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PLC-based LP1; mode rotator with curved trench
structure devised from wavefront matching method

Yoko Yamashita, Shuntaro Maki, Takeshi Fujisaw: Membe, IEEE, Nobutomo Hanzasa, Taiji Sakamc
Takashi Matsui, Kyozo Tsujikawa, Fumihiko Yamamd€azuhide Nakajima, Kunimasa Saitdliember IEEE

mode multiplexer [9], two mode rotators are neagssa
Abstract— A compact and low-loss PLC-based mode rotator is Therefore, a more compact and lower-loss mode aotigt

proposed. The mode rotator with curved trench struture is  required. To attain the best device performancémigation
designed based on the wavefront matching method, vdh is an algorithms can be used.

optimization algorithm based on the beam propagatio method. In this letter, a compact and low-loss mode rotatith
E;i p(?ljg;)i%%n;g?eedrsxt/ﬁ:]ortri‘lcsg/g\lg rﬂiziéll'gtmgm;‘:f#;"sve; curved trench structure is proposed. First, we wsadefront
. matching (WFM) method, which is an optimizationaithm
straight trench. Furthermore, the proposed mode roator can . . .
achieve low mode crosstalk. for PLC-based optical devices, for a conventionafierotator
with a straight uniform trench. The optimized getmpénas
I ndex Terms—Mode multi/demultiplexer, PLC, WFM method ~ @lmost uniformly bent waveguide and uniform tresghicture
and the loss and the length are significantly redut)sing this
I. INTRODUCTION geometry, we devise a novel mode rotator with cditvench
structure. The proposed mode rotator is 45% in arm has

I nternet traffic has rapidly increased, and theesfat is lower loss compared with the conventional one

necessary to expand the transmission capacity pecab
fiber . Mode division multiplexing (MDM) using fewiode
fiber (FMF) is one of the key technology to expaiit
transmission capacity, in which different modesnsrait Figure 1 shows the schematic of the convention&-Based
individual signals [1]. To realize MDM transmissjomode Mode rotator. It is composed of an asymmetric waicgwith
multi/demutliplexers (MUX/ DEMUXs) are important @ single trench. By properly selecting the trenafsigh
components required to multiplex and demultipleffedént Pparameters, the orthogonal ifodes, shown in Fig. 2, whose
modes. To date, various types of mode MUX/DEMUXseha propagation constants afe and /%, are equally excited when
been proposed based on free-space optics [2],dingylers [3- LP1a(LP11) mode is launched into the waveguide. If the devic
5], photonic lanterns [6], planar lightwave cireu{PLCs) [7- length is a half beat-length of these two orthogaonades as
10], and so on. The PLC-based mode MUX/DEMUX hagefined by the following equation
desirable characteristics such as compactness,irsertion Lo T~
loss, and mass productivity. In order to increase t I\ A-Bel] M
multiplexed-mode number of PLC-based mode
MUX/DEMUXSs, it is necessary to excite the 4Pmode. Here, z
we define the LR. mode as the mode that has two intensity l<7

X

Il. DESIGN OF MODE ROTATOR BASED ONVFM METHOD

peaks in the plane of the PLC and:lffnode as the mode that
has two intensity peaks in the vertical directidithough the
LP11a mode can be excited by using PLC-based asymmetric 5
directional coupler (ADC) [7], the L mode cannot be h
excited due to the different field distribution the vertical m
direction. Therefore, an LR/LP:1ix mode rotator has been

proposed [10,11] to excite the L4 mode in PLC chip, as
shown in Fig. 1. The mode rotator has an asymmetric
waveguide cross section, and the 1.LP11r) mode launched
into the mode rotator is converted to tha1sPLP115) mode, as
shown in Fig. 1. By properly designing the trenghich makes

the waveguide asymmetric, large mode conversiacieficy is
obtained. To realize multiple-mode MUX/DEMUX, seakr

LPlln

Fig. 1. Schematic of conventional mode rotator.

- : (a) (b)
mode rotators are used on one device. For exarfgule, six- Fig, 2. The two orthogonal modes of the mode rotator.
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input port to the output port, and the supersénippresents the
the LR1a (LP11) mode can be converted to theillLP11) complex conjugate.
mode. Table | shows the design parameters of thesctdional When the refractive-index-distribution is changetthe
structure. The parameters of PLCs are the refeadtisex coupling coefficient; (corresponding to the refractive-index-
difference,A = 1.0%; waveguide heighh = 10.0um; and distribution change) is expressed as

waveguide widthsw = 10.1um. The trench parametess, h, ” [ * ]d

andL are reported in [9]. The conventional mode rotatith ' =n+2kAzy omImpy (2)4(2) dxdy

these parameters has a conversion efficiency (CH).435 dB - IW* (2)¢(2)dxdy '

from LP11a mode to LR, mode at a wavelength of 1550 nm.

Here, the CE is defined as Herednn is the refractive index change at each step oBd.
From (4), it can be seen that if we chadgg in proportion

CE=10log1o- 2" :
=+vlogio An @ to Im[y/ (2 (2)], the coupling coefficient can be improved. The

L@PM analysis with this waveguide width modulatisriterated

Pin and Pou are the normalized powers of input and outp until converged geometry is obtained. The detdithe WFM

modes, respectively. In order to obtain the optirdesign

directly from the desired characteristics, sevefaimization method can be found elsewhere [8’14]: -

methods have been used, for example, genetic #igofil2], Flgured3 shor\:vs the m%de con\;erspn eﬁ;lc;:ency frtgm f

topology optimization [13], and the WFM method [14}. The LP11a mode to the LB, mode as a function of the number o

WFM method is the optimization algorithm based loa heam |ter_at|_ons of the WFM meth_od at a wavelength ofd 6. We

propagation method (BPM) [18,19], and the optimurdei optimized tw_o structures thh device _Ienglhvf 2._29_ and 1.15

profiles are determined from the ideal output fidldle WFM mm, respectively. Herd, = 2.29 mm is the optimized length

method has been applied to the waveguide lensdtd]the

multimode interferometer [15], and its validity and z ELP

effectiveness have been demonstrated experimerfRabently, I

we developed the WFM method for MDM devices, and an yl<:( mme

ultrabroadband ADC was experimentally realized [8]. , sep”}—
In the WFM method, a coupling coefficient between ¢ 2

forward and backward propagation fields is evaldiats h /1,

n=|[Jv* @2y G)

where i is the ideal output field that propagates frompatit
port to input portg is the input field that propagates from the Fig. 5. Structure of the mode rotator with curved trench structure.

TABLE 1. Structural parameters of the conventional mode rotator. g 0 o 0% 00 ¢eo.
[ ]
A h w Wt ht L g_oos | gptut tLFE.lPa
1.0%  100pm  10.lpm  1.5pum  24pm  2.29mn 2 utput: LHap
o 0.1
c
i) °
g 0 [eewvveeeeeen: ' 5_0‘15 - Conventional structure
5*5- g . (L =2.29 mm)
Q -1 r O _02 P T R S N S BN SN S B!
S-15 07 09 11 13 15 17 19 21
g _ L [mm]
2 2 *L=229mm Fig. 6. Normalized output power of the LP11» mode when the
g —2§ N L=1.15mm LP11a mode is launched at wavelength of 1550 nm.
3 35 ‘ ) ) ‘ ‘ TABLE II. The structural parameters of the proposed mode rotator
"0 5 10 15 20 25 30 with curved trench structure.
The number of iteration L [mm] A [um] sep [pm]
Fig. 3. LP11a/LP11» mode conversion efficiency as a function of the 2.0 2.6 2.3
number of iteration of WFM method at wavelength of 1550 nm. 1.9 2.8 2.2
Z 1.8 2.8 2.3
; 1.7 2.8 2.4
l Claddmg 1.6 2.8 2.6
X 1.5 2.8 2.7
w 1.4 2.9 28
trench region 1.3 3.0 2.9
' claddin 1.2 3.0 3.0
g9 Il 32 3.2
L 1.0 3.3 34
Fig. 4. Top-view of the WFM-optimized waveguide-core outline. 0.9 34 36

0.8 3.4 4.0
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for LP11{LP11p mode conversion for the conventional mode&levice is a few millimeters; therefore, the 1 mmdusion is

rotator, and the conversion efficiency is almosd%0 ForL =
1.15 mm, the conversion efficiency is almost 5098 €IB)
because the length is only half of the aforemeetiostructure.
As shown in Fig. 3, the WFM method does not greatiyrove
the conversion efficiency of the rotator with= 2.29 mm
because the original structure has an efficien@frabst 100%.
For L = 1.15 mm, the efficiency improvement is substinti
The efficiency increases fror8.09 dB to-0.047 dB after 25
iterations. The optimized efficiency is comparatdethel =

very effective. In terms of fabrication, becauseCHiased
mode rotator with straight trench has already biednicated
[9], the proposed rotator with curved trench sutetcould be
fabricated by the same process.

We evaluate the crosstalk (XT) to undesired modeshe
LP11a mode input, namely, the remaining power ofid.Rnd
LPo1 modes at the output of the rotator. Figure 7 shibsXT
to (a) the Lia mode and (b) the ld? mode when the L,
mode is launched to the mode rotator at a waveheoigl 550

2.29 mm {0.040 dB). Therefore, we can reduce the rotater si2m. Although the XT to LR} mode is similar to that of the

to approximately half by applying the WFM method ileh
maintaining the efficiency. Figure 4 shows the g of the
waveguide-core outline. Filled-blue region représethe
trench region.

The overall waveguide is gently bent with smaltflation
in the waveguide width. The fluctuation is typical WFM-
optimized devices, and the period of the fluctuatsgems to
match with the beat length of bdALPi1. mode leading to
unintentional mode conversion between thei:h8nd the LR
mode. The problems of this structure are 1) ingeriioss
caused by mode mismatch with connected waveguide2an

unintentional LP14{/LPo; mode crosstalk. Furthermore, there is

an insertion loss between input waveguide withoendh and
rotator waveguide with trench. Then, we devise & n@de
rotator with curved trench structure based on WHNimized
structure in next section.

I1l. MODEROTATOR WITH CURVED TRENCH STRUCTURE

Based on WFM-optimized geometry shown in Fig. e

mode rotator with curved trench structure is desipras
presented in Fig. 5. In this structure, the waveeguitself is
straight while the trench is curved. This structisreuperior to
the WFM-optimized structure shown in Fig. 4, beeatise

main waveguide is not bent and there is no treaglon at both
ends. This structure can suppress insertion lagseckby mode
mismatch with connected waveguide. The trench widih an
adiabatic arch-shaped profile. The trench strudtudefined as
L (device length)Sep (the trench width at the center in

direction), and; (trench height). The curve of the trench is a

part of a circle with the following bent radius,
L2 + 4sepf
8sep

The parameters of PLCs are the same of the coovehtand
WFM-optimized structures (Table I). Figure 6 shahes mode
conversion efficiency from the L2 mode to the LR, mode as

R= ®)

a function ofL at a wavelength of 1550 nm. The trench o oo

parameters oBepandh; are optimized for each as shown in
Table Il. It can be seen that the trench size besolarger for
shorterL, because it is necessary to increase the differefic
propagation constants between 1L Porthogonal modes to
decrease the device length. The dashed line ir6Fsows the
conversion efficiency of the conventional structwigh L =
2.29 mm. From Fig. 6, it can be seen that the motd¢or with
curved trench structure has better transmissiom ttiee
conventional structure froin= 0.9 to 2.0 mm. Fdr = 1.0 mm,
the length is 45% and the loss is 5 times lowermamed with
those of the conventional structure. In genera,silze of PLC

conventional structure (approximatelg0 dB), the XT to the
LP11a mode is significantly reduced compared with the
conventional mode rotator.

Figure 8 shows transmission of thegb ode when the Lf?
mode is launched to the proposed mode rotatonaivalength
of 1550 nm. Because the mode rotator will be usedgawith
ADCs to construct the MDM MUX [9], the loss of thé;
mode should be small. From Fig. 8, we can say that
transmission of the Lf? mode can be improved by using a
curved trench structure.

|
w o

+ Input: LPy,
——10 | Output: LB,
8-15 ¢
- . Conventional structure
gfgj . (L=226mm) "
535 Wt
-40
—45 + ° [ ]
-50 L @ L
07 09 1.1 1.3 15 1.7 1.9 21
L [mm]
@
0
=5  Input: LP;,
710 [ Output: LR,
8-15
x-20
$-25 ¢  Conventional structure
2-30 - °(L =2.29 mm)
535 koo f @ @ @emmmmmaL
40 | ° o0
—45 - ° °
B
07 09 1.1 13 15 1.7 19 2.1
L [mm]

(b)

Fig. 7. Crosstalk to th@) LPi1aand (b) LB1 modes when the
LP11.amode is launched at wavelength of 1550 nm.

0 .

Conventional structure
(L=2.29 mm)

Input: LRy,
® Output: LR,
_0.04\||\|\\\||\\
0.7 09 1.1 1.3 1.5 1.7 19 2.1
L [mm]
Fig. 8. Transmission of the kPmode when the Ld? mode is
launched at wavelength of a 1550 nm.

Transmission [dB]
& &
S =]
[\ ) ok
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Finally, wavelength dependence of the mode rotador conventional structure with a straight trench. Rermore, the
evaluated. Figure 9 shows the transmission speét(a) the proposed mode rotator can achieve low mode crasstalr
mode conversion from the LR mode to the LR, mode, (b) multi-mode multiplexers, the proposed low-loss aodhpact
the modal XT, and (c) the transmission from the:tRode to mode rotator device would be beneficial in the gné¢ion of
the LR: mode. The dashed and solid lines show theLC devices.

transmission of conventional and curved trerick (1.0 mm)
structures, respectively. For the kP mode input, similar
characteristics are obtained asildode is input. Because theq;
structure has low polarization dependence, the leagéh
dependence of Lk, mode ofx-pol is only shown in Fig. 9. As
shown in Fig. 9, the curved trench structure hawefo 2]
wavelength dependence, higher mode conversioniezftig,
and smaller modal XT from 1.4%m to 1.65um compared to
the conventional structure, which shows the supéyiof the
proposed structure. 3]
[4]
IV. CONCLUSION
A compact and low-loss PLC-based mode rotator waggsed. s
A mode rotator with a curved trench structure wasiskd
based on the WFM method. The proposed mode ratad&%
in size (1.0 mm) and has lower loss (1/5) compavid the (6l

T 0 [7]
k=)
3-004 | ——
E Curved trench structure
£2-0.08 -
2 Input: LP;;, [8]
£-0.12 Output: LRy, .-~
2
2-0.16 -t
8 Conventional structure
02 L L L L L [9]
14 145 15 155 16 165 1.7
Wavelength im]
(@)
0 [10]
--- Conventional structuJe
_‘10 [ — Curved trench structure
m
5.-20 S
e [11]
—_— =
%—30 T o
=40 |
© = LPy—~LPgy [12]
=50 +
== LPyy o LPyg,
—60 L L L L
14 145 15 155 16 165 17 (13]
Wavelength jim]
(b)
0 [14]
—_ Input: LRy,
$-0.005 | Output: LR,
c [15]
2 001 |
A Curved trench structure
€
@ -0.015 | ) [16]
@ Conventional structure
F -0.02
_0,025 L L 1 1 L
14 145 15 155 16 165 1.7 [17]

Wavelength jum]
(©)
Fig. 9 Transmission spectra of (a) the mode comwefsom the
LP11amode to the LR» mode, (b) the unintentional mode
crosstalk, and (c) the transmission from the:tRode to the L&
mode.

(18]
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