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Spot-Size Converter Based on Long-Period Grating

Jia Yao Deng“, Meng Ke Wang

Abstract—We propose a spot-size converter (SSC) by exploiting
the high-efficiency mode conversion capability that a long-period
grating (LPG) possesses. Our proof-of-concept LPG-based SSC,
fabricated with optical polymer material on silicon nitride (SizN,4)
platform, has a length of ~700 pm, can improve the coupling
efficiency between the LP*o; mode of an ultra-high numerical
aperture fiber and the E*;; mode of the SizN,; waveguide from
~24% to ~33% at 1548 nm wavelength, corresponding to 1.4-dB
reduction in insertion loss. Therein, the LPG achieves a maximum
mode conversion efficiency of 90% between the two E*1; modes
of the polymer cladding and the SizN4 core. Our proposed SSC
provides a new path to achieve low-loss fiber-to-chip coupling.

Index Terms—OQptical coupling, spot-size converter, long-period
gratings, SizN, waveguide.

1. INTRODUCTION

HANKS to the high-index-contrast material platforms, in-

T cluding silicon-on-insulator (SOI), silicon nitride (SizNy),
and lithium niobate on insulate (LNOI) and so on, enabling
ultrasmall-bending-radius and low-loss optical waveguides, var-
ious advanced and high-density photonic integrated circuits
have been bloomed over the past decades [1]-[5]. However,
the waveguides based on the above high-index-contrast material
platforms have quite small mode size usually, resulting in a large
mode field mismatch and hence a large coupling loss, when
butt-coupled with a standard single mode fiber [6]. This severely
limits the practical applications of these photonic integrated cir-
cuits structured on the high-index-contrast waveguide platforms.
Nowadays, spot-size conversion is considered an optimal
way to address the above coupling loss issue [6], and kinds of
spot-size converter (SSC) have been proposed, including can-
tilever couplers [7], three-dimensional (3-D) tapered coupler [8],
suspended tapered coupler [9], bilevel tapers [10], inverted taper
[11]-[14], bilevel inverted tapers [15], [16], arrayed waveguides
[17], and staircase structure [18], and so on. Among of them,
inverted tapers are widely used to structure SSCs because they
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could achieve ultra-low coupling loss. In fact, the cantilever cou-
plerin [7] also employs the inverted taper structure. This coupler,
which combines inverted taper with cantilever, is designed for
coupling light signal into/out SOI waveguide. The fabricated
coupler achieves a quite low coupling loss of 0.48/0.39 dB/facet
for the quasi-TE/-TM modes at 1550 nm, respectively, and less
than 1 dB/facet from 1477 to 1580 nm for both polarizations,
when butt-coupled with a tapered optical fiber. But its fabrication
involves the complicated processes to release the cantilevers
from the substrate by anisotropically etching the SiO5 and
isotropically etching the Si substrate. In addition, in [13], the
fabricated inverted taper SSC for SizN, waveguide achieves
coupling losses as low as 0.12 and 0.14 dB/facet at 976 and 1550
nm wavelengths, when butted-coupled with a high numerical
aperture fiber (UHNA3) and a single-mode fiber (SM-1550),
respectively. And the coupling losses is lower than 0.2 dB/facet
in the wavelength range of 1460 to 1635 nm. In [16], the
fabricated bilayer inverted taper for LNOI waveguide achieves
a low coupling loss of 0.54/0.59 dB/facet at 1550 nm for the
TE/TM polarization, respectively, and less than 1 dB/facet for
both TE and TM polarizations in the wavelength range of 1527
to 1630 nm, when butt-coupled with an ultra-high numerical
aperture fiber (UHNAF) of which the mode field diameter is
about 3.2 um. Especially, in [14], a two-inversed-taper SSC
designed for the coupling between the LP;,. , and TE; modes
achieves experimentally an average of 5.51 dB coupling loss in
the wavelength range of 1515-1585 nm. These above SCCs help
to improve the butt-coupling efficiency efficiently. However,
the fabrication of them is kind of difficult due to a quite high
requirement for the fabrication precision.

In this paper, we propose an SSC based on a long-period grat-
ing (LPG). As is well known, at resonance wavelengths, an LPG
can couple the mode of the cladding into the mode of the core
completely and vice versa [19], [20]. By exploiting this unique
capability, LPG-based wavelength filter [21]-[23], mode filter
[24], [25], mode switch [26], mode converter [27]-[30], grating
coupler [31], and optical-fiber-to-waveguide coupler [32] have
been proposed and demonstrated recent years. Note that the
transfer of light power between the fiber and the waveguide in
[32] is based on the grating-assisted transverse coupling, not butt
coupling via the facets of the fiber and the waveguide. Similarly,
this unique transverse mode coupling capability of an LPG can
also be exploited to achieve the conversion between a small-size
core mode and a large-size cladding mode and, hence, realize
the SSC. To demonstrate this idea experimentally, we fabricated
the proposed LPG-based SSC with optical polymer material on
SizNy platform. Our typical fabricated SSC, which has a grating
length of ~700 pm, can improve the coupling efficiency between
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Fig. 1. Schematic diagram showing (a) the structure and (b) the operation
principle of the proposed LPG-based SSC.

the LP*y; mode of an UHNAF and the E*;; mode of the SigNy
rib waveguide from ~24% to ~33% at 1548 nm wavelength,
corresponding to 1.4-dB reduction in insertion loss. Therein, the
LPG achieves a maximum mode conversion efficiency of 90%
between the two E*1; modes of the polymer cladding and the
SizNy core. The 3-dB bandwidth of the device is 4 nm, but it can
be dramatically enlarged by optimizing the design of the grating,
such as by using the chirped grating [33] or the length-apodized
grating [25], [29], or by operating an LPG at its turning point
along its phase-matching curve [30], [34].

II. CONFIGURATION AND DESIGN

Fig. 1(a) shows schematically the proposed LPG-based SSC,
which consists of a corrugated LPG formed on the ridge of
a SigNy rib waveguide and covered with a channel-shaped
cladding formed with polymer Epocore. The thickness of the
SigNy film is 0.9 pum, formed on a silica buffer layer. The
thickness and the width of the channel-shaped polymer cladding
are h; and wy, respectively. The SizNy rib waveguide has aridge
width w and a height / (i.e., the etching depth). The corrugated
LPG has a period A, an etching depth Ak, and a length L, as
shown in Fig. 1(b). The refractive indices of the core (SigNy),
the cladding (Epocore), and the buffer (SiOs) are denoted as
ne, nep, and ny, respectively, and n, = 1.9963, n, = 1.5716,
and n, = 1.4440 at 1550 nm wavelength for both TE and TM
polarizations. The operation principle of the proposed SSC is
also shown schematically in Fig. 1(b). The light signal from
the input fiber is butt-coupled into the channel-shaped polymer
cladding and then coupled into the SigNy core via the LPG when
it propagates along the channel-shaped cladding. Similarly, the
output signal experiences the inverted path and is butt-coupled
into the output fiber.
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Fig. 2.  Effective refractive indices and intensity patterns of the involved (a),
(c) core and (b), (d), (e) cladding modes.

The butt-coupling efficiency 7 between the modes of the fiber
and the cladding can be expressed as [35]:

[ (B x H:-dS) [ (E. x H;-dS)
n=—-—= = —— (D
J(Ej x Hi-d8)Re [ (E. x H;-dS)

where Ey, Hy, E., and H_ represent the normalized electric (E)
and magnetic (H) fields of the modes in the fiber (subscript f) and
the cladding (subscript ¢), respectively. The values of these fields
can be obtained with a commercial model solver (COMSOL).
For the convenience of measurement and comparison, in this
work an UHNAF with a mode-field diameter of 4.3 pm at 1550
nm wavelength is used to butt-couple the LPy; mode into the
Epocore cladding or the SizN, core. To match the mode field
of the UHNAF as soon as possible, both the width w; and
thickness /; of the Epocore cladding are calculated to be 5.0 pim.
Meanwhile, the ridge width w and height % of the SizNy rib
waveguide are set to 2.0 um and 0.3 pm, respectively. With
these parameters, the 7) between the LP*(; mode of the UHNAF
and the E*; mode of the Epocore cladding is calculated to be
91.9%. However, the calculated n between the same fiber mode
and the E*1; mode of the SigNy core is only 39.8%.

As aforementioned, the light signal launched into the Epocore
cladding needs to be coupled efficiently into the SizNy core
via the LPG. Apart from the waveguide parameters, the perfor-
mances of an LPG are determined by its period A, etching depth
Ah, and length L, in which the period A is given by [20]:

Ao
(Nc - Ncl)

where N, and N are the effective indices of the two coupled core
and cladding modes, respectively, A is the resonant wavelength
of the LPG. Using above SizN, core and Epocore cladding
parameters, the intensity patterns and the effective refractive
indices of the supermodes of the entire structure are calculated
at 1550 nm wavelength with a commercial model solver (Rsoft).
Here we differentiate the cladding and the core modes according
to their respective strongest mode field pattern and then label
them according to usual rules. The results are shown in Figs
2(a)-(e), respectively. With these index values, the calculated
A for the coupling between the two E*;; modes is ~4.81 pum,
while for the coupling between the two E¥ ;1 modes is ~5.22 ym.
Note that the calculated A for the coupling between the E¥1;
mode of the core and the EY15 mode of the cladding is also
~4.81 pm. These results indicate that, at 1550 nm wavelength,
the designed LPG with A =4.81 pum can achieve the coupling not
only between the two E*;; modes of the core and the cladding,

A= 2)
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Fig. 3. (a), (c) Propagation dynamics and (b), (d) normalized power of the

monitored modes along the coupling region of the proposed LPG-based SSC
when (a), (b) the E*11 and (c), (d) E¥11 modes at 1550 nm are launched into
the SizNy core.

but also between the EY 11 mode of the core and the E¥5 mode of
the cladding. However, it cannot achieve the coupling between
the two EY1; modes of the core and the cladding at this wave-
length. Although the materials used in this work have negligible
birefringence, the asymmetric waveguide and device structure
result in different grating periods for the two polarizations. In
view of this, the proposed LPG-based SSC is optimized only for
the TE polarization.

The coupling lengths L of the grating is calculated by sim-
ulation of light propagation along the designed LPG with a
three-dimensional finite-difference beam propagation method
(3DFD-BPM) (BeamPROP, RSoft), and the period is further
optimized in this simulation process. To minimize the scattering
losses caused by the grating, here the grating depth Ah and
the duty cycle of the grating are set to 0.06 xm and 0.5. The
calculated L is 700 pm and the period A is further optimized to
be 4.87 pm for the coupling between the two E*;; modes of the
core and the cladding. In Fig. 3(a)-(d), we present the simulated
propagation and the normalized power of the monitored modes
along the coupling region of the proposed SSC when the E*;;
and EY{; mode at 1550 nm are launched into the SigNy core,
respectively. From Fig. 3(a) and (b), the launched E*;; mode
can couple almost completely to the E*1; modes of the cladding
at L = 700 ym. However, from Fig. 3(c) and (d), the launched
EY1; mode will couple partially (~55%) to the E¥15 modes of
the cladding at L = 325 um, as expected.

III. FABRICATION AND CHARACTERIZATION

With the designed device parameters, we fabricated the pro-
posed LPG-based SSC by the standard photolithography and
the dry etching techniques. The SigNy thin film sample, which
consists of a layer of 900-nm thick SizN4 thin film deposited
on the surface of a 3-um thick silica layer formed on a 500-pm
thick silicon substrate, was used to fabricate the proposed device.
The fabrication processes are described briefly below. Firstly,
a layer of ~ 200-nm thick chromium (Cr) film was deposited
on the SizNy film by radio-frequency magnetron sputtering.
Secondly, the photoresist pattern of the designed straight channel
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TABLE I
DESIGNED AND MEASURED MORPHOLOGICAL PARAMETERS
OF THE FABRICATED DEVICE

Parameters Optimized design Measured value
w (um) 2.0 2.7
wi (um) 5.0 5.2
hi (um) 5.0 5.2
h (um) 0.3 0.3
Ah (nm) 60 57
A (um) 4.8 4.7
Duty cycle 0.5 0.55

Fig. 4. (a) Photograph of the fabricated device, (b) microscopic image of
partial grating after ICP etching but before coating Epocore cladding, and (c)
microscopic image of the end face of the device.

waveguides was formed by standard photolithography and then
transferred to the Cr film by chemical etching. Thirdly, the
designed SizN, rib waveguides were realized by inductively
coupled plasma (ICP) etching with the mixture gases of Ar and
CF,. Next, the grating structure was formed on the ridge by the
photolithography and ICP processes. Subsequently, a 5-pm thick
Epocore cladding was spin-coated on the simple and chemically
etched into the rectangular channel around the SigsNy4 core by
the photolithography process. Finally, the silicon substrate of
the sample was cleaved to form input/output facet. To avoid
damaging the grating, we have to retain a section of SisN,4 core
without grating when cleaving the sample, which will increase
slightly the length (~2 mm) and the propagation loss of the
device. In this work, we fabricated a set of identical SigN, rib
waveguides in the same sample, but the LPGs and corresponding
Epocore cladding channels were formed only on part of them and
only one end of the sample. Thus, by comparing the differences
of the insertion losses of the waveguides with and without LPG,
the performances of the proposed SSC can be easily obtained.
Table I shows the measured morphological parameters of the
fabricated device. Figs. 4(a), (b), and (c) show, respectively, a
photograph of the fabricated device, a microscopic image of
partial grating after ICP etching but before coating Epocore
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Fig. 5. Normalized transmission spectra of the EX1; mode when the LP*o;
mode from an ASE light source was launched into the cladding, the core, both
with the LPG, and the core without the LPG via the UHNAF.

cladding, and a microscopic image of the end face of the device.
In Fig. 4(c), we can dimly see the Si3N, waveguide core.

To characterize the fabricated LPG-based SSC, we launched
the output light from an amplified spontaneous emission (ASE)
light source (B&A, AS4600) into the Epocore cladding, the
SigNy core with LPG, and the SizN, core without LPG, respec-
tively, via an UHNAF with a mode field diameter of ~4.3 pm.
Considering that for the first two cases, it is very possible to
excite the core E*;; mode and the cladding E*;; mode (even
higher-order modes in the cladding) simultaneously. Thus, to
excite the unwanted modes as little as possible, the position of
the fiber was adjusted carefully to launch the light signal exactly
at the center of the Epocore cladding and the SizNy4 core. It
should be pointed out here that these excited unwanted modes
have a quite slight impact on the evaluation of the butt-coupling
efficiency. But their impact on the application of the proposed
SSC is negligible. We chose only the TE polarization input with
an optical fiber online polarizer and a polarization controller
placed along the input UHNAF. The light from the output SigNy
cores were collected by another UHNAF and monitored by an
optical spectrum analyzer (OSA) (Anristu MS97740A).

The measured transmission spectra of the excited E*1; mode
when launching the light signal into the Epocore cladding, the
SigN4 core with and without the LPG are normalized with
respect to that of the last case, respectively, and results are shown
in Fig. 5. It can be seen that compared with the transmission
via the SigN, core without the LPG, the transmission via the
polymer cladding and the LPG increases 1.4 dB at 1548 nm
wavelength. Meanwhile, by comparing the transmission spectra
via the SigNy core with the LPG at different wavelengths, we
can deduce that the fabricated LPG achieve a mode conversion
efficiency of 90% (corresponding to 0.46-dB coupling loss) at
1548 nm wavelength. Further, the measured insertion losses
when launching the light signal into the Epocore cladding and
the SigN, core without the LPG are ~11 dB and ~12.4 dB,
respectively. If we ignore the transmission losses of the SizNy
core and the Epocore cladding, then the coupling loss between
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Fig. 6. Output near-field patterns taken with an infrared camera at different
wavelengths.

the UHNAF and the Si3N, core without the LPG is 6.2 dB/facet
(the two facets are considered to be the same completely), corre-
sponding to a coupling efficiency of ~24%. Next, according to
the coupling loss (0.46 dB) of the LPG and another insertion loss
(11 dB), we can get that the coupling loss between the UHNAF
and the Epocore cladding is 4.34 dB, corresponding to a coupling
efficiency of ~36.8%. Thus, according to the above results, we
can deduce that our fabricated SSC can improve the coupling
efficiency between the LP*y; mode of the UHNAF and the E*;
mode of the SigN4 waveguide from ~24% to ~33% at 1548
nm wavelength. The improvement of the coupling efficiency
is not large enough. This can be mainly attributed to a quite
large coupling loss of 4.34 dB between the UHNAF and the
Epocore cladding, caused mainly by the imperfect facet obtained
by cleaving silicon substrate. Additionally, a somewhat large
fabrication error is another factor caused this large coupling
loss issue. We believe there should be much room to improve the
performances of our device by improving the quality of the facet
and the fabrication skill. In considering that the polymer is hard
to polish, thus improving the quality of the facet is mainly by
improving cleaving skill. However, if we use inorganic silicon
oxynitride to replace the polymer Epocore, then the quality
of the facet can be improved remarkably by polishing it. In
addition, as a conventional LPG used in this work is a strongly
wavelength-selective device [19], the 3-dB bandwidth of the
device is only 4 nm, but it can be dramatically enlarged by the
method introduced in the introduction section.

To further confirm that the fabricated LPG achieves the mode
conversion between the core and the cladding, we launched the
LP*p; mode from a tunable laser (Santur TL-2020-C-107) into
the polymer cladding with the LPG via the UHNAF and took the
output near-field pattern from the SisN, core with an infrared
camera (Micron Viewer 7290A) around the rejection band. The
results are shown in Fig. 6. It can be seen the largest output
power corresponds to 1548 nm, i.e., the resonance wavelength
shown in Fig. 5, while the output power becomes weak at
these off-resonance wavelengths. These results confirm the light
propagation process is related to the mode conversion between
the core and the cladding.

V. CONCLUSION

We have proposed and demonstrated an LPG-based SSC. Our
proof-of-concept SSC, fabricated with optical polymer material
on SizgN, platform, can improve the butt-coupling efficiency
between the UHNAF and the SisNy waveguide from ~24%
to ~33% at 1548 nm wavelength. The 3-dB bandwidth of the
device is 4 nm. Compared with these previously reported SSCs,
our proposed SSC has the advantages of simple structure and
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easy fabrication. Itis feasible with inexpensive i-line lithography
and could also be realized with other materials platforms.

[1]

[5]
[6]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

REFERENCES

R. Soref, “The past, present, and future of silicon photonics,” IEEE J. Sel.
Top. Quantum Electron., vol. 12, no. 6, pp. 1678-1687, Nov./Dec. 2006.

S.Han, T.J. Seok, N. Quack, B. W. Yoo, and M. C. Wu, “Large-scale silicon
photonic switches with movable directional couplers,” Optica, vol. 2, no. 4,
pp. 370-375, Apr. 2015.

J. C. Adcock et al., “Advances in silicon quantum photonics,” IEEE J. Sel.
Top. Quantum Electron., vol. 27, no. 2, pp. 1-24, Mar./Apr. 2021.

R. Moreira, S. Gundavarapu, and D. J. Blumenthal, “Programmable eye-
opener lattice filter for multi-channel dispersion compensation using an
integrated compact low-loss silicon nitride platform,” Opt. Exp., vol. 24,
no. 15, pp. 16732-16742, Jul. 2016.

D. Zhu et al., “Integrated photonics on thin-film lithium niobate,” Adv.
Opt. Photon., vol. 13, no. 2, pp. 242-352, Jun. 2021.

R. Marchetti, C. Lacava, L. Carroll, K. Gradkowski, and P. Minzioni,
“Coupling strategies for silicon photonics integrated chips,” Photon. Res.,
vol. 7, no. 2, pp. 201-239, Feb. 2019.

M. Wood, P. Sun, and R. M. Reano, “Compact cantilever couplers for
low-loss fiber coupling to silicon photonic integrated circuits,” Opt. Exp.,
vol. 20, no. 1, pp. 164-172, Jan. 2012.

C. W. Liao, Y. T. Yang, S. W. Huang, and M. C. M. Lee, “Fiber-core-
matched three-dimensional adiabatic tapered couplers for integrated pho-
tonic devices,” J. Lightw. Technol., vol. 29, no. 5, pp. 770-774, Mar. 2011.
Q. Fang et al., “Suspended optical fiber-to-waveguide mode size converter
for silicon photonics,” Opt. Exp., vol. 18, no. 8, pp. 7763-7769, Apr. 2010.
D. Dai, S. He, and H. K. Tsang, “Bilevel mode converter between a silicon
nanowire waveguide and a larger waveguide,” J. Lightw. Technol., vol. 24,
no. 6, pp. 2428-2433, Jun. 2006.

N. Lindenmann, G. Balthasar, D. Hillerkuss, R. Schmogrow, and C. Koos,
“Photonic wire bonding: A novel concept for chip-scale interconnects,”
Opt. Exp., vol. 20, no. 16, pp. 17667-17677, Jul. 2012.

T. C. Zhu, Y. W. Hu, P. Gatkine, S. Veilleux, J. Bland-Hawthorn,
and M. Dagenaiset, “Ultrabroadband high coupling efficiency fiber-to-
waveguide coupler using SizN4/SiO2 waveguides on Silicon,” IEEE Pho-
ton. J., vol. 8, no. 5, Oct. 2016, Art. no. 7102112.

J. F. Mu et al., “Low-loss, broadband and high fabrication tolerant
vertically tapered optical couplers for monolithic integration of SizNy4
and polymer waveguides,” Opt. Lett., vol. 42, no. 19, pp. 3812-3815,
Oct. 2017.

Y. X. Lai, Y. Yu, S. Q. Fu, J. Xu, P. P. Shum, and X. L. Zhang, “Efficient
spot size converter for higher-order mode fiber-chip coupling,” Opt. Lett.,
vol. 42, no. 18, pp. 3702-3705, Sep. 2017.

L. Y. He, M. Zhang, A. Shams-Ansari, R. R. Zhu, C. Wang, and L. Marko,
“Low-loss fiber-to-chip interface for lithium niobate photonic integrated
circuits,” Opt. Lett., vol. 44, no. 9, pp. 2314-2317, May 2019.

C. R. Hu et al., “High-efficient coupler for thin-film lithium niobite
waveguide devices,” Opt. Exp., vol. 29, no. 4, pp. 5397-5406, Feb. 2021.
W.X.Liu,J. H. Zhang, L. Liu, D. X. Dai, and Y. C. Shi, “High efficiency sil-
icon edge coupler based on uniform arrayed waveguides with un-patterned
cladding,” IEEE Photon. Technol. Lett., vol. 32, no. 17, pp. 1077-1080,
Sep. 2020.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

6620205

M. K. Wang, J. H. Li, H. Yao, Y. J. Long, F. Zhang, and K. X. Chen,
“A cost-effective edge coupler with high polarization selectivity for thin
film lithium niobate modulators,” IEEE J. Lightw. Technol., vol. 40, no. 4,
pp. 1105-1111, Feb. 2022.

A. M. Vengsarkar, P. J. Lemaire, J. B. Judkins, V. Bhatia, T. Erdogan, and
E J. Sipe, “Long-period fiber grating as band-rejection filters,” IEEE J.
Lightw. Technol., vol. 14, no. 1, pp. 58-65, Jan. 1996.

V. Rastogi and K. S. Chiang, “Long-period gratings in planar
optical waveguides,” Appl. Opt., vol. 41, no. 30, pp.6351-6355,
Oct. 2002.

M. S. Kwon and S. Y. Shin, “Characteristics of polymer waveguide notch
filters using thermooptic long-period gratings,” IEEE J. Sel. Top. Quantum
Electron., vol. 11, no. 1, pp. 190-196, Jan./Feb. 2005.

W. Jin, K. S. Chiang, and Q. Liu, “Thermally tunable lithium-niobate
long-period waveguide grating filter fabricated by reactive ion etching,”
Opt. Lett., vol. 35, no. 4, pp. 484-486, Feb. 2010.

Y. B. Cho, B. K. Yang, J. H. Lee, J. B. Yoon, and S. Y. Shin, “Silicon
photonic wire filter using asymmetric sidewall long-period waveguide
grating in a two-mode waveguide,” IEEE Photon. Technol. Lett., vol. 20,
no. 7, pp. 520-522, Apr. 2008.

J. H. Li, M. H. Zhou, H. Yao, M. K. Wang, J. Y. Wu, and K. X. Chen,
“Grating-assisted directional coupler in lithium niobate for tunable mode
filtering,” IEEE Photon. J., vol. 13, no. 2, Apr. 2021, Art. no. 6600807.
Q. D. Huang, W. Wang, W. Jin, and K. S. Chiang, “Ultra-broadband mode
filter based on phase-shifted long-period grating,” IEEE Photon. Technol.
Lett., vol. 31, no. 13, pp. 1052-1055, Jul. 2019.

W. Jin and K. S. Chiang, “Mode switch based on electro-optic long-
period waveguide grating in lithium niobate,” Opt. Lett., vol. 40, no. 2,
pp. 237-240, Jan. 2015.

Y. Yang, K. X. Chen, W. Jin, and K. S. Chiang, “Widely wavelength-
tunable mode converter based on polymer waveguide grating,” [EEE
Photon. Technol. Lett., vol. 27, no. 18, pp. 1985-1988, Sep. 2015.

W. Jin and K. S. Chiang, “Three-dimensional long-period waveguide
gratings for mode-division-multiplexing applications,” Opt. Exp., vol. 26,
no. 12, pp. 15289-15299, Jun. 2018.

W. Wang, J. Y. Wang, K. X. Chen, W. Jin, and K. S. Chiang,
“Ultra-broadband mode converters based on length-apodized long-period
waveguide gratings,” Opt. Exp., vol. 25, no. 13, pp. 14341-14350,
Jun. 2017.

W. K. Zhao, K. X. Chen, and J. Y. Wu, “Ultra-short embedded long-
period waveguide grating for broadband mode conversion,” Appl. Phys. B,
vol. 125, no. 9, pp. 1-7, Sep. 2019.

Y. Bai, Q. Liu, K. P. Lor, and K. S. Chiang, “Widely tunable long-period
waveguide grating couplers,” Opt. Exp., vol. 14, no. 26, pp. 12644-12654,
Dec. 2007.

B. L. Bachim, O. O. Ogunsola, and T. K. Gaylord, “Optical-fiber-to-
waveguide coupling using carbon-dioxide-laser-induced long-period fiber
gratings,” Opt. Lett., vol. 30, no. 16, pp. 2080-2082, Aug. 2005.

Q. Liu and K. S. Chiang, “Design of long-period waveguide grating filter
by control of waveguide cladding profile,” J. Lightw. Technol., vol. 24,
no. 9, pp. 3540-3546, Sep. 2006.

W. Jin and K. S. Chiang, “Leaky-mode long-period grating on a lithium-
niobate-on-insulator waveguide,” Optica, vol. 8, no. 12, pp. 1624-1631,
Dec. 2021.

K. Okamoto, Fundamentals of Optical Waveguides. Burlington, MA,
USA: Elsevier, 2006, pp. 159-162.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


