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Abstract: In this paper, a novel cyclic mode converter (CMC) is proposed and fabricated
to implement cyclic mode permutation (CMP) on-chip for differential mode delay and mode-
dependent loss elimination in the mode division multiplexing (MDM) transmission system.
Cascaded by three optimally designed mode converters that do not affect the non-target modes,
the proposed CMC can realize the conversion of any input mode among the TEy/TE/TMy/TM;
modes. The three-dimensional finite-difference time-domain (3D-FDTD) simulation results
show that the insertion loss of our device is less than 0.59 dB, and the crosstalk of each mode is
lower than —15 dB under the range of 1500-1600 nm. The flat spectral response of this CMC is
maintained even in the presence of fabrication errors up to+10 nm, showing great robustness.
The experimental results also prove that at the center wavelength of 1550 nm the measured
insertion loss of each mode is below 2.22 dB, and the crosstalk of each mode is lower than —15
dB. The proposed CMC provides a new idea for effectively reducing link damage in the MDM
transmission system.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The increasing demand for communication capacity has made research efforts in space division
multiplexing (SDM) transmission become one of the attractive technologies in the future optical
fiber communication system [1]. As a kind of SDM technique, the mode division multiplexing
(MDM) technology that simultaneously transmits multiple data streams over multi-mode fibers
or few-mode fibers (FMFs) is widely concerned. The first long-distance MDM transmission
using 3 spatial modes to transmit over 1000 km is reported in [2]. The dominant performance
limiting factors in long-distance MDM transmission is the accumulation of differential mode delay
(DMD) and the equalization of mode-dependent loss (MDL). In weakly coupled long-distance
FMF transmission, DMD and MDL grow almost linearly with fiber length [3,4], which limits
the achievable information capacity. Therefore, when the widely-used conventional linear
multiple-input multiple-output digital signal processing (MIMO-DSP) algorithm is used at the
receiver, the required number of equalizer taps increases sharply [5,6]. Alternatively, the use of
special core structures, such as ring core [7,8] and nanopore-assisted core [9], can effectively
reduce the impact of DMD and MDL. Nevertheless, high doping difficulty limits the production
process, and fabrication tolerance also has a great impact on fiber performance.

A novel cyclic mode permutation (CMP) technique [10] has been proposed recently for 3500
km DMD-unmanaged 6-mode-multiplexed transmission. A threefold recirculating loop system
is constructed to transmit signals carried by spatial mode. In this CMP transmission strategy,
spatial channels are cyclically interchanged in each span via a pair of mode multiplexers (MUX)
and demultiplexers (DEMUX). It seems to provide a new path to decrease the impact of DMD
and MDL. Nevertheless, when it comes to the actual transmission link, a large number of MUX
need to be deployed in the link at the same distance, which means that the performance of
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mode-(DE)MUX will directly affect the performance of the MDM transmission system. On the
other hand, the use of mode-(DE)MUX will increase the cost and occupy a larger space. Lots
of mode-(DE)MUX have been reported to realize an MDM system now, such as the free-space
optical devices [11], the photon lantern [12], and the multi-plane light conversion (MPLC) [13].
However, they cannot balance performance, cost, and size at the same time. For example, the
free-space optical devices, which are easy to design, usually use multiple beam splitters to
multiplex spatial modes, thus introducing excess loss. Besides, different modal sets require
specific beam structures and transmitter/receiver equipment, which makes the system complex
and less compatible. The photon lantern can be well compatible with the optical fiber with low
insertion loss, but the crosstalk performance of the current commercial photon lantern devices is
generally poor. As an emerging technology, the MPLC can achieve accurate light wave field
operations and has the potential to expand the number of mode channels. However, its insertion
loss performance needs to be improved at present. At the same time, it puts high demands
on optimization algorithms and computational costs. Therefore, suitable methods are highly
desired to apply CMP technology to the actual deployment of future MDM transmission systems.
Coincidentally, when we focus on one of the threefold recirculating loops in the CMP scheme, the
spatial mode carrying MDM signals seems to be converted into another mode every circulation
of the loop. It represents that using mode converters to realize CMP operation is a method worthy
of consideration.

Driven by the urgent demand for applications in low cost, low loss, high level of integration, high-
bandwidth interconnects, and the compatibility with complementary metal-oxide-semiconductor
(CMOS) processes, multimode manipulation in silicon photonics is one of the most promising
technologies to accommodate the demand for MDM system. Lots of functional devices have
been reported to use in MDM systems, such as mode-(DE)MUX [14], multimode waveguide
crossings [15], multimode Bragg gratings [16], multimode switching [17], multimode filtering
[18], multimode grating coupler [19] and reconfigurable multimode devices [20]. As a key
component of MDM operation, mode converters have been extensively researched recently.
Different structures for mode converters have been reported, and three methods are mainly used to
achieve mode conversions: phase matching [14,21], coherent scattering [22], and beam shaping
[20,23]. Based on the powerful mode manipulation capabilities and potentiality for integration
with other devices of the mode converter, we think it is a good idea to use cyclic mode converters
(CMC) to implement CMP technology on-chip.

In this work, we have developed a novel scheme to implement CMP operation on-chip with a
cyclic silicon waveguide mode converter for the first time. Through the theoretical analysis and
simulation, the optimally designed cascaded mode converter can realize the conversion of any
input mode among the TE(/TE;/TMy/TM;| modes. The simulation results show that the insertion
loss of each mode of our device is less than 0.59 dB and the crosstalk is lower than —15 dB under
the range of 1500-1600 nm. In our experiment, a four-mode CMC is successfully fabricated, and
its effective length is less than 200 pm. At the center wavelength of 1550 nm, the insertion loss
of each mode is below 2.22 dB, and the crosstalk of each mode is less than —15 dB. Besides,
when the crosstalk is less than —10 dB, all of the mode bandwidth range is larger than 20 nm.
This work expands the design ideas for reducing DMD and MDL in MDM systems, paving the
way toward the practical application of silicon-based devices to MDM transmission systems.

2. Principle

Figure 1(a) displays the situation in that four-mode signals transmit over FMF without CMCs
deployed in the link. Under the influence of DMD, the pulse broadening for MDM signals causes
the mode transmitted in the channel to reach the receiver at different times, which enhances
the computational complexity of the MIMO algorithm at the receiver. The CMP scheme in
the FMF link can alleviate the damage of DMD and MDL, but the transmission performance
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will be affected by the excess insertion loss and crosstalk introduced by mode-(DE)MUX, as
shown in Fig. 1(b). Figure 1(c) shows the schematic diagram of the proposed long-distance
FMF transmission using CMCs. After the four-mode signals transmitting through each CMC,
each mode will be converted to a unique corresponding mode. In this transmission strategy, the
information symbols delivered on each spatial channel will periodically traverse all optical paths
characterized by each spatial mode after four CMCs. Therefore, DMD and MDL caused by
different spatial modes will be equated in each channel. Compared with the CMP scheme, our
scheme using CMC avoids placing multiple pairs of mode-(DE)MUX in the optical fiber link,
which greatly reduces the device cost and link complexity and improves transmission quality
at the same time. Meanwhile, most reported mode converters focus on the conversion process
between two specified modes. Other mode-conversion processes require changes in the structure
and parameters of the converter, which limits the spatial channel expansion in MDM systems.
This CMC expands the number of modes up to four and has the potential to extend to more
modes with further improvement. Figure 1(d) shows a schematic diagram of the proposed CMC,
which is based on the 340 nm thick silicon platform surrounded by a silicon dioxide (SiO;) upper
cladding and buried oxide (BOX) layer. Si and SiO; refractive indexes are ng;(Ag) 3.476 and
ngio2(ho) 1.444 at the central wavelength of Ay = 1550 nm. This CMC is composed of three
cascaded mode converters, which are the TE mode-order converter, TE;-TMj polarization rotator
(PR), and TM mode-order converter. Compared with many mode converters [24,25] reported
previously that may have unexpected effects on the mode of another polarization, these converters
only convert the specific modes but do not affect other modes.

Si
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Fig. 1. Schematics of MDM transmission (a) without and with (b) the CMP or (c) the CMC
scheme over practical FMF link. (d) 3D schematic of the proposed CMC on an SOI platform.

When a mode is entered into CMC, it will be transmitted through the three converters mentioned
above. Whenever the mode passes through one of them, it will be converted to another mode, or
keep the original mode unchanged. Figure 2 presents the working principle of the proposed CMC.
Based on this conversion process, the TE¢/TE;/TMy/TM;| modes input to CMC can eventually
be converted into the corresponding four modes, as shown in Fig. 2(a). The working principle
of the TE mode-order converter shown in Fig. 2(b) is similar to that of the Mach—Zehnder
interferometer (MZI)-based mode converters [20,23], which is called the beam shaping method.
Taking the TEy-to-TE; mode conversion as an example, two antiphase TEy-like modes can
combine and produce a TE; mode due to their similar mode profiles [26]. We demonstrate the
working principle and propose the optimized size in detail in Fig. 2(b). The input TEy mode is
split into two beams with equal powers and the same phase, and a phase shifter (PS) induces a
phase difference of (2n+1)m between the two beams during the propagation. In the end, the two
antiphase TE(y modes recombine and generate a TE; mode. Similarly, the input TE; mode is split
into two antiphase beams with equal powers. After passing through the PS, the two TE-like
modes with the same phase are recombined into a TEy mode. Nevertheless, when it comes to
TM modes, things are different. In the case that TMy or TM; mode is input, the PS induces a
phase difference of 2nm between the two beams, so the output mode after recombination will not
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change. Therefore, our TE mode-order converter can only convert the input TE modes of each
order, and will not introduce unexpected conversion to TM modes.
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Fig. 2. The working principle of the proposed CMC. (a) The cyclic mode-conversion
process in the proposed device. (b) Schematic and working principle of the proposed TE
mode-order converter. Take the case of inputting TEy mode as an example. (c¢) Schematic
and working principle of the proposed TE;-TM( PR. (d) Schematic and working principle
of the proposed TM mode-order converter. Take the case of inputting TMy mode as an
example.

In this case, two waveguides of the same length are used to establish a differential phase shift
using geometric differences in the PS section. The PS consists of adiabatic tapers connected
to the input and output waveguides and a wide waveguide in the middle. The function of the
adiabatic tapers is to reduce back reflections and maintain the power in the desired mode. The
mode effective index changes with the width of the waveguide. Therefore, if the waveguide
widths of the upper and lower arm are different, the propagation constants and phase velocities
will also be different, which can generate a phase difference. By engineering the power splitting
ratio and the structure of PS, the two beams can have equal powers and a specific phase difference.
Then the two beams recombine to produce the new mode that we need.

We first study two parallel Si wire waveguides with different widths, as shown in Fig. 3(a). The
accumulated phase difference between two waveguides along the section of length Ly is given by

2
Agr (1) = 7" (et (W1, A) = e (w0, A)] Ly 1)

where w; and wg are the width of the wide and narrow waveguides, respectively. neg(wy, )
and neg(wo, A) are the effective indexes of the fundamental modes supported by the wide and
narrow waveguides, respectively. The free-space wavelength is denoted as A. Equation (1) shows
that the phase shift is mainly controlled by the wavelength, waveguide width, and length of the
PS. We need to choose the appropriate wg, wy, and Lw to generate a specific phase shift at the
design wavelength Ag. To reduce the loss caused by the mutation of waveguide width, Fig. 3(b)
shows the case of introducing a tapered waveguide in the input and output ports. The phase shift
generated in the tapered waveguide section can be expressed as

1
M) = 28 /0 (et w00, A] = ner(wo, D} d, @

where x is the length variable of the tapered waveguide. [ is the length of the tapered waveguide.
w(x) is the waveguide width at x, and the effective index neg [w (x) - ] is a compound function of
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x. To sum up, the total phase shift value of the designed PS is Ag; + 2A¢,. The phase shifts
provided by the PS for TE mode and TM mode are diverse due to the different effective indexes
of the two modes [27]. Figure 3(c) shows the relationship between the effective indexes of
TE( or TMy mode and waveguide widths, respectively. An; or An; represents the difference
of TEy-like mode or TMy-like mode effective index between wide and narrow waveguides,
respectively. It is worth mentioning that the input and output tapers have little effect in this
instance due to their comparatively short lengths, so we first calculate the phase shift introduced
by the wide waveguide to TE(-like mode and TMj-like mode. Noted that Ltg should be as small
as possible, we determine the widths of the wide and narrow waveguide to guarantee Any:An, is
3:2. Substituting into Fig. 3(c), we find that the narrow waveguide width of 0.5 um and the wide
waveguide width of 0.95 pm are proper. The Lt is calculated to be 8.7 pm. Then we transform
the input and output part of the wide waveguide into a tapered waveguide and slightly lengthen
the length of the tapered part to compensate for the phase shift lost due to the transformation. The
optimized size is shown in Fig. 2(b). Compared with the narrow waveguide, the whole TE-PS
adds an additional phase shift of 37 to the light wave of TE(-like mode and an additional phase
shift of 27 to the light wave of TMy-like mode.
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Fig. 3. The cumulative phase difference between two waveguides of different widths without
(a) and with (b) tapered waveguides. (c) Relationship between the effective indexes of TE(
or TMy mode and waveguide widths.

The design principle of TE;-TM, PR in the middle part can be referred to [28], which is
designed as a bi-level adiabatic tapered waveguide structure, as shown in Fig. 2(c). In the
first section, the input strip waveguide gradually changes into a ridge waveguide, creating an
environment of asymmetric longitudinal distribution of the refractive index. In some special
ranges of ridge width, modes with a similar effective index will generate mode hybridization,
such as TE; mode and TM(y mode. The second section gradually changes from ridge waveguide
to output strip waveguide to complete mode conversion. Figure 4 shows the variation of the
mode effective indexes with the core width when the etching depth is half the height of the top
silicon layer. Mode hybridization is observed near W, = 0.9 um, as shown in the marked circle
in Fig. 4. In other words, mode hybridization can occur only when the end widths of PR meet the
condition of W| < W ,<W5.

The working principle and optimized size of the TM mode-order converter are shown in
Fig. 2(d). The design process is similar to the TE mode-order converter, which will not be
repeated here. The whole TM-PS adds an additional phase shift of 7 to the light wave of TMy-like
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Fig. 4. The calculated effective indexes for the modes of SOI rib waveguide with etching
depth het = 0.5H. Here the total height of the Si layer is H =340 nm.

mode and an additional phase shift of 2t to the light wave of TE(-like mode compared with the
narrow waveguide.

The three-dimensional finite-difference time-domain (3D-FDTD) method is implemented
to verify the theoretical results of the device. Figure 5(a) shows the distribution of simulated
electric field when four different modes are input to the TE mode-order converter. It can be
seen that this device can realize TE(-TE; and TE;-TEj mode conversion simultaneously without
affecting each order TM mode. Figure 5(b) shows the distribution of simulated electric field
when four different modes are input to PR. This PR can realize the conversion from TE; to TM,
mode (or TMy toTE; mode) without affecting other input modes. Figure 5(c) shows the main
components distribution of the simulated electric field when four different modes are input to the
TM mode-order converter. It can be seen that this device we designed can realize TMy-TM; and
TM;-TMy mode conversion simultaneously without affecting each order TE mode.
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Fig. 5. Distribution of simulated electric field when TEy/TE{/TMy/TM; mode is input into
(a)TE mode-order converter, (b) TE;-TM PR, and (c)TM mode-order converter respectively.
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By cascading the above three mode converters, a complete cyclic mode conversion process
can be realized. Figures 6(a)—6(d) show the simulated electric field distribution. The input
TEy/TE{/TMp/TM; mode can be converted to pure TM{/TEy/TE;/TM( mode, which agrees well
with our previous analysis. Figures 7(a)-7(d) show the simulated transmission spectra under four
mode inputs. The insertion loss when each mode input is less than 0.37 dB and the crosstalk is
less than —20 dB at the wavelength of 1550 nm. The device has an insertion loss<0.59 dB and
the crosstalk less than —15 dB over the whole 100 nm band.
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Fig. 6. Distribution of simulated electric field when (a) TEy (b) TE; (c) TMy (d) TM;
mode is input into the proposed CMC.
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Fig. 7. Simulated transmission spectra when (a) TEq (b) TE; (c) TMg (d) TM; mode is
input into the proposed CMC.

The tolerance to fabrication errors is also studied using 3D-FDTD simulations. Dimensional
errors of Ad =+10 nm are assumed in the width of both phase shifter and narrow waveguides,
which is very common in practical fabrication. Figures 8(a)-8(d) show the simulated transmission
spectra affected by the fabrication error when each mode input. It is observed that the insertion
loss of the device is only degraded to 0.52 dB at the wavelength of 1550 nm, and the operational
bandwidth of the device deteriorates slightly. In our device, the simultaneous increase or decrease
of the width of the upper and lower arm waveguides will lead to the change of the mode effective
indexes in the same direction. Therefore, the phase difference between the two waveguides hardly
changes. Moreover, the flat spectral response is achieved even in the presence of dimensional
errors as large as +10 nm, yielding a remarkable tolerance to typical etching errors.
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Fig. 8. Simulated insertion loss with dimensional errors of A3 = + 10 nm when (a) TE, (b)
TE; (c) TMy (d) TM| mode is input into the proposed CMC.

3. Fabrication and measurements

The designed CMC has been fabricated on a standard SOI wafer with 340-nm-thick top silicon
and 2-um-thick buried dioxide according to the size of the simulation. First, to form the metal
located layer, 1.6-um-thick PMMA resist was spun on the SOI substrate and the pattern was
defined using 100 keV electron beam lithography (EBL, Vistec EBPG5000 + ES). Then, 20 nm
Ti (adhesion layer) and 60 nm Au were deposited using thermal evaporation, and a lift-off process
was introduced to form the located layer. After that, a 400-nm-thick electron beam resist, AR-P
6200 was used and followed by EBL, and an inductively coupled plasma (ICP, Oxford Plasmalab
System 100) etching process was used to transfer the pattern to the silicon layer. The EBL and
ICP processes need to be repeated twice due to the need to fabricate the rib waveguides of the
polarization rotator. Finally, a 2-um-thick silica layer had been deposited as the upper cladding
using a plasma-enhanced chemical vapor deposition (PECVD, Oxford Plasmalab System 100)
process at 300°C. Figure 9(a)-9(d) shows the top-view scanning electron microscope (SEM,
GeminiSEM 300) picture of the fabricated CMC, captured before the upper silica cladding
was deposited. Figure 9(e) shows the measurement setup used for the characterization of the
fabricated CMC. An amplified spontaneous emission (ASE) with a 1.53—1.57 pm wavelength
range light source is used in our measurement. The power of the input optical signal is set to O
dBm. A polarization controller is used to control the polarization state to maximize the coupling
efficiency of the grating coupler. We have also fabricated the standardized TE/TM-polarized
grating couplers (GC) on the same wafer to couple light between the fibers and the silicon
waveguides. The coupling losses are 6.6 and 7.0 dB/port, respectively. The optical signal passing
through the polarization controller is coupled with the on-chip GC through the bare fiber fixed
on the six-axis displacement platform. The reference mode-(DE)MUX based on asymmetrical
directional coupler (ADC) structures are cascaded to conveniently measure the insertion loss
and crosstalk of our proposed CMC [29]. The polarization beam splitters (PBS) based on a
three-waveguide coupler [30] are used to combine/separate the TEy and TMy modes while the
high-order modes (TE;, TM;) are (de)multiplexed by using cascaded ADCs. The on-chip MUX
will selectively excite different modes coupled into the CMC, and the on-chip DEMUX is utilized
near the receiver side to demultiplex the modes. To compensate for the optical power loss, the
received optical signals are amplified by an erbium-doped fiber amplifier (EDFA). A variable
optical attenuator (VOA) is used to regulate optical power before detection. An optical spectrum
analyzer (OSA, EXFO OSA20) is used to obtain the spectrum of the output optical signal. The
fundamental mode of light propagating in fiber is coupled to the input port to generate TE or
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TMy mode by TE/TM-polarized grating coupler, respectively. The input TEg or TMy mode will
be multiplexed by the MUX into the bus waveguide, which is then converted to the corresponding
mode by CMC. Finally, the converted mode will be demultiplexed to the corresponding output
port by the DEMUX. Therefore, by measuring the output power spectrum of the mode signal
of the corresponding output port and normalizing it according to the reference GCs and the
reference mode-(DE)MUX fabricated on the same wafer, the transmission spectrum of CMC can
be obtained. Similarly, the unconverted and incorrectly converted modes will be demultiplexed
into the other ports as the crosstalk. Table 1 shows the input and output mode signals and
their corresponding relationship with ports. Figure 10(a)-(d) depicts the measured transmission
spectra of the device at a received optical power of —15 dBm injected with TEy/TE/TMy/TM,
modes, respectively, which are normalized according to the reference GCs and the reference
mode-(DE)MUX fabricated on the same wafer. Table 2 depicts the measurement performance
obtained from the spectrum. It shows that the insertion loss of the CMC for each mode is less
than 2.22 dB and the crosstalk is less than —16.2 dB. Limited to the bandwidth range of the
on-chip GCs, the coupling loss increases sharply outside the wavelength range of 1540-1560 nm,
resulting in the output power being too low to be detected by the OSA. But from the transmission
curve trend shown in the experiment, we can definitely predict that the device has a larger
bandwidth than 20 nm for each input mode.

| DEMUX

Laser MZM PC EDFA VOA PD Dso
{ Chip /

Fig. 9. SEM images of (a) the proposed CMC, (b) the TE mode-order converter, (c) the
TE{-TMy PR, and (d) the TM mode-order converter. (e) Experimental setup. AWG, arbitrary
waveform generator; MZM, Mach—Zehnder modulator; PC, polarization controller; EDFA,
erbium-doped fiber amplifier; VOA, variable optical attenuator; OSA, optical spectrum
analyzer; PD, photodiode; DSO, digital storage oscilloscope.

Table 1. Modes signal conversion processes and their correspondence to input and output ports

Input port Mode excited by multiplexer Mode converted by CMC Output port
I TE; TEy 0,
I, TE, ™, O4
I3 T™, TE, 0,
Iy ™, TMy 03

In order to prove the concept of using the CMC for CMP transmission, we carried out an
experimental demonstration of data communications of 80 Gb/s per wavelength using the four
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Fig. 10. Measured transmission spectra when (a) TEq (b) TE; (c) TM( (d) TM| mode is
input into the proposed CMC.

Table 2. Measured performance of the CMC

Mode excited by multiplexer Insertion Loss @1550 nm (dB) Crosstalk @1550 nm (dB) Bandwidth (nm)

TEy 0.65 -21.3 >20
TE; 1.92 -16.9 >20
TMyp 2.22 -18.1 >20
™ 1.18 -16.2 >20

modes. The 20 Gb/s non-return-to-zero on-off keying (NRZ-OOK) signals are generated by
an arbitrary waveform generator (AWG) with a commercial LiNbO3 Mach—Zehnder modulator
(MZM). The wavelength of the laser is set at 1550 nm. The received eye diagrams are shown in
Fig. 11, indicating that clear and open eye diagrams can be measured at one output port, while the
signal from other output ports can be barely detected. These results demonstrate that the CMC
can be used for high-speed optical communication applications. Finally, the bit error rate (BER)
measurements are performed. The back-to-back case is measured as a reference, and the results
are shown in Fig. 12. It can be seen that the measured power penalties are all about 1 dB. It is
worth noting that the device can be only measured by one channel at a time due to the limitation
of the experimental facility. Fortunately, the fabricated device exhibits very low crosstalk, and the
power penalty will not increase markedly if we transmit the signal on all modes at the same time.

Though we cannot measure the geometry directly because of our experimental condition
limitation, we can deduce the fabrication error by inspecting the tendency of loss and crosstalk.
The insertion loss measured experimentally is normalized according to the reference GCs and
the reference mode-(DE)MUX fabricated on the same wafer. In other words, if there are some
differences between the performances of the reference (DE)MUX on the same wafer and the
(DE)MUX used in our test device, the insertion loss measured in the experiment is not accurate
enough, and we think that this is one of the important reasons that the insertion loss in the
experiment is higher than that in the simulations. Unfortunately, the ADC-based mode-(DE)YMUX
is sensitive to fabrication errors, even a deviation of +10 nm will introduce an additional loss of
about 1-2 dB according to our subsequent simulation results. In the fabrication process, such
dimensional errors are difficult to avoid, and this may introduce additional loss when calculating
insertion loss and crosstalk through the transmission spectrum. Meanwhile, the crosstalk of the
device is not as good as the simulation results. Through the simulation of fabrication errors, we
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Fig. 11. (a)-(d) 20 Gb/s eye diagrams at a received optical power of —15 dBm when the
signal is input to I;-14 port, respectively.
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Fig. 12. Measured BER for the back-to-back (B2B) reference case, port I to Oy, port I, to
Oy, port I3 to Oy, and port I4 to O3 at 1550 nm.

can speculate that the ridge waveguide of PR in the middle of CMC is partially under-etched.
The effective indexes of TE and TM modes in ridge waveguide change when choosing different
etching depths, and it is obvious that the mode hybridization region shifts correspondingly. One
has a smaller W, (where the mode hybridization region locates) when the optical waveguide
is under-etched. Particularly, the TMy mode becomes leaky when W.,<Wrtg_ in this case.
This results in insufficient mode conversion, which also affects insertion loss and crosstalk
performance of our device. The insertion loss and crosstalk can be further reduced by optimizing
the fabrication process, such as optimizing the metal marker deposition and lift-off process, using
the thermal oxidation method instead of PECVD to form the SiO, layer to reduce scattering and
reflection, and optimizing the lithography and etching processes for more accurate etching depth
and smaller sidewall roughness.

4. Conclusion

In summary, we have proposed and experimentally demonstrated a CMC based on the cascade
of mode converters. This device can implement CMP operations on-chip to effectively reduce
the impact of DMD and MDL in MDM transmission. We have designed three different mode
converters that do not affect the non-target modes. The CMC cascaded by them can convert any
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of the four input modes. The simulation results show that the insertion loss of each mode of our
device is less than 0.59 dB and the crosstalk is lower than —15 dB in the whole C-band. The
experimental results confirm that at the central wavelength of 1550 nm, the measured insertion
loss is less than 0.65/1.92/2.22/1.18 dB for the converted TM;/TE(/TE;/TM modes, respectively.
The crosstalk of the CMC for each mode is less than —16.2 dB. The bandwidth range is larger than
20 nm for each input mode. This device is compatible with CMOS fabrication technology and
can be easily integrated with other optical components. Furthermore, the tolerance study shows
that our device has a large tolerance for fabrication errors. Our device has attractive prospects
for deployment to actual MDM links, and we believe that the proposed scheme provides a new
solution for long-distance high-capacity MDM transmission.
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