(dB) IL (dB) CT(B)  PU(dB)
TEy <1.14 <—14.8 <0.46 0.47 —18.79 0.026
TEq <1.1 <—15.08 <0.38 0.63 —16.7 0.032
TE, <0.47 <14 <0.38 0.26 ~17.64 0.074

TE3 <0.49 <—19.53 <1.05 0.16 —19.53 0.168
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Figure 7. The normalized transmission (NT) of the upper and lower ports, crosstalk (CT), insertion loss
(IL), and power uniformity (PU) with the wavelength when the input modes are TE, (a,b), TE; (¢,d), TE;
(ef), and TE;3 (g/h).

Additionally, some typical structures of multimode power splitters and our proposed
MH-MPS are summarized in Table 3 while the performance and parameters of each struc-
ture are also given. As can be seen in Table 3, the device structures with better performance
(the first four groups) can only be applied to low-order modes and are hardly scalable
for higher-order modes. Meanwhile, although the application of subwavelength gratings
or the inverse design approach brings more compact device structures, the correspond-
ing minimum feature size is also required to be quite small. Correspondingly, the last
three groups of device structures (including this work) have design principles that can
be extended to meet the inputs of higher-order modes. While the structure proposed in
Ref. [17] has a superior bandwidth, the main design principle is based on the multiplex-
ing/demultiplexing of modes and optimization of the coupled waveguide using a particle
swarm algorithm. This can make the whole design process extremely time consuming
and cumbersome. In comparison, our proposed MH-MPS has scalability and excellent
performance in a more compact device size. It is worth mentioning that, due to the high
symmetry of the device structure, the power uniformity of the first three modes, as shown
in Table 2, is lower than 0.46 dB. Only when the TE3; mode is input does the PU increases
more dramatically, as demonstrated in Figure 7h.
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Table 3. Performance comparison of proposed MH-MPS with other reported multimode power splitters.

Structure Modes Lf;‘gh BW (nm)  IL(dB) CTdB)  PU (dB)

MMI [10] TEo, TE; 96.9 15301590 <0.76 <—20.50 <0.9

SWG MMI [11] TEy, TE; 48.84 1500-1600 <0.65 <—17.00 -

Inverse design [12] TEy, TEq 2.88 1520-1580 <1.50 <—20.00 -
Inverse design [13] TE?F’ g Ev 45 1530-1570 <1.50 <—15.00 <0.35

2
Y-junction assisted with mode converters [16] TMy, TM; 120 1530-1610 <2.65 <—13.30 -
: . TEy, TEy, ~ -
Splitter using tapered couplers (PSO) [17] TE,, TEs, TE, 120 1520-1600 <1.50 <—14.12 <0.88
. TEo, TE;,

This work TE,, TEs 87 1525-1560 <1.14 <—14.00 <1.05

4. Conclusions

In summary, we innovatively propose the design concept of mode heterogeneity,
which eliminates the design limitations of conventional multimode devices that strictly
satisfy mode correspondences. On this basis, we have designed and demonstrated a
multimode power splitter with an operating bandwidth from 1525 nm to 1560 nm based on
mode-dependent splitters and converters. The beam splitting function of four modes from
TEy to TE3 has been realized, and the insertion loss of all the modes varies from 0.16 dB
to 0.63 dB at 1550 nm, the crosstalk is less than —16.71 dB, and the power uniformity is
below 0.168 dB. The design principle of the device can be easily extended to higher-order
modes. We believe it has great potential for application in large-scale integrated optical
communication and MDM systems. Meanwhile, the concept of mode heterogeneity also
provides a new way to design various devices in MDM systems.
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