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Abstract: A simple mede-group (de)multiplexer utilizing 2 co-planar directional coupler formed by heterogensons wavegnides
is proposed, which features two few-mode cores with different refractive indices and heights. The propesed device enables the
control of mede-group (de)multiplexing between two few-moede cores, 12, for manipulating both the Ex and Ei: modes a3 2
mode group. A three-mode (de)multiplexer i3 designed and fabricated with polymer materials through multi-step
photolithography to demonstrate the proposed methedology, where only the high-order modes couple betwesn two few-mode
cores. For Ex mode and E: mode, A coupling ratio higher than 90.6% and 39.9% iz mezsured of our device within the C-bend,
ranging from 1330 to 1565 nm. A low polarization state sensitivity is confumed by modal crosstalk lower than 9.3 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 E:; mnd E:
modes from E; mode is representad. The proposed mode-group (de)multiplexer can be further developed to manipulate more
guide meode groups, and the crosstzlks can be further decreased by mtreducing horizontz]l and vertical tapers during the
fazbrication. The device proposed can find zpplication m photonic mtegrated chips where mede-group manipulations are required.
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1. Introduction

The contmuously growing data volume presents a new demand for optical communicztion systems with the development of
new zpplications, such 2s big data, coud, and Intemet of Things, optical communications data traffic has experienced explosive
growth m recent years. [1, 2]. To keep up with the pace of dzta transmission growth, various technoloegies have been mvestigated
to cope with the exponentizl mersase m date traffic | with multiplexing technology representing 2 vishle option for mereasing the
fiber transmizsion capacity through parallelism of physical dimensions m frequency, polarization, time, quadrature, and space [3].
Space diviston multiplexing (SDM) technelogy, 2s an available technique for enhancing the transmission capacity and spectral
efficiency i optical communication [4], can be mplemented through various schemes: multicors multiplexing [3], mode division
multiplexing (MDD [8], and thetr combmations. MDM technology allows for multiple spatial pathways available m few-mode
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fibers to significantly enhance transmission capacity through parallelism of spatial modes, making it one of the promising
efficient methods. Recently, an optical communication system usmg MDM and Wa‘i.E].EﬂE,‘l‘]:l division multiplexing has been
demonstrated i the mid-infrared region, which multiplexes three wavelengths of ~3.4 pm. two OAM modes, and tranzmits 30-
Ghit's QPSK signals. Compared to previous mid-IE. transmission with single beam and channel, the propesed system achieve 2
~3(= improvem ent in transmission capacity [7].

Mode (de)multiplexer, which zllows for combmmg and separsting of differsnt modes m 2n optical communication system,
iz 2 crucial component of MDMW system . Currently, many photonic mtegrated dewvices, mcluding Y-junctions, phetonic lantems,
multimeds mterferometers, and directional couplers (DCs) [3-13], are explored to implement mede (de)multiplexing. Among
these reported dewvices, DCs attract more attention due to their merits of flexibility and sezlability m the desipn. Theory of parallel
waveguide coupling was proposed mnd amelyzed by 5. Miller m 1934 [14], and many horizontal DCs were developed later. For
the mode manipulating devices. A three-mode (de)multiplexer using parallel wavegumides with a uniform height has been
demenstrated [13]. However, parzllel wavegnides cannot establish coupling between medes with horizontally symmetric moedes
25 exemplified by the LPy mode and Py mode, and a moede rotator which bresks the verticz]l symmetric by modifymg the
mods overlap mtegral iz used to figure out thiz problem. With 2 mode rotator by using 2 trench i the straight few-mode
wavegnide [16], 2 PLC-based mode (de)multiplexer for four modes has been demonstrated [17]. Ancther way to brezk the
symmetry is to mtroduce waveguide formed by three-dimensional (3D) structures. such as vertical DCs_ or horizontal DCs with
non-uniform heights [18, 19]. However, silicon platform-besed dewices make the fabrication of 3D wavepnides diffienlt, and
some challenges exist in the fabrication due to the characteristics of silicon materials [20].

Polymer material, based on photolithegraphy technelogy, allows the formation of multilayer and three-dimensional (3D)
waveguide struchires m zn easy way, which provides a particularly flexible methodology for developing devices that manipulate
2]l modes regardless of the mode symmetric whether they are in the horizontal or vertical directions. Recently, adiabatic-tapered
waveguides employed in directional couplers have emerged as a viable solution for achieving broadband mode (de)multiplexing
[21, 22]. To mznipul ate mer= modes with 2 simpler design, the efficient multiplexing of three modes with mtegrating horizontal
and vertical DCs formmg 3D wavegnide has been demonstrated [23]. However, m the case of all reported DC-based mode
(de)multiplexers, the wavegnide cores have zn identical refractive mdex. The above design means that few-mode cores (FMWCs)
need to couple different high-order medes to smgle-mode cores (SMCs) and vice versa, which control only ons meds with one
SMC core. As the number of the (dejmultiplexed mode numbers merezses, more DCs are required, mzking design and
fzbrication more diffienlt.

In thiz paper, we prezent a co-planar DC composed of two FMCs, where one of the FMCs possesses 2 higher refractive
mdex than the other one. We can manipulate the mode groups regardless of their symmetry i the same DC with lower crosstalk
in such a heterogensous waveguide design, rather than an optical component that manipulates only one guide mode. In the
expetimental dEEﬂDﬂEEEI‘IDIl_ a mude—gmup (de)multiplexer for manipulating thres modes iz designed and fabricated with
polvmer materials via multi-step photelithography. For the E» and Eo» modes, the fabricated chips demonstrate 2 coupling ratic
higher than 20.6% and 32.9% i the C-bend, =nd the messured modal crosstalks to E. medes are lower than 9.5 dB,
demonstratmg the state of polarization is msensmivity. For the Eo mode, modal crosstalk lower than -17.8 dB to Ex and Ei:
modes i3 measured. The erosstalk can be forther reduced by tapered waveguide [23], [24] or 2D material embedded waveguide
[23]. The device can be further zpplied in photonic mtegrated chips where mode group manipulzting is required as well as
mereasing the mtegration of chips.

2. Design and Methodology

The structure of the mede-group (de)multiplexer is shown m Figure 1, which is compoesed of two few-mode cores (FMCs)
with different widths, heights, and refractive mdices, where each FMC supperts Eo, Ez and E > modes 23 gnided mode. In the
design, the FMC 2 possess 2 higher refractive mdex then FMC 1, making the difference i effective refractive mdex of the Eis
mods between the two cores is significant. As a result, it is possible to avoid the significant coupling of the fundamental medes
between the two FMCs. Conversely, strong couplng of both the E:; modes and the E;: modes can be achieved simultansously
between the two FIMCs by controlling the parameters of the two FMCs, mcluding heights, widths and the refractive mdex.

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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Figure 2
The phase-matching condition for the Ex; mode and E;: mode between FAMC 1 and FMC 2, where the effective refractive
index of the E;; and E1» modes in FMC 1 is phase-matched thatin FMC 2

Nelad

FMC1 FnIC 2

As shown m Figure 2 for the puide modes, the strong couplng between modes ocours between two FMCs when the gnide
modes mest the phase-matching condition, which reliez on the match of effective refractive indices. For puided modes, the
dimension of the FMCs determines the effective refractive index m the waveguide design theory. Thanks to the hybrid-core
design, we can realize the strong coupling of the Ex and E > medes while having 2 small effect on the Ei mode between the two
FMCs.

We determine the effective indices of the three guide medss m two FMCs by using 2 mede solver commercizl software
based on the full-vector finite-clement methed (CORSOL). The refractive ndices of FMC 1, FMC 2, and the cladding are setat
1.564, 1,569, and 1.559, respectively. These parameters are zlso the same 23 those used in the fabrication. We design the core
heights of FMC 1 and FRC 2 to be h=10 pm =nd h-=6.5 pm_ respectively. Then we caleulate the dispersion of pnide modes
zgzinst the core widths. The simulation results of the guide modes against the core widths are plotted for TE polarization at the
wavelength of 1350 nm, which iz shown i Figure 3(z). The effective indices difference of the Ey) mode between two FMCs is
larger than 2 x 10+, which mdicates that sipnificant couplmg iz unlikely to happen for the E;; mode between the two FRCs
regzrdless of the changes m their core sizes.

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 wi=11.7 pm and w»=7.2 pm for phase-matched thatis highlighted by thin vertical lines.
{(b)The top view of the waveguide structure built in Rsoft CAD and the propagation paths
with (c) the En, (d) the En, and (e} the Ex» modes lannched into FMC 1
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To achieve the phase-matched of both the Ex and Ei» modes, we choose core widths to be wi=11.7 pm and w~=7.2 pm that
gllow E: mode and E;: mode couple betweaen the two core regions effectively. To confum the length of DC, we use commercial
softwars (Bsoft) with 3D fnite-difference beam propagztion method (EPM) to study the mode coupling for the analysis. Figure
3(b) llustrates the top view of the wavegnide constructed m Esoft. The moeds propagation field of each guided mode is
respectively fllustrated m Figure 3(c), 3(d) and 3(e). The gap between two parzllel wavegnides is designed to be 15 pm to ensurs
the best experimental conditions, and the length for the parallel waveguides 15 designed to be 3 mm with two symmetric S-bend
lengths iz caleulated to be 7 mm which iz based on the gap, and the outlet of twe FIMCs with 2 separation of 103 pm both i the
mput and output thanks to the S-bend. The design determines the coupling length and gives the herizontal space for the coupling
between the wavegnide and fiber. As shown m Figure 3(c), 3(d) and 3(2), the E,; mode stays at Core 1, where the couplng ratio
iz almost equal to zero. Moreover, the E;; and Ei: modes are coupled to Cors 2 with most of the optica] power and then output
from Core 2 25 expected. As a result, such a device can function 2s an effective fundamental-mode-pass mede-group mode
(de)multiplexer.

Figure 4
Calculated coupling ratios for (a) TE and (b) TM polarizations of different gnided modes
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Figure 5

The crosstalk of the residual power with lannching the Ex, and E1: modes into the FAMC 1 and the weak conpling of the
En mode from FMC 1 to FMC 2 for (a) the TE, (b) the TM polarizations
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The performances of the mede-group (dejmultiplexing can be characterized i the form of couplimg ratios for the E. (where
mn=11, 21 and 12) modes from FRIC 1 to FMC 2, which are formulated 2z follows:

CRm,t - Paur—nln {1}
whete Py gy i3 the output power of E. mode m FMC 2 when lmumching the E. mode mto FMC 1, and Poyrgpeqp 13 the
overall power cutput from two FMCs. For the Eyy, Ez and Ey» modes, the simulated coupling ratios are respectively lzbelled 2
CR.y, CB:: and CR.i: as shown in Figure 4. For TE and TM pularizariﬂn the CR.: i3 respectively greater than 95.0%¢ and 96.2%
m the C band, and the CR12 is respectively greater than 90.0%¢ and 91.2% m the C band, wherezs the CR.y; is respectively lanEr
than 0.02% and 0.01%
Wezk couplings fmm the unexpected modes cocur when the mtended medes are launched mto FMC 1, which may lead to
the modal crosstelk between different spatial moedes. Alse, the residuzl powers of the mtended modes are classified as crosstalks.
As aresult, the modsal erosstalk cam be determined by launching the mtended mode at the MUK port of FMC 1, and then the
output power of all cores except the expected core is crosstalk, which can be defmed as follows:

P oyt—toral

CTrmn-pg = mzugm;"' Y (pg = mn) @

E—mn

For TE and T polarizations, the simulated cresstalk of the CTizineiz, CTzio, and CTiz i3 shown m Figure 5(2) and
3(b), respectively. By using Eq.2, The CTiizii01z, CT2iu, and €Tz are lower than — 9.7 dB and — 2.6 dB at C band for TE
znd TM polarizations. Then we calenlate the device tolerance with different widths of the FMCs. As shown m Figure 6, the FMC
1 znd FMC 2 width vanation 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.

Figure 6
Coupling ratios of the Exy mode and the Er» mode with the variation of (a) the FMC 1 width and (b} the FMC 2 width
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3. Fabrication and Characterization

The mode-group (dejmultiplexer iz fabricated using EpoCote and EpoClad polymer materizls (Micro resist technology,
GmbH) 25 cors and dadding materials, respectively, following design parameters via an in-house fzbrication facility, where the
fzbrication steps are shown m Figure 7. For the supportmg substrate, 2 silicon substrate with an orientation of <100~ iz selected
and zetivated by plasma cleaning. The lower cladding iz formed by spin-cozting the EpoClad pelymer onto the silicon substrate.
After the EpoCore pulj,rmﬁr material with a higher refractive index is spin-coated onto the lower cladding, then the pattern of the
FMC 2 15 formed by using photolithegraphy on the same plane of the lower dadding. Later, the FMC 2 15 cured before the spin-
coating of EpoCore polymer materizl with 2 lower refractive index, so the FMC 1 is then formed on the same plane of the lower
daddmg by uzsing photolithegraphy and the FMC 2 does not affect the f2brication of the FMC 1. Conversely, the construction of
FMC 1 25 the fust step will impact the fabrication process of FMC 2 becanse of its large size. Fnally, the upper cladding is
formed by spin-coating the EpeClzd polymer on the top of the dewvice. At last we can achieve two FMCs DC formed by
heterogeneous wavegmides via this fabrication technology [26].
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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
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Top views and end face of the photonic cireuits during the fabrication are shown m Figure 8. The coupling region of the
chip is shown in Figure 3(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 i Figure 3(k), where the mterval of the FMC 1 and FMC 2 15 about 103 pm.
Figure 8(c) shows the end face of the fabricated circnits, where the end face confums that the FIMC 1 and FIIC 2 are fabricated
with differsnt heights and materials. By using the multi-step photolithography methodology, we can rezlize the fabrication of 3D
waveguide structures with different materials and core dimensions (both the core width and height). The proposed methodelogy
can further simplify the fabrication process such as mtreducing a middle cdadding or zdditional RIE trimming with metal mask
[18,23].

The fabricated mode multiplex is measured by experimentzl mezsurement setup as shown in Figure 9. A tunzble light source
iz applied to generate the light in the C-band. A fiber mode converter is selected to generate the high-order modes (such as the Exy
and E;: modes) as the mput high-order mede source [27]. The fzbricated mode-group (de)multiplexer on a chip is shown m
Figure 10(z). where the length of the chip mcudng the mput and ocutput ports iz about 2.9 cm. The mtended mode can be
launched mto the chip from either end or any port of the chip 23 desired. The mode-group multiplexer serves to couple both the
E: and E;: modes from FMC 1 to FMC 2 and vice versa, while the remainmg fimdementz] mode stays i the FMC that was
laumehed m and propagates zlong the FMC, and at l2st the fundamentz] mode outputs from the output port of the FMC where it iz
launched mto. For example, when we launch the three modes mto the FMC 1, the E;y mode stays n and output from the FRC 1
while the Ex and E: modes are both coupled to FMC 2 and then cutput from the FMC 2. Using the mfrared CCD (Ophir-
Spiricon), the captired nezr-field patterns from the output ports of the FMC 1 and FMC 2 for TE and TM polarizations i3 shown
m Figure 10(k). The experimental results confum that the device can serve 23 2 mede-group (dedmultiplexsr to manipulate the
mode groups.
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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 En, En and Ex: modes from the FMC 1 and FMC 2
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Coupling ratios of the mode-group {de)multiplexer for (a) the TE and (b) the TM polarizations of the Ex and Ejzmodes
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Figure 12
Crosstalks of the mode-group (de)multiplexer eaused by the Eyy mode and the residual power of the Ex and Eqp modes
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The powers for each mede cutput from the FMC 1 and FMC 2 of the fzbricated moeds multiplexer iz mezsured by 2
photodetector. By using (1), the coupling ratios of the E» and E > modes are calculated as CRzy and CR.y: for outputs from FMC 2,
and similarly, CR.:; and CR.i: for cutput from FMC 1. As shown in Figure 11, the CE/(output from the FMC 2) and CR. {output
from the FMC 2) are higher than 91 3% (90.6%%) and 89.9%: (30.8%%), while the CR.(output from the FMC 1) and CR.f{output
from the FMC 1) are lower than 8.7% (9.4%) and 9.2%, respectively, in the C-band. The CR.; iz lower than 0.1% (0.1%), which
is not shown i Figure 11. The device is polarization-insensitive as confumed by experimenta] results. The msertion loss that
meludes the couplmg loss and propagation less for the Ei, Exy, and E;: modes zre measured to be zbout 8.2 dB, 9.1dB and 9.5
dB, respectively. The msertion loss eansed by the material that 43 operated 2t 800 nm, which ean be greatly redneed by using low
loss material at 1550 nm.

The residusl powers of the E»; and E;> modes i the FMC 1 and the weak coupling of the E;; mode from the FMC 1 to FMC
2 are the crosstalks. By usimg Eq. 2, the crosstalks are analysed m the experiment as well. As shown m Figure 12, for TE and Th
polarization, the crosstalks are lower than -18.2 dB and -17.8 dB to the E: and Ei: modes from Ei mode (CTizminiaz),
respectively, and the crosstalks iz lower than -10.2 dB and -2.3 dB to the E; mode from E: mode, and -9.5 dB and -2.9 4B to
the Ei mode from Ei: mods, respectively. The crosstalks cansed by the Ex and Ei: medss to the Ei mods can be further
decreased by mtroducing horizontal and vertical tapers durmg the fabrication [23].

4. Conclusion

Cutrent DC-bazed mode multiplexars require coupling higher-order modes i few-mode cores to the fundamental mode n
single-mode cores o viee versa, which can only manipul zte one mode with two DCs. To manipulate more modes with less DCs,
we propose 2 mode-group (delmultiplexer based on co-planar DC formed by heterogensous waveguides, which is fabricated wia
multi-step photolithography. The smple, sealable and effective mode-group multiplexer opens new possibilities m designmg
devices for controlling modes, such 2z mode-dependent-loss compensators, mode filters, ete. The multi-step photelithography
design methedelogy could realize photonic mntegrated chips with 2 simpler structure in the applications. The design methodelogy
of multi-step photolithography could achieve the reslization of photonic mtegrated chips with 2 simpler structure o the
applications.

Funding Support

Thizs work was supported by the National Natural Science Foundation of China (Grant Ne. 62205067), WSFC-INCN (Grant
No. 62361136584), and Guangzhou Basic and Applied Basic Research Scheme (Grant No. 2023A0471708).

Ethical Statement

Thiz smdy does not contzin any smdies with humen or snimal subjects performed by any of the anthors.



Journal of Optics and Photonics Research Vol. XX Iss. XX yyyy

Conflicts of Interest
The authors declare that they have no conflicts of mterest to this work.
Data Availability Statement

Data are avzilzble from the corresponding author upon rezsonable request.

Author Contribution Statement

Jiali Zhang: Formal analysis, Investigation, Data curation, Writmg - origmal draft Writing - review & editing,
fizuglization. Kedi Peng: Software, Writing - review & editing, Visualization. Jiaqi Ran: Writing - review & editing. Yaomin
Wu: Writing - review & editing. Jiadong Xiao: Writing - review & editing. Yujian Chen: Writing - review & editing. Yarou
Chen: Writing - review & editmg. Ou Xu: Validation, Supervizion. Quandong Huang: Conceptualization, Methodelogy,
Validation, Formzl analysis, Investigation, Resources, Data curation, Writmg - origimal draft Writing - review & editmg,
Misualization, Supervision, Project administration, Fundng scquisition.

References

[1]1 Richardsen, D. J., Fimi, J. M., & Nelzson, L. E. (2013). Space-division multiplexing i optical fibres. Nofure Phoionics, 7(3),
334-362.

[2] Mizme, T, & Miyamote, Y. (2017). High-capaeity dense space division multiplexing transmission. Opfical Fiber
Technology, 33, 108-117.

[31 Wmzer, P. J. (2014). Spatizl multiplexing i fiber optics: The 10x scaling of metro/core capacities. Bell Labs Technical
Journal, 19, 22-30.

[4] Putmzm B.J Bademacher G. & Luizs, B 5. (2021). Space-division multiplexing for optical fiber communications. Opfica,
8(9), 1186-1203.

[5]1 Chen, X, Zakharian, A. B, Johnson, 5, Hurley, I.E., Butler, D. L., Bennett, & W, .. & Li M. J. (2022). Demonstration of
1 This tramsmission over 6.3-km 1 U 4 linear array multicore fiber with standerd 125- pm cladding. Optical Fiber
Technology, 71, 102941.

[6] Du, ], S8hen, W, Liu, J., Chen, ¥, Chen, X, & He, Z. (2021). Mode division multiplexing: from photonic mtegration to
optical fiber transmizsion. Chinese Opiics Lefters, 199, 091301.

[71 fLou, K, Pang, K, Song, H, Fan, I, Zhao, 2 Song, H., . & Willner, A. E. (2022). Hiu;h-cagacity free-space optical
communications usimg wavelength-and mode-division-multiplexmg i the mid-mfrared region. Nature Commmmications,
13(1), T662.

[8] Gonzalez-Andrade, D, Olivares, I, de Czbo, B F., Vilas, I, Dias, A & Velasco, A. V. (2023). Broadband three-mode
converter and multiplexer based on cascaded symmetric Y-punctions and subwavelength engmeered MM and phase shifters.
Optics & Laser Technology, 164, 109513

[¥] Emaveh 7. 5. Antonio-Lopez I E. Zacarias, I A Schiilzgen, A Okonkowo, C. M., & Correa, B A (2017). All-fiber
few-mode multicore photonic lantern mode multiplexer. Optics Express, 23(14), 16701-16707.

[10] Jiang, W, Xie, L, & Zhang, L. (2023). Design and experimental demonstration of 2 silicon five-mode (de) multiplexer
based on multi-phase matching condition. Gptics Express, 31(20), 33343-33334.

[11] _%.13"1" JLim, D & Zhang M. (2022). 3h:Ses-assisted reconfigurable broadband Y-junction. Oprics Express, 30022), 40379-

[12] Sun, 5., Yu, Q. Che, ¥ Lian, T Xie Y., Zhang D & Wmg, X (2024). Mode-nzensitive and mode-zelective optical
gwitch based on asymmetric Y-junctions and MM couplers. Photonics Research, 12(3), 423—130

[13] Mao, 5, Cheng, L., Fhao, C, Wang, Y. Li Q. & Fu H. Y. (2023). Compact JY frve-mode multiplexer based on
asymmetric dirsctional couplers with constant bus wavegnide width. Optics Letters, 48(10), 2607-2610.

[14] Miller, 5. E. (1934). Coupled wave theory and waveguide applications. Bell Svsfem Technical Journal, 33(3), 661-719.

[15] Hanzawa N, Saitoh, K. Sskamoto, T. Matsm, T., Tsujikewa K, Eoshba M., & Yamamoto, F. (2014). MMode
%ujl?‘;dﬂuulhplmng with paralle] wavegnide for mode diviston multiplexed transmizsion. Opfics Express, 22(24), 20321-

[16] Saiteh, K, Uematsu, T., Hanzawa, N, Ishizaka ¥, Masumeto, K., Sakamoto, T, ... & Yamamoto, F. (2014). PLC-based
LP 11 mode rotator for mode-division multiplexing transmission. Opfics Express, 22(16), 19117-19130.

[17] Hanzzwa N, Sziteh, K| Szkamoto, T., Matsui, T, Teujikewa, K, Usmatsu, T., & Yamameoto, F. (2013). PLC-based four-
mode multi/ demultiplexer with LP 11 mode rotator on one chip. Jowrnal of Lightwave Technology, 33(6), 1161-1165.

[18] Zheo, W. K., Chen K X Wu I Y. & Chiang, K. 5. (2017). Horizontsl directional coupler formed with waveguides of
different heights for mode-division multiplexing. JEEE Phoionics Jowrnal, 9(3), 1-9.



Journal of Optics and Photonics Research Vol. XX Iss. XX yyyy

[19] Watznzbe T. & Kolmbun, Y. (2013). Demonstration of mode-evolutional multiplexer for few-mode fibers usmg stecked
polymer waveguide. JEEE Phoionics Journal, 7(6), 1-11.

[20] Hiraki, T., Tsuchizawa, T., Nishi, H., Yamamoto, T., & Yamada K (2013). Monoclithically mtegrated moede multiplexer/de-
multiplexer on three-dimensional S10x-waveguide platform. In Oprical Fiber Commnnication Conference, WIA-L

[21] Gross, 5. Riesen N_ Lowve, J. D & Withford, M. J. (2014). Three - dimensional ultra - broadbend mtegrated tapered mode
multiplexers. Laser & Photonics Reviews, §(3), L31-L83.

[22] Zhao, W. K, Chen, K X_ & Wu, I. Y. (2019). Broadbend moede multiplexer formed with non-planar tapered directional
couplers. JEEE Photonics Technology Letfers, 31(2), 169-172.

[23] Huang, Q. He, T, Zheng, Z., & Zhou, X. (2024). Ultra-broadbend and low-modal-crosstalk mode multiplexer based on
cascaded vertical directional couplers formed by adishatic-tapersd wavepuides without mode conversion. Journal of
Lightweave Technology, 42(5), 1566-1372.

[24] Sun, L., & Zhang, BE. (2021). Metematerizl-bazsed ultrashort multimeds waveguide taper with low mtermeds] crosstzlk.
Optics Express, 29(3), 7124-7133.

[25] Jizng, L., Jing, W & Chiang K. 5. (2023). All-optical timable filter with a graphene-buried long-period waveguide gratmg.
IEEE Photonics Journal 15(3), 1-6.

[26] Hu;-mE Q Ban J., Peng, K. He, I Chen, Q.. & Zhou, X. (2024). Hybrid-core co- wavegnide mede multiplexer

mulh—s photolithography for high-order-mode-passed puide mode manipulating. Opticc & Laser

Tarhmﬂagu 73, 111]]‘9

[27] Zhong, L., Huang, )., Zhang, J. Zheng £ Li, T & Xu, 0. (2023). Reconfigurable ultra-broadband meds converter based
on 3 two-mode fiber with pressure-loaded phase-shifted long-period alloyed wavegmide gratmg. Optics Express, 31(3),
8286-8203.

How to Citz:

Zhang J Peng K Fan J Wu, T Xizo, J Chen ¥. Chen Y. Xu, O, & Huang Q. (2024). Mode-Group (De)lIultiplexer
Based on Directional Coupler Formed by Heterogeneous Integrated Waveguides. Jowrnal of Qpiics and Photonics Research.
hitps://dor.org/ 1047852 bonviewJOPR42023673

10



