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Abstract—in this letter, we present a different approach to ac- methods [3]. As BPM is intrinsically an approximate method,
curately calculate the bending losses in curved dielectric waveg- eigenmode techniques seem more advantageous. However, in
uides. It is based on the well-known conformal transformation of - ¢|55sical eigenmode methods, the structure needs to be enclosed
the index profile and on vectorial eigenmode expansion, but this - . .
time with perfectly matched layer (PML) boundary conditions to betvyeen two perfectly conduc_tmg metal Wa"S_ !n order _to dis-
accurately model radiation losses. The modal spectrum of these Cretize the mode spectrum. This causes parasitic reflections, be-

waveguides in the presence of PML is discussed and the methodcause the radiation lost in the bend is totally reflected at the

is validated by comparing it to previously published results. metal walls and can disturb the simulation results. In fact, these
Index Terms—Absorbing boundary conditions, bending losses, Parasitic reflections make it completely impossible to determine
eigenmode expansion, waveguide bends, waveguide theory. the radiation losses of the waveguide modes, since they will all

have real propagation constants because of energy conservation
in lossless media enclosed by perfect reflectors.

Another approach to calculate these radiation losses is to
ENDS in dielectric waveguides are an important buildingliminate the metal walls and estimate the losses from the leaky
block for nearly all types of photonic integrated circuitsnodes of the completely open structure. These leaky modes

(PICs). Therefore, it is necessary to be able to design and sirave complex improper solutions to the open dispersion relation
late these bends in an accurate and speedy manner. More spgeifause their fields profiles increase exponentially toward
ically, the bending radiation losses have to be modeled correcthfinity in the cladding [4]. Although this technique is suited to
as these are an important parameter for the performance of legermine the loss of individual modes, it is well-known that
device. leaky modes do not form a complete set and can, therefore,
Most techniques modeling bends in dielectric waveguideggnerally not be used to describe an arbitrary field. This means
use the so-called conformal transformation of the index profilthat leaky mode expansion is not suited to study, e.g., the
where the piecewise constant index profile in a two-dimensionainimization of the transition loss between a straight and
(2-D) circular geometry is transformed to an exponential fielda curved waveguide, because the scattering at the interface

|I. INTRODUCTION

profile in a straight geometry[1] between these two sections will give rise to a field that contains
, more components than a single leaky mode.
uw=Rln— Q) In this letter, we present a different eigenmode approach that
Ru does not have these disadvantages. We keep the structure en-
Mt =NEXp B (2)  closed between two metal walls, but we clad these with a per-

fectly matched layer (PML), which can absorb incident radia-
For the analysis of three-dimensional (3-D) bends, the indéign without any additional parasitic reflections, regardless of
profile can first be reduced to 2-D by applying the effectivevavelength, incidence angle, or polarization [5]. This allows
index method prior to the conformal transformation. us to accurately model radiation losses, while at the same time
The straight waveguide with the transformed index profilkeeping a discrete set of eigenmodes.
can be analyzed with a number of techniques, ranging fromThe rest of this letter is organized as follows. In Section Il, we
beam propagation methods (BPM) [2] to eigenmode expansiaill briefly review the eigenmode expansion method combined
with PML boundary conditions. Section Il will focus on the
influence of PML on the modal spectrum of waveguide bends.
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II. EIGENMODE EXPANSION WITH PML 0 J0Coo oA

For the sake of completeness, we will briefly reiterate the o (éab%%‘gm%mmwb o
main points of the PML eigenmode expansion method, which o (55‘@ @, \B OOO
we already described in more detail in [6]. 0037 & O%OOOO 0

PML is included in the model by making use of the complex -0.04 & '\oooo
coordinate stretching technique [7], which statesthata PMLcan  -00s ¢ )
be described by a layer with a real refractive index, but with a 0.08 o
complex thickness. The imaginary part of this complex thick- 007 ° 5
ness provides the reflectionless absorption of the incident fields. o o

The rest of the eigenmode expansion model follows naturally;
the dispersion relation is solved for the propagation constants ~ *%

of the eigenmodes in each longitudinally invariant section of 01 25 3 a5 p a5

the device under study. From their field profiles and the overlap

integrals of these modes, the scattering matrix describing {f{e 1. Distribution of propagation constants in the -plane. Horizontal axis

. . . : . Is the real..c-axis and vertical axis the imaginany.qc-axis.

interface between two different sections is constructed using the

mode-matching technique. Finally, the scattering matrix of the

entire sequence of sections making up the device is calculated.
Because eigenmode expansion does not rely on spatial dis- 4

cretization, it typically requires far fewer unknowns and far less

computational effort than other models.

Index and modal field profiles

I1l. M oDAL SPECTRUM OFCURVED WAVEGUIDES IN THE

PRESENCE OFPML 1]
In this section, we will study the propagation constants of . , / , , _
a curved waveguide with the following properties: core index 0 5 10 15 20 % 30
3.24, cladding index 3.17, widthh = 3 pm, bending radius u (micron)

R = 50 um. After conformal transformation, we obtain an ex-. . ) . o
L . . . . .. Fig. 2. Transformed index profile and magnitude of the magnetic fields of the
ponential field profile, which we approximate with a sufficientlynodes marked in Fig. 1.

fine staircase profile (50 steps). The total thickness of the low

index cladding is 1Q:m, that of the high index is 1Zm. The Bending losses for TM modes
PML is incorporated by giving the outermost staircase step in
both claddings animaginary thickness of -Q:8), which turned —_— nm0s2
out to be sufficient for the calculated radiation losses to be inde- O et e T
pendent on a further increase in PML absorption. The operation LN e
wavelength is 1.5%m, and we study the TM modes. c N
In the absence of PML, i.e., with zero imaginary cladding § ool \ S
thickness, all modes lie on the coordinate axes, which as we NN
already said makes it impossible to determine the radiation loss \
of the bend modes. Moreover, apart from the modes guided by o001 An=0.09 \an =007 0 =008
the bend, there are also modes guided only by the outer high- 6 10 20 30 40 50 e0 70 e0 90 100

index region of the cladding, which has a much higher refractive Radius [micron]

index than the waveguide core. Fig.3. Radiation loss per 90as a function of bend radius and index contrast.

With the introduction of PML, the modal spectrum is com-
pletely different, as can be seen in Fig. 1, showing the distri-
bution of hundred eigenmodes for the waveguide structure de-
scribed in the beginning of this section. The fundamental modeFig. 3 shows the calculated radiation losses of the same
is easily identifiable as the mode marked “A” in Fig. 1, as itvaveguide geometry as used previously, as a function of
lies closest to the positive real axes (top edge of the figure) abending radius and refractive index contrast (as obtained by
closest to the index of the core. Other branches of modes exiatying the cladding index). The radiation loss was calculated
with higher losses, e.g., the branches containing mode B or @om the imaginary part of the effective index. The results

Fig. 2 shows the magnitude of the magnetic field for moddsllow the well-known trends that losses increase for shorter
A, B, and C, together with the transformed index profile. It ibending radius and for lower index contrast, both because
clearly visible that mode A is guided by the waveguide, but leakd lack of confinement. There is a very good quantitative
some power to the outside of the bend (right side of the figurg)greement with results obtained from a leaky mode analysis
where it has a plane-wave like component indicative of radif]. This is not surprising, because for high PML absorption,
radiation loss. The modes B and C are not guided by the besdme modes in the spectrum converge to the leaky modes of
but only by the high index occurring in the outer cladding.  the corresponding structure, as we already showed in [9].

IV. RADIATION LOSSES
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Optimal offset (m) vectorial eigenmode expansion combined with PML absorbing

0.45 - boundary conditions, such that radiation losses can be accu-
g;g: =~ Apbrox. rately determined. We investigated the modal spectrum of these
0.30 | — L waveguides in the presence of PML and verified our model
025 simulations by comparing it to previously published results in literature.
0.20 1 . .

0.15 - We believe the proposed method is more accurate than both
g;g BPM (because BPM introduces approximations) and classical
0.00 . . . . . . eigenmode methods (because hard walls are replaced with

0 200 400 600 800 1000 1200 PML boundaries)'

Bend radius (um)

Fig. 4. Optimal lateral offset between a straight and a curved waveguide to
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Because of the mismatch between the modal profiles of the
straight and the curved waveguide, scattering will occur when
light propagates across the interface between a straight and a
curved waveguide. As the mode in the curved section is located!] M- Heiblum and J. H. Harris, “Analysis of curved optical waveguides

. . . by conformal transformationfEEE J. Quantum Electronvol. 11, pp.
closer to the outer waveguide edge (see Fig. 2), it makes sense 75 g3 apr. 1972,

to laterally offset the straight input waveguide in order to get a[2] R. Scarmozzino, A. Gopinath, R. Pregla, and S. Helfert, “Numerical
better match between the field profiles. By numerically varying ~ techniques for modeling guided-wave photonic devic#SEE J. Se-

this offset det ine it ti [ val h the t lect. Topics Quantum Electrgnuol. 6, pp. 150-162, Jan./Feb. 2000.
IS ofiset, we can determine Its optimal value where the rans'[3] G. Sztefka and H. P. Nolting, “Bidirectional eigenmode propagation for

mission of the fundamental mode across the interface is max- large refractive index steps|EEE Photon. Technol. Lettvol. 5, pp.
imal. The results are shown in Fig. 4, for the same geometry as _ >54-557, May 1993.

. ] A. W. Snyder and J. D. LoveQptical Waveguide Theory London,
from Section Ill. These results are also compared to an approx=" | k - chapman and Hall, 1983.
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