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Abstract. The connection of two straight dielectric multi- case. Thus he proposed it to be the exact thekgri(dl-
mode slab waveguides by a circular bent waveguide is anamaier, 1992. To the best of the authors knowledge Kerndl-
lyzed by means of quasi-guided modes. These modes correnaier did not publish his results apart from his PhD-thesis,
spond to the well known leaky modes, but own real eigenval-thus Sect2 deals with the basic ideas of his theory.

ues, thus the mathematical description is simpler. Further- The mode spectrum of the bent waveguide is continuous,
more they are derived as approximate solutions of the exadike the set of radiation modes of the straight slab waveguide.
theory. This work will first give a brief introduction to the  As the primal purpose of our approach is to estimate the radi-
basic theory, followed by a discussion of the properties ofation loss of bent waveguides connected with straight wave-
quasi-guided modes. After a validation by comparison with aguides, that only carry guided modes at incoming side, it
numerical simulation using the Finite Integration Technique,would be advantageous if equivalent modes exist for the bent
results for the bending loss of multimode waveguides are prewaveguide. Actually it is possible to isolate a set of quasi
sented. guided modes that correspond to the set of leaky modes, but
own real eigenvalues. Secti@rtharacterizes the properties
of the quasi-guided modes and describes the connection to
straight waveguide elements. For the purpose of validation,
results of a numerical simulation using the Finite Integration

The modeling of bending loss of optical waveguides has'echnique are presented in Sett.Finally Sect5 presents
been of special interest since the demonstration of the firsfeSults for the bending loss of multimode slab waveguides
functional laser in 1960. Many classical publications ex- nvolvinga 90 bend. _

ist, e.g. Marcatili (1969; Lewin et al. (1977; Marcuse Throughout the following presentation only the case of
(1982; Snyder and Love(2000, but the presented ap- transverse electric fields is regarded explit_:tly. But all state-
proaches are mostly approximations for small radiation lossMents also hold for transverse magnetics fields.

Often the leaky mode ansatz is presented as exact solution of

Maxwell's equations for the cylindrical slab waveguide. This

ansatz uses Hankel functions in the outer region in order t&2 Basic theory

satisfy the radiation condition. But it is not the single mode

that has to satisfy this condition, it is the sum of all modes. In The following sections briefly describe the theory of quasi-
addition the discrete and limited set of leaky modes can noguided modes of bent dielectric slab waveguides. A detailed
build a complete set of solutions. In 1990 Morita and YamataPresentation including all derivations can be found@mndl-
presented a new, initially nonrestrictive theory, but also ap-maier(1992; Stallein(2010.

plied the radiation condition to the individual modddrita

and Yamadal1990. Hence it was Kerndlmaier in 1992 who 2.1 General solution of Maxwell’s equations

first presented the theory, that is not limited to any special

1 Introduction

Consider the waveguide structure shown in BigThe dif-
ferent sections, divided by the inner radiRs and outer ra-

Correspondence tayl. Stallein dius R+, are free of sources and filled with homogeneous
BY (stallein@tet.upb.de) material. The refractive indices in the inner cladding, the
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Fig. 1. Connection of two straight waveguides by a bent element.

outer cladding and the core region arg n3, andni, re-
spectively, while the permeability remains constant .
Using cylindrical coordinate®, ¢, z) the straightforward so-
lution of Maxwell's equations for the bent section in the fre-
quency domain is

E, (r)=aye:£,(0) eXp(—jvy) 1)
with
Jy (k20) 0<eo=R"
éU(Q)Z Alvju(k1Q)+A2va(le) ,R_§Q§R+ (2)
Agzy Ju(k3Q) + Ay Ny (k30) , RT <o
andk; =ni27”, i =1,2,3. Here a wave propagation in pos-

itive p-direction has been assumed and called “angular
wavenumber” or simply eigenvalue of the modg.and N,
are the Bessel and Neumann functions, argthe free space

wavelength. The magnetic field is given by Faraday’s law Pvs =~

H,=-1/(jop)V xE,.
Enforcing the boundary conditions in= R~ ando = R™
results in the following expressions fdn,—Ag, .

o
Ay = ”T(lixsz—)N;(klR—)
— kaJ}(2RTIN (K1 RO)) 3
TR~ , _ _
Az = T<szv(k2R ) Jy(k1R™)
— kidy (k2R )} (2R 7)) (4)

+

7R
ASUZT

(A1) (kaRT) + Ay N} (k1 R™)) +kaN, (kaR™)
(AL (aR ) + A2 Ny (1 RY)) - (5)

(—klNu (ksR™)
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xRt
Agy = T(klfv(k3R+)
(A1) (kaR™) + Ay N (k1 RY)) — kaJ, (kaR™)
(AwJu (LR ) + Az Ny (kiR D)) (6)

The propertya, remains as initially undetermined weight
function of the continuous mode spectrum of the bent wave-
guide.

Because of the analogy to the spectrum of radiation modes
of the straight waveguide one can assume that purely real
eigenvalues are adequate to describe any essential physi-
cal field problem Kerndimaier 1992, although in general
any complex eigenvalueis permitted. Therefore in the fol-
lowing only purely real eigenvaluesare considered and for
further characterization of the mode spectrum a scaling of the
weight function

2wp

> (7)
2 2
A3u + A4v

a, =

is useful.
2.2 Non-orthogonality of the mode spectrum

Testing the orthogonality requires the solution of an integral
like
FVS 1 * * *
Vi ‘_1/0 (Ev xH:+E; XEV>¢d,0

where Az is a distance irx-direction. According tdMorita
and Yamad41990 the solution of Eq.§) is

=

vE = (8

2 2 2 2 w(v—
\/A3u+A4v \/A3S+A4§ ( &)

—/

o~

©)

Using the shortcug, = j\‘—z it is straightforward to show that
no singularity exists for =¢:
— 1 1dB,
=————. 10
W2 wodv (10)
The expressiord) does not vanish for any #£ &,
Pl #0, (11)

thus the modes of the bent waveguide are nonorthogonal.
2.3 Quasi-guided modes (QGM)

In the continuous mode spectrum of the bent waveguide so-
lutions exist, whose field profiles are focused on the core re-
gion. Due to the singularity of the Neumann functiip this

is the case if

Az, =0. (12)
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If only quasi-guided modes are used in E9), (he expres- Now let us assume the fields in the bent waveguide are
sion simplifies withg, = 8: =0 to defined by a weight function of the form of &Lorentz-

. distribution, thus
- SIn(z(v=¥§))

= if v#£E. 13
v T(v—§) 7 13) E(0.9) =/auez§u(g)eXp(—jv<p)dv
%
As will be shown, in case of quasi-guided mod’éﬁ is al with a, = . (20)
ways a large negative quantity, thus /1+ k252
P> F:}g (14) When the wave travels through the bent waveguide the shape

of the field profile will undergo deformation. As a measure
is valid and the quasi-guided modes are considered as quader the deformation after the wave has passed an arbitrary
orthogonal, though the complete mode spectrum is nonangleg, the following integral will calculate the overlap with
orthogonal. the fields in the plang =0

n . [e¢)
2.4 Physical fields B(gp) = %/ (E(Q,O) x H*(0,9)
0

The modes of the bent waveguide are exited by the fields of
a straight waveguide, see Fi.If the fields at the end of the
straight waveguide ip = 0 are given by andH, then the
overlap with the bent waveguide modes results in an integra

+E°(0.9) < H(e.0)) dp. (22)

Psing Egs. 20), (8) and (19) it follows

equation of the form B(o) / 1 expj£¢)ds (22)
== —— X .
B ¢ : 1+ k222 Js¢

ISZ/GVPVEdU (15)

v If the integration interval can be extended from the real axis
with to the closed contour of the upper half plane, it is possible

to find a solution by means of the residue theorem. The nor-

1 oo . .

Ie = Zf <§ x H +E xﬂ) dp. (16) malized result is
0 ¢

, . , , . B 1 exp(jée) d

Equation (5) is a Fredholm integral equation of the first 5z oy = ;% T - - 5 =exp(—¢/k).
: . : o O = E—Jj/k)E+]j/k)
kind, that is even numerically difficult to solve. . ulfppler
alf plane

For the connection of straight and bent waveguides it is ex-
pected that primarily the codomain fonext to the eigenval- (23)

uesyg of the quasi-guided modes is excited. Thus a lineariza- , ' ,
. As . - Therefore, as long ag > ¢, the field profile defined
tion of g, = 22 around the eigenvalu of a quasi-guided 2 :

mode is poséﬂ?)le by a +/Lorentz-distribution propagates almost undistorted

through the waveguide.

- o d
By =—kv with b =v—vg and —k = 'iv o (17) 2.5 Relation to the Leaky Mode Ansatz (LMA)
The quantityk is always positive. Now Eq9j becomes With
1 k o Azy=jAs (24)
vg=—( —Coq(5(V—§))
T \/(1+k2ﬁ2)(1+k2§2) the field description irp > RT can be written in terms of

Hankel functions

J@He?) (144282 V8

1+k20E sin(% (v—§))
). (18) . @
Agzy Jy(k3o) +Aa N, (k3Q) =jAp HV . (25)

This is the so called Leaky Mode Ansatz (LMA) and E2gX
is the associated eigenvalue equation. The Solutiprof
Eq. 24) are always complex valued witht{v;} #0 and
3{v;} #0. Hence the real part of the Poynting vector of a

If the kernel (L8) is used in the integral equatiobd), then the
square root of a Lorentz distributiok/Corentz-Distribution)
is an eigensolution of the integral equation

1 — 1 leaky mode has a componentdrdirection.
/U 1+ k%2 Pygdv= 1+k2§2. (19) If —1/k is taken as imaginary part of the eigenvalgeof
the quasi-guided mode, then this constructed eigenvalue can
This can be checked by means of the residue theorem. be checked against the eigenvalues of the leaky mode ansatz.
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Table 1. Eigenvalues and attenuation constants of quasi-guided ‘QGM‘ S
modes (g and —1/k) and leaky modes){{v;} and J{v;}). Pa- LMA ® --
rameters:ny = 1.57, np =n3 = 1.55, d = 10pm, R = 3mm and LMA & ---
A =850nm. Straight -

N{v} 3{v} E’
Mode QGM LMA QGM LMA nor

1 34820.05 34820.05 —6.199e-34 —
2 34772.80 34772.80 —6.427e-28 —
3 34720.68 34720.68 —1.284e-21 - it
4 34650.55 34650.55 —4.565e-14 - | Y W ! !
5 34561.82 34561.82 —2.961le-6 —2.957e-6 2.99 2.995 3 3.005 3.01 3.015 3.02
6 34460.38 34460.58 —1.308 —1.263 o/mm
T T T T
QGM  —
LMA R --
Table 1 shows the results for a waveguide with six guided LMA S ---
modes in case of the straight waveguide, and also six quasi-

Straight -
guided modes in case of the bent-waveguide. Except for the ---
last mode the real parts agree within seven (or more) digits. E
The real parts of the sixth mode differ slightly but now the norm.
attenuation constants, the imaginary parts of the eigenvalues, . . i\
already take large (negative) values, thus the mode suffers AV SRRV
strong attenuation. The absolute valligk| is always a little
larger thenX{v;}|. But anyway, for the first four modes the oo i
absolute values are very small and can be neglected in case
of waveguide bends of 90or less. Effectively the quantity
|3{v}| is too small to be determined by conventional root
solvers and double precision accuracy, e.g. secant methods

2.99 2.995 3 3.005 3.01 3.015 3.02
o/mm

Fig. 2. Comparison of the electric field profile of the fifth and sixth
The results of Tablé are typical and similar conclusions mode of the quasi-guided mode approach (QGM), real and imagi-

hold for waveguides with a larger number of guided modes.nary part of the leaky mode ansatz (LMAand LMA ), and the

There is always a specific number of modes in dependencyelated profile of the mode of the straight waveguide (Straight). The

on the radiusk, whose attenuation constant is negligible. waveguide core region is highlighted. Parameters like in Table

Only a few modes remain with-1/k in a significant range

and all other modes can be disregarded at all, because the

attenuation is to high. The differences in the eigenvalues o8 Calculations on the basis of quasi-guided modes

the quasi-guided modes and the leaky modes are always very

small. Since the theory of quasi-guided modes owns a rea$-1 Further properties of quasi-guided modes

valued eigenvalue equatioh?), it is preferable, because the

leaky modes afford the solution of a complex valued Pg).(  In Sect.2.4 the +/Lorentz-distribution has been introduced

as a physical solution for the weight functiep. Because&

Finally Fig. 2 shows the electric field profile of the fifth ga large quantity and,Z is the half width of the Lorentz-

and sixth mode of the quasi-guided mode approach, the re

and imaginary part of the leaky mode ansatz, and the relate egligible compared to the distance between the eigenvalues.

proﬁlelpf tge 'r:;]ode of t?te S{Ea'ght Waf\llegg::gt_a. At” flelgs ar€ Even for the sixth mode the distribution concentrates around
hormalized with respect fo the power fiowgrdirection. =or - -y, o quasi eigenvalue. This behavior has been observed for

the_ f'f.th mode both bent wa_wegmde solutions appr_oxmatelyvarious different waveguide parameters, i.e. different core
coincide and the overlap with the mode of the straight wave-

ide is hiah. | fthe sixth mode the leak d tthicknessesi and radii of curvatureR. Therefore it is le-
gullqls_;s 'gh. In casetq € SIx mote OE ea ylmt(:].eans; 6itimate to state that the width of théLorentz-distribution
exnibIS an apparent imaginary part. VIously This MoTe;q i finitesimal small, thus replace it by a Dirac-distribution
cannot be regarded as quasi-guided because the oscillations

%% Then for a multimode waveguidg becomes
in the outer cladding regioR™ < ¢ are oversized. Anyway, guide
according to Tabld the attenuation constant of this mode is a
very high.

istribution, the half width of the first five modes in Tallles

VA Y Cr@Xp(—an)8(v —vy). (26)
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HereC, is the amplitudey, the eigenvalue, and, =1/k, As mentioned before, the calculation rul&®)and @1)

the attenuation constant of a quasi guided mode. Furtherare good approximations for small radiation loss. It is obvi-
more the electric field is expressed by ous that radiated fields cannot be expressed just in terms of
quasi-guided modes. In this case the full mode spectrum of
E(0,0) = /avé,, (0) exp(— jvp)dv the bent waveguide must be regarded and an integral equation

v like Eq. (15) has to be solved. But often the exact solution for

= chén (0) eXp(—j(vn—jan)fﬂ)- (27) the radiated fields is not a matter of particular interest. The

n primary parameter of a transmitting channel is the outgoing

As will be sh later this i it d imati power flow. If the anglepg of the bent waveguide is suffi-
s WITL e shown 1ater, this IS quite a good approximation ciently large, so that all radiating fields are emitted and just
whenever the waveguide bend is free of loss due to rad|at|0nthe quasi-guided modes contribute to the fields in the end-

The conne_ction of the eigen\_/alue_s of the straigh_t and theface of the bent waveguide, then Ec@0)(and @1) are stil
bent waveguide becomes obvious if the propagation term%apable to calculate the outgoing power flow. In the follow-

are compared: ing this approach is referred to as QGM-Method.
exp(—jk;z) ~exp(—jk,Rp) = v~kR. (28)

Herek, is the eigenvalue of the straight waveguide. For small4 Numerical validation

radii this relation is just a guesstimate, but it is useful for o i ,
the definition of a search interval. Based on the well knowQuaS"glJIOIeOI modes are exact solutions of Maxwell's equa-

solution interval of the straight waveguide it follows tions, but they are c_ertamly not a complete set Of_ modes.
Whether they are suited to model the power flow like pro-

kono <k, <koni = konaR™ <v <koniR™. (29) posed in Sect3.2 should be tested by comparison with a
numerical simulation. This simulation has been done with
However, the eigenvalue of the fundamental mode might CST MICROWAVE STUDIG® (MWS2009), i.e. the Finite

slightly exceed the upper boundary in ER9). Integration Technique. Because the wavelerigthl.55 um
is very small compared to the 90ent waveguide trajectory,
3.2 Connection to straight multimode waveguides the radiusr is decreased t& = 250 pm andR = 125 pum re-

spectively, in order to reduce the memory requirements. Fur-

If reflected waves can be neglected at the transition from thgnermore no straight waveguides have been considered ex-
straight to the bent waveguide only the transverse COMPOpjicitly, although the field inp = 0 is defined by the funda-

nents of the electric or the magnetic fields must be matchedy,ental mode of a straight waveguide. The thickness of the
Thus if the fields in the bent waveguide are given by B®),(  ¢ore jsg = 125 um and the refractive indices are= 1.1 and
then the amplitudes of the quasi-guided modes are nz=n3=1.0. For the numerical simulation a discretization
-~ with 20 lines per wavelength leads to approximately 60 mil-

c® A 1 / ZCU)QD xﬂl(f?dp. (30) Iio_ns of unknowns. Finally open boundaries have been ap-

"W \ G plied to produce the results f& = 250 um presented on the

left side in Fig.3.

The index (b) indicates the bent waveguide arty the Depicted is the magnitude of the electric field within the
straight waveguide. Furthermore the indexdiscerns the  ,_plane. As is it shown witlR = 250 pm there is no radiation
modes of the straight waveguide anithe transverse compo- |oss, i.e. there is almost no power flow in radial direction in
nents of the fields. In Eq30) the orthogonality relationld) g+ < . And as supposed there are only minor differences
has been applied. Accordingﬁljff) is the normalized power in the results of the QGM-Method. The graphs on the right
of a quasi-guided mode. in Fig. 3 show the the fields in the input plage=0 and in

An analog expression to E®Q) holds for the second tran- the output-plane = /2, respectively, before and after the
sition after passing through a bent segment defined by thexpansions30) and 31), denoted by the indices/+ in the

anglego: keys. For the interpretation it is important to know, that 10
quasi guided modes with < 5 exist in the bent waveguide,
0 ~ 1 compared to 12 guided modes in the straight waveguide. The
H ZF;Y) results demonstrate that the boundary conditios=#0 and

¢ = /2 are approximately fulfilled. Furthermore there is
o0
b) IV ) good agreement between the results of QGM-Method and the
/0 <;C" exp(—j (v Ja”)(po)§’"> xHycdp- - (31) numerical simulation ip = /2.
Figure4 shows the corresponding results &= 125 pm.
Here the indexr) indicates the second straight waveguide Due to the reduced radius of the bent waveguide and since
which follows the bent waveguide. only the fundamental mode of a straight waveguide is excited

www.adv-radio-sci.net/8/19/2010/ Adv. Radio Sci., 8,26-2010
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T

|E]
norm.
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235 240 245 250 255 260 265 270 275 280
o/nm
T T T T
o= (m/2)"
(m/2)*

|E|

norm.

235 240 245 250 255 260 265 270 275 280
0 =250pm o/pm

Fig. 3. Left side: Magnitude of the electric field in thep-plane simulated by CST MICROWAVE STUDf® Right side: Magnitude of the
electric field in the port planegs =0 andg = /2 simulated by the QGM-method. The indiceg+ in the keys denote whether the fields
are calculated before or after the expansi@® and 81) and the key CST denotes the results of the numerical simulation. The waveguide

core region is highlighted.

p=m/2

|E]
norm.

A |
110 115 120 125 130 135 140 145 150 155
o/pm

o= (n/2) —
(r/2)"
ST o

|E]
norm.

s I I ] I )
110 115 120 125 130 135 140 145 150 155
0 =125um o/pm

Fig. 4. See caption of Fig3, but R =125 pm.

in ¢ =0, mainly at two position in the planes~ 30° and  fails especially for small angleg and consequently the
¢ ~ 80 the power radiates in form of a beam. Overall about boundary conditions ip = 0 are not satisfied. It should be
50% of the power coupled into the waveguide is radiatednoted that forR = 125 um only 6 quasi-guided modes with
away from the core region. k <5 remain. At the second transition, after passing the bent

As mentioned before, radiated fields cannot be expresseiaveguide section of 90 one can observe a clearly larger
in terms of quasi-guided modes. Thus the QGM-MethodoVverlap between the different field solutions in the interface.

Adv. Radio Sci., 8, 1926, 2010 www.adv-radio-sci.net/8/19/2010/
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Fig. 5. Comparison of the transmission scattering parameters for the

simulation withR = 250 um (Fig3). The graphs show the coupling
from the fundamental mode of the incoming waveguide to the firstFig. 6. Coupling conditions in the front face of the incoming
four modes of the outgoing waveguide. straight waveguide.

That is, within the QGM-method the boundary conditions ©f the outgoing waveguide i_s arbitrary._ For the results in
in the core region are approximately fulfilled and the over- Fig- 5 the length of the incoming waveguidg tends to zero

lap with the numerical solution is large. Obvious differ- @nd in Fig.5 some special values, have been used. Further
ences just remain in the outer cladding region. Howeverparameters are the ratio of core thickness and be_am_W|dth
it is expected that these parts are radiated away if the wavé/? = 1.5, the wavelength =850 nm, and the refractive in-
propagates a distance within the straight waveguide, becaugdcesna = 1.57 andnp =n3=1.55. o

fields in R+ < o cannot significantly excite guided modes of ~ Figure7 shows results for the bending logs, in depen-

the straight waveguide. Therefore the presented results fof€ncy on the radiug fora 90 bend. In Fig5 various angles
R = 125um are a further indication for the validity of the of incidence of the Gaussian beairhave been considered,

QGM-Method. while the core thickness is constaht= 75 um. It becomes
In addition scattering parameters have been generateﬁlear that the bending loss usually increases if the coupling

from the fields in the port planes, which again show goodconditions are not i‘?'ea" g0 > 0°. A.n exc‘?p“"“ is .the .

agreement between the QGM-method and the numerical simC2Se of a small rotation of the beam axis against the direction

ulation. Figure5 shows the results of the simulation with of the bend, which is the negatiyedirection. _

R = 250 pm for the first four modes of the outgoing wave- Finally Fig. 5 shows some effects of multimode interfer-

guide, when in the incoming waveguide only the fundamen-&"¢®- The core th|ck.ness IS once aga'f' 75 Hm. Because

tal mode is excited. Similar agreement holds for the remain-Of_ th_e sym_metngal St'mt_"at'on withh - 0°, the field pgttgrn_

ing eight modes of the straight waveguide. within the incoming straight waveguide has some distinctive
local maxima Soldano and Penning&995. If the length

zp is chosen such that one, two, or three maxima exist at the

end of the incoming waveguide, then the dependency of the

5 Bending loss of multimode waveguides bending loss on the radiugis in the form of steps.

The QGM-method presented in Set2 is an efficient ap-
proach to calculate the radiation loss of a circular bendeds conclusions
connection of two straight slab waveguides, cf. Fig.In
the following some exemplary simulation results for differ- The theory of quasi-guided modes (QGM) is an important el-
ent sets of parameters will be presented. The modes of thement in the modeling of dielectric bent waveguides. Com-
incoming straight waveguide are excited by a Gaussian bearpared with the well know leaky mode ansatz it is advanta-
with a beam widthb = 2r;, and an asymptotic angle of diver- geous, because the eigenvalue equation is real valued. Nev-
gence of®,0 =5°, see Fig6 (Stallein et al. 2004 Stallein ertheless the deviations are small, e.g. all results of Sect.
2008. can also be generated by means of leaky modes. The an-
In dependency on the angle of incidence of the beam axislytic calculation with a limited and discrete set of modes
9, different excitations of the mode spectrum result and dif-is time-efficient in contrast to a numerical simulation, be-
ferent bending loss is expected. The bending Ibgsis de-  cause the optical wavelength is very small compared with the
fined as the ratio of the power in the guided modes of the outiength of the waveguide trajectory. For the purpose of vali-
going and the incoming straight waveguide, thus the lengthdation a comparison with the results of CST MICROWAVE

www.adv-radio-sci.net/8/19/2010/ Adv. Radio Sci., 8,26-2010



26 M. Stallein et al.: Quasi-guided modes of bent dielectric slab waveguides

1 - — References
09F /7 T .
08 Kerndlmaier, W.: Differentialgeometrische Formulierung der
: ] Maxwell-Gleichungen und deren Anwendung auf die Berech-
0.7 7 nung gekimmter dielektrischer Wellenleiter, Ph.D. thesis,
06 — Minchen, Techn. Univ., 1992.
Paos - Lewin, L., Chang, D. C., and Kuester, E. F.: Electromagnetic waves
0.4 9 = 0° B and curved structures, |IEE Electromagnetic Waves Series, \ol-
) A ume 2, Peter Peregrinus, Ltd., Stevenage, Herts., England, 1977.
0.3 5 - N Marcatili, E. A. J.: Bends in optical dielectric guides, The Bell Sys-
0.2 10° . tem Technical Journal, 48, 2103-2132, 1969.
0.1 ~10° —— Marcuse, D.: Light Transmission Optics, Van Nostrand, New York,
0 \ \ 2 edn., 1982.
20 25 30 Morita, N. and Yamada, R.: Electromagnetic fields in circular bends
of slab waveguides, IEEE/OSA J. Lightwave Technol., 8, 16—-22,
1990.

1 Snyder, A. W. and Love, J. D.: Optical Waveguide Theory, Kluwer
0.9 L i Academic Publishers, Boston, 2000.

’ Soldano, L. B. and Pennings, E. C. M.: Optical multi-mode interfer-
0.8 - N ence devices based on self-imaging: principles and applications,
0.7 - n IEEE/OSA J. Lightwave Technol., 13, 615-627, 1995.

0.6 - — Stallein, M.: Coupling Efficiency of Gaussian Beams Into Step-
P 0.5 ] Index Waveguides — An Improved Ray-Optical Approach,
0.4 L i IEEE/OSA J. Lightwave Technol., 26, 2937-2945, 2008.

’ Stallein, M.: Einkopplung in multimodale Lichtwellenleiter —
0.3 - N Wellentheoretische Analyse und ein Vergleich zu strahlenoptis-
0.2 |- . chen Modellierung, Ph.D. thesis, Paberborn Univ., March 2010.
0.1F — Stallein, M., Kolleck, C., and Mrozynski, G.: Coupling of a Gaus-

0 sian Beam into a Planar Slab Waveguide using the Mode Match-

0 8 ing Method, in: Extended Papers of the Progress in Electromag-
R/mm netics Research Symposium (PIERS 2004), 309-312, Pisa, Italy,
(b) 9 =0° 2004.

Fig. 7. Normalized output power after passing through & Bénd:
(a) for different angles of incidence; (b) for different lengths,
of the incoming waveguide.

STUDIO® (MWS2009) confirmed the basic suitability of the
QGM-method. For large radii of curvature, i.e. small bend-
ing loss, the QGM-method is quite a good approximation for
the fields in the bent waveguide. And even though the exact
solution of a radiation problem of course requires the con-
sideration of the complete continuous mode spectrum, it is
possible to calculate the field at the end of the bent section,
if the angle of the bend is sufficiently large. In this case all
radiating parts of the fields have already passed the core re-
gion and only the quasi-guided modes contribute to the fields
in the output port.
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