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Abstract—We use the two dimensional finite element method (2D-
FEM) in the frequency domain to characterize the transmission
properties of 90°-bend periodic segmented waveguides (PSWs). We
investigated the dependence of the transmission coefficient and the
mode profile of PSWs on the bending radius, the waveguide duty
cycle, and the operating wavelength. We show that 90°-bend PSWs
can be designed in photonic integrated circuits with a curvature
radius as small as three times the wavelength to achieve
transmission coefficient greater than 0.8.

Index Terms—Bend waveguide, finite element, mode profile, periodic
segmented waveguide.

I. INTRODUCTION

Waveguide bending is necessary in the interconnections of photonic integrated circuits. Photonic
crystal waveguides (PCW) are good candidates for the design of photonic integrated circuits because
PCWs can be designed to guide light [1] with low losses. However, PCWs also have some limitations.
Since guiding path of a PCW is restricted by the periodicity of its geometry, it cannot be bent
arbitrarily [1]. On the other hand, it has been demonstrated that periodic segmented waveguides
(PSW) with sub wavelength periodicity exhibit high transmission and low losses [2-9]. A 90°-bend
PSW can be manufactured with arbitrary shape while preserving high transmission [10-11].

In previous studies, we showed that the two dimensional finite element method (2D-FEM) in the
frequency domain can be used to efficiently model the transmission characteristics of the PSWs
[11,13]. We have studied the transmission characteristics of straight PSWs and compared them

against their equivalent straight continuous waveguide (CWG). In this paper, 90°-bend PSWs are
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simulated using the 2D-FEM in the frequency domain [11-14]. In contrast to the 90°-bend PCW, the
light in a 90°-bend PSW is confined to the core, which has an average refractive index higher than that

in the cladding material as in conventional 90°-bend CWG structures.

II. SYSTEM DESCRIPTION AND METHOD OF ANALYSIS
The Schematic of a 2D 90°-bend PSW structure is shown in Fig. 1. R is the curvature radius, A is

the periodicity of the PSW, a represents the segment length, and the duty cycle n is defined as the
ratio between the length of the high index segment and the period, n = a/A. The Perfectly Matched

Layers (PML) for periodically varying structures [14] is used to limit the computational domain.
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Fig. 1 Schematic of 2D 90%-bend PSW structure. A is the period, 1 is the duty cycle, and R the curvature radius of the 90°-
bend PSW.

The material refractive indices of the 90°- bend PSW are ng; = 3.476 for the waveguide core
segments, and ngj,; = 1.444 or ngy.g = 1.577 for the waveguide cladding [2]. The periodicity of the
PSW is A =300 nm, with segment width w = 300 nm, and segment length a = 150 nm (duty cycle n =
0.5).

rigth

The computational domain is on the plane zxy = (R + 4 um + dpML1°ﬁ+ dpp ©) X (R + 4 pm +

bottom:

dpm P+ dpwir ) where the PML thicknesses are 4.05 um at the input and output ports, dpyy " and
dpyi ™™, respectively, and 0.5 pum at the top and the right boundaries, dpyy.and dpyy ",
respectively. The point O is located at the coordinates (z, y) = (0, 5 um - R). The center of the
horizontal and vertical PSWs are located along y = 5 um and z = R, where r = R - 2 um. The
excitation signal to the PSW is the fundamental mode of the equivalent CWG, which is placed at the
center of the closest segment to the left PML. The input and output mode fields and powers are
monitored at the planes located at the center of the second segment before the beginning of the 90°-
bend, and at the center of the segment before the bottom PML, respectively.

Wave propagation in a PSW, such as the one schematically shown in Fig. 1 is described by the

Helmholtz type equation:
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where for TM waves ¢ = E;,p=1,,q= n* and for TE waves o =H,,p= 1/n?, q=1andn(zy) is
the refractive index of the waveguide that has an abrupt longitudinal variation in 90°-bend PSWss.
For wavelengths far away from the band gap, a structure of 90°-bend PSW, as given in Fig. 1, is
equivalent to a 90°-bend CWG with the same depth and same width but with refractive index given

by[2], [6-8], [11-12]

Moy = Neja +n4n

[

(2)
where n.,q is the cladding index, n is the duty cycle and An = ng,x - .4, i the refractive index
contrast.

Applying the Galerkin procedure [13-14] to (1), the following matrix equation is obtained

[Alw}=—2B[BKo,. }

3)
where [A] is the resulting assembled global matrix of the 2D-FEM given by
s of{NYo{NY sl o{n}o{nN} . .
Al= s e 4 p Lt 2 kigs\NnN d
4] Ze:{!- P T TP dy dy oastVHNY v X

where £ is the effective propagation constant of the waveguide, and [B] is the resulting matrix of

the one dimensional (1D) FEM applied in the incidence plane, which is given by

Bl=>"[»r

N

= {NHN Yy (5)

s

{¢inc} 1s the incident field, and the parameters s,, sy, and s are constants due to the use of PML
domains [13-14].

The meshes used are dependent on the bending radius, which lies in the interval from 3 um to 10
um. The meshes have between 37,000 and 47,000 triangular quadratic elements and between 77,000
and 95,696 nodes. The convergence in each simulation was verified for each mesh used to discretize

the simulation domain.

III. NUMERICAL RESULTS

We study the transmission properties of a 90°-bend PSW and compared it against the equivalent
CWG calculating the overlap integral and the confinement factor of the modes. In all the cases
simulated we consider silicon (Si) for the core segments and silica (Si0,) or SU-8 for the cladding in
the waveguides.

First, we calculate the mode profiles of 90°-bend PSWs, with curvature radius R = 5 um, operating
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wavelength A = 1550 nm, and TE polarization. The refractive indexes of the equivalent CWG are n,q = 2.46 for
silica cladding and neq = 2.5265 for SU-8 cladding, respectively [2]. We compare the mode profiles of the 90°-
bend PSWs with the mode profiles of their equivalent 90°-bend CWGs by calculating the overlap integral, the
confinement factor, and the transmission coefficient of the modes. We consider silicon (Si) for the core
segments and silica (SiO,) or SU-8 for the cladding in the waveguides. The refractive index of the equivalent
CWG is calculated using the same procedure applied in previous studies [2-5]. We calculate the overlap integral
of the 90°-bend PSW mode profile with a wire CWG (equivalent to a straight PSW with duty cycle n = 1.0)
mode profile with widths varying from 160 nm to 300 nm. The results are shown in Figs. 2 and 3. The overlap
integral of the mode profiles of 300 nm wide 90°-bend PSW and the mode of the equivalent 160 nm wide CWG
is approximately equal to 96% for silica and SU-8 cladding materials with the confinement factor I' = 51% for
both cases. If we consider a CWG of width w = 300 nm, the overlap integral is equal to 83% and 85% for SU-8
for silica and SU-8 cladding, respectively, and the confinement factor I' = 75% for both claddings. In Fig. 2, we
also show the overlap integral of the mode in the 300 nm wide 90°-bend PSW with the mode of an equivalent
wire CWG (equivalent to a straight PSW with duty cycle n = 0.5) with widths varying from 160 nm to 300 nm.
We observe that the overlap integral of the mode profile of the 300 nm wide 90°-bend PSW with the mode of
the equivalent CWG with the same width (300 nm) is equal to 98% and 97% for silica and SU-8 cladding,
respectively, while the overlap integral drops only to 84%, for both cladding materials, when the 300 nm wide
PSW mode profile is compared with the mode of a 160 nm wide equivalent CWG. In Fig. 4, we show the
simulated results of the intensity of the propagating field in the 90°-bend PSW structure for (a) silica cladding
and for (b) SU-8 cladding.
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Fig. 2 Overlap integral of the output 90°- bend PSW mode profile with a CWG mode profile with different waveguide widths

and considering its core as being Si or being the equivalent material of the PSW (n.q = 2.46 for silica cladding and n.q =
2.5265 for SU-8 cladding).
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Fig. 3 Confinement factor of the steady-state 90°- bend PSW mode profile as a function of the waveguide width.
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Fig. 4 Intensity field profiles along 90°-bend PSWs. R = 5 um, A 0= 300 nm, n _= 0.5, and w = 300 nm with Si in the core
and (a) Silica and (b) SU-8 in the claddings.

In Fig. 5, we show the transversal mode profiles at the output of 90°-bend PSWs with their
equivalent 90°-bend CWGs using (a) silica and (b) SU-8 claddings. The black line in Fig. 5 represents
the equivalent 90°-bend CWG mode profile whereas the blue line in Fig. 5 (a) and (b) represent the
silica and SU-8 claddings, respectively. The transmission coefficients, calculated as the ratio of the
output and input powers, are 0.8 for silica cladding and 0.7 for SU-8 cladding for the parameters used
in Fig. 5. These results indicate that, for the duty cycle n = 0.5, the 90°-bend PSW with silica cladding
can be better approximated by their equivalent 90°-bend CWG than the 90°-bend PSW with SU-8
cladding, which are consistent with the results obtained for straight PSWs [2].
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Fig. 5 Transversal output field profiles 0 90°-bend PSWs and their equivalent 90°-bend CWG using refractive indexes (a)
Nepag = 1.444, nope = 2.46 for silica cladding and (b) ngj,g = 1.577, neore = 2.5265 for SU-8 cladding, respectively.

We then compared the transmission properties of 90°-bend PSWs with their equivalent 90°-bend
CWGs as a function of the period A the duty cycle n and the radius R. To do so, we carried out three
parameter studies:

Variation of period A from 280 nm to 440 nm for n = 0.5 and radius R =5 pm

Variation of the duty cycle 1 from 0.1 to 1.0 for period A =300 nm and radius R =5 um

Variation of the curvature radius R from 3 um to 10 pm for duty cycle n = 0.5 and period A =300

nm.

A. Dependence on period
In Fig. 6, we show the transmission coefficients of 90°-bend PSWs as a function of the period for

the wavelength A =1550 nm for silica cladding (red line) and SU-8 cladding (blue line). In this study,
the curvature radius and duty-cycle of the 90°-bend PSWs are fixed at R = 5 um and 1 = 0.5. The
period A of the PSWs varies from 280 nm to 440 nm, the waveguide width is w = 300 nm, and the
refractive indexes of the segments are ng; = 3.476. We observed that the transmission coefficient of
the 90°-bend PSW starts decreasing slowly when the period increases and it rapidly decays when the
period A is longer than 340 nm for SiO, cladding and longer than 360 nm for SU-8 claddings. These
results suggest that the subwavelength operation regime is no longer satisfied when the period A
exceeds the respective threshold for each of these two cases, since the waveguides reached the Bragg
condition in these cases.

In Fig. 7, we show the transmission coefficient as a function of the period for three different
wavelengths: A = 1500 nm (black line), A = 1550 nm (red line), and A = 1600 nm (blue line), in which
only silica cladding 90°-bend PSWs are considered. We observed that the transmission coefficient in
the 90°-bend PSWs with silica cladding rapidly reduces for periods A larger than about 340 nm when

the wavelength A = 1550 nm.  For wavelength A = 1600 nm, the transmission coefficient only starts
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to drop when A = 380 nm. This behavior can be explained as follow: In general, power confinement

into the core of the 90°-bend PSW increases as the wavelength A decreases (silica cladding). This

means that the light propagating through the core of the 90°-bend PSW is more likely to be diffracted

as the wavelength A decreases. Therefore, the smaller the wavelength A, the more sensitive to the

period A the field is. The results shown in Fig. 6 and 7 indicate that it is desirable to keep the 90°-

bend PSW period A lower than about 300 nm to obtain a transmission coefficient greater 0.8 for silica

claddings at wavelengths A smaller than 1550 nm.
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Fig. 6 Transmission coefficient of the 90°-bend PSWs as a function of the period A. ) U= 0.5, R =5 um, w = 300 nm, core
index ng; = 3.476, and wavelength A = 1550 nm. Two different cladding materials are considered: Silica (red line) and SU-8
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Fig. 7 Transmission coefficient in the 90°-bend PSW as a function of the period A. 1 0= 0.5, R = 5 um, w = 300 nm, core
index ng;= 3.476, and the cladding material is the silica.
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B. Dependence on duty cycle
In Fig. 8, we show the overlap integral between the modes of 90°-bend PSW (gpsw) and CWG

(pcwe) as a function of the duty cycle for the wavelength A = 1550 nm for two different cladding
materials: Silica (red line) and SU-8 (blue line). The curvature radius and period of 90°-bend PSW are
fixed R =5 pm and A = 300 nm. Therefore, total number of segments is kept constant when the duty
cycle varies from 1 = 0.1 to 1.0. We observe that the overlap integral for duty cycles between 1 = 0.3
and n = 0.6 the SU-8 cladding is larger than the overlap integral of silica cladding. However, we

observed that the power loss increases rapidly in both cases with the decrease of the duty cycle.
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Fig. 8 Overlap integral between @psw and @cwg modes as a function of the duty cycle. A =300, R =5 um, and w = 300 nm.
Two different cladding materials are considered: Silica (red line) and SU-8 (blue line).

In Fig. 9, we show the overlap integral between 90°-bend @psw and @cwg modes as a function of the
duty cycle for tree different wavelengths: A = 1500 nm (black line), 1550 nm (red line), and 1600 nm
(blue line), in which only silica cladding 90°-bend PSWs are considered. We observed in Figs. 8 and 9
that the overlap integral between 90°-bend PSW and the CWG modes increases to 100% with the duty
cycle and rapidly reduces for duty cycles shorter than 0.6. Therefore, 90°-bend PSWs with larger duty
cycle are more effective. We did not observe a significant dependence of the overlap integral and,

consequently, the power loss, with the wavelength A in the range from 1500 nm to 1600 nm.
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Fig. 9 Overlap integral between @psy and @cwg modes as a function of the duty cycle. A = 300, R=5 um, and w = 300 nm.
Three different wavelengths are considered: A = 1500 nm (black line), A = 1550 nm (red line) A = 1600 nm (blue line).

C. Dependence on the curvature radius

In Fig. 10 we show the overlap integral between 90°-bend PSW and CWG modes and the
transmission coefficient as a function of wavelength for two different cladding materials: Silica and
SU-8. In this parameter study, the period A = 300 nm, segment width w = 300 nm, duty cycle n= 0.5,
and R = 5 um are fixed. The blue line represents the overlap integral of the 90°-bend PSW with silica
cladding and the black lines represent the overlap integral as a function of wavelength for SU-8
cladding. For A = 1420 nm and A = 1600 nm, the overlap integral values are 98% and 93% for both

silica and SU-8 cladding materials, respectively.
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Fig. 10 Overlap integral between @psw and @cwg modes as a function of wavelength. n =0.5, A =300,R =5 um, and w =
300 nm. Two different cladding materials are considered: Silica (blue line) and SU-8 (red line).
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In Fig. 11, we show the overlap integral as a function of wavelength for Silica cladding and
five curvature radius values. The curvature radius values are R = 10 um (blue line), R = 7 um (red
line), R = 5 pum (green line), R = 4 um (black line), and R = 3 um (magenta line). The material
refractive indices are: ng; = 3.476 for the core segments, and ngp, = 1.444 for the waveguide
claddings. We observed that, for the entire wavelengths range shown in Fig. 11, the overlap integral is
greater than 97% for curvature radii R equal to 7 pm and 10 pm, while the overlap integral is greater
than 93% for curvature radius R = 5 pm. When the curvature radius is as small as 3 pm, the overlap

integral drops down to 84% at A = 1600 nm. Therefore, PSWs can tolerate sharp bends with relatively

low losses.
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Fig. 11 Overlap integral between @psw and @cwg modes as a function of wavelength. n = 0.5, A=300, and w = 300 nm. Five
different curvature radius values are considered: R = 10 um (blue line), R =7 um (red line), R =5 pum (green line), R =4 um
(black line) and R = 3 pm (magenta line) for SiO2 cladding.

In Fig. 12, we show the transmission coefficient of 90°-bend PSWs for five curvature radius values:
R =10 pm (blue line), R = 7 pm (red line), R = 5 pm (green line), R = 4 um (black line), and R =3
um (magenta line), as a function of wavelength for Silica cladding. In this figure, we observed that, at
the wavelength A = 1600 nm, the transmission coefficients are 0.97 and 0.91 for curvature radii R = 10
pum and R = 7 um, respectively. For a curvature radius R = 5 um and for the wavelengths A = 1400
nm and A = 1600 nm, the transmission coefficient values are 0.81 and 0.76, respectively, and with the
maximum value of 0.84 at A = 1460 nm. We concluded that the curvature radius of the 90°-bend PSW

should be larger than 3 A to obtain a transmission coefficient greater than 0.8 [11].
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Fig. 12 Transmission coefficient of 90°-bend PSWs as a function of wavelength and for n = 0.5, A=300, and w = 300 nm.
Five different curvature radius values are considered: R= 10 um (blue line), R =7 um (red line), R =5 um (green line), R =
4 um (black line), and R = 3 um (magenta line) for SiO, cladding.

IV. CONCLUSIONS
We used the 2D-FEM in the frequency domain to show that PSWs can be used to design photonic

integrated circuits with sharp 90°-bends. To demonstrate the effectiveness of PSWs, we calculated the
overlap integral and the confinement factor of 90°-bend PSWs mode profile with equivalent wire
CWGs mode profile with widths varying from 160 nm to 300 nm. We showed that the mode profile of
a 90°-bend PSW is comparable to the mode profile of the equivalent 90°-bend CWG even for
relatively high values of averaged refractive index contrast. We also calculated the transmission
coefficient as a function of the period A and the overlap integral as a function of the duty cycle n for
90"-bend PSWs with two different cladding materials: Silica and SU-8. In the waveguides that we
studied, we concluded that the period A should not exceed 320 nm for A = 1500 nm to obtain a
transmission coefficient greater than 0.8, and that the optimum value to be chosen for the duty cycle is
n = 0.5 for silica cladding and n = 0.6 for SU-8 cladding [2]. We also concluded that the curvature
radius of a 90°-bend PSW should be larger than 3X to obtain a transmission coefficient greater than
0.8. We observed that the transmission coefficients of a 90°-bend PSWs is 0.91 at A = 1600 nm for a
curvature radius as small as R =7 pm.

The simulation of crossings and the nonlinear formulation of PSW are under analysis and results

will be report in a near future.
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