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Masashi HOTTA!, Masahiro GESHIRO' and Shinnosuke SAWA'{ Members

SUMMARY  The beam propagation method (BPM) is a pow-
erful and manageable method for the analysis of wave propaga-
tion along weakly guiding optical waveguides. However, the
effects of reflected waves are not considered in the original BPM.
In this paper, we propose two simple modifications of the BPM
to make it relevant in characterizing abrupt discontinuities in
weakly guiding waveguides at which a significant amount of re-
flection is expected to be observed. Validity of the present modi-
fications is confirmed by the numerical results for abrupt discon-
tinuities in step-index slab waveguides and butt-joints between
different slab waveguides.

key words: beam propagation method, reflection, waveguide dis-
continuity, overlap integral, weakly guiding structure

1. Introduction

In the design consideration of optical systems it is of
fundamental importance to understand the behavior
of optical waves propagating along various kinds of
waveguides. The beam propagation method (BPM)
proposed by Feit and Fleck[1] has been successfully
applied to the analysis of a wide variety of weakly
guiding structures which contain gradual variations in
waveguide parameters along the propagation direction.
However, actual waveguiding structures contain abrupt
discontinuities of the parameters in many places at
which an appreciable amount of incident power would
be reflected. If one intends to apply the BPM to
waveguide problems which include such discontinuities,
some appropriate modification should be made in or-
der to obtain trustworthy results [2]—[5], since reflected
waves are not taken into consideration in the original
BPM concept.

In the present paper, we modify the BPM to make it
applicable to the characterization of waveguide discon-
tinuities or butt-joints where the waveguide parameters,
such as the waveguide thickness and refractive indices,
abruptly change by a significant amount[6]. Variation
in the waveguide thickness implies the axial displace-
ment between waveguides interconnected. Two methods
of modification proposed in this paper take the Fres-
nel reflection into consideration. The main algorithm
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in the BPM repeats the same numerical procedure of
the Fourier transformation of the modal field and its
inverse transformation. One of the two modifications
is dealt with in the spatial domain and the other is
treated in the spectral domain. Both modifications can
easily be incorporated with original BPM computing
programs. Numerical results for an abrupt disconti-
nuity in film thickness of a step-index slab waveguide
are compared with those given by the accurate analyt-
ical method[7] and the overlap integral of modal pro-
files[8]—[11]. Some numerical results are presented for
butt-joints between different slab waveguides, which are
also compared with the results obtained by the overlap
integral [8]-[11]. These numerical results are in good
agreement, which verifies that the present methods are
applicable to the analysis of abrupt discontinuities or
butt-joints of slab waveguides.

2. Analytical Method

Suppose an incoming slab waveguide is connected, with
the axial displacement As, to an outgoing one having a
different film thickness or refractive indices, as shown in
Fig. I. The profile of the refractive index may be steplike
or graded in both waveguides. Discontinuities in the re-
fractive index at the interface, for instance | no1 — 162 |,
may be considerably large. It is, however, assumed that
both waveguides satisfy the weakly guiding condition
individually. Then the original BPM analysis is appli-
cable to each one of the waveguides. Therefore, if the
effects of the Fresnel reflection at the interface are taken
into account reasonably, the behavior of optical waves

Waveguide 11

Waveguide [

Fig. 1  Butt-Joint between weakly guiding slab waveguides.
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transmitted through and reflected at the junction can be
analyzed correctly on the basis of the BPM concept.

2.1 Method I (in the spatial domain)

The optical wave in the incoming waveguide can be
traced up to the junction by means of the BPM, as
mentioned above. The field distribution obtained just
in front of the junction is the modal field of a normal
mode in the incoming waveguide if the single mode ex-
citation is achieved. Since the maximum difference of
the refractive index in the outgoing waveguide is very
small, the modal profile would not be deformed signif-
icantly during passing through the junction. Therefore,
the field profile just behind the junction can be obtained
by multiplying the incident field by the transmission co-
efficient

;= 2v/N1 N, )

N1+ Ny’
The term, ““field”, in the present paper means the square
root of the power flow density. The above-mentioned
statement is an intuitive assumption which needs veri-
fying through the numerical check. We define N; and
N5 in the above equation as

/(njFl)st
P A —
] .

/ (F1)%ds

where F3 is the field profile in a transverse section of the
incoming waveguide and n; represents the index distri-
bution. The surface integrals must be carried out over
the whole cross section. For Ny, (2) can be regarded as
an approximation to the scalar variational expression
for the propagation constant. Resuming the BPM anal-
ysis by taking the resultant field as an initial field, the
optical waves in the outgoing waveguide can be traced.

Jj=1 2 (2)

2.2 Method II (in the spectral domain)

The BPM conceptually replaces a weakly guiding wave-
guide by a sequence of thin lenses located at equal
spaces in a homogeneous material having a proper ref-
erence refractive index. Therefor, the waveguide butt-
joint shown in Fig. 1 can be regarded as an interface
between different dielectric materials containing differ-
ent sequences of thin lenses. The basic algorithm of
the BPM is a consecutive procedure of plane-wave ex-
pansions of the modal field by means of the Fourier
transformation and reconstructions of it by the inverse
transformation along the lens sequence [ 1]. At the inter-
face between the two waveguides each expanded plane
wave is partly transmitted with the transmission coeffi-
cient [12]
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where a is the incident angle measured from the nor-
mal of the interface and takes a discrete value which is
determined by the discrete Fourier transformation. The
reference refractive indices of the incoming and outgo-
ing waveguides are denoted by n,1 and n,o, respectively.
which usually take the refractive index of the substrate
of each waveguide as in the present paper. For a weakly
guiding waveguide, the reference refractive index may
take such a different value as the refractive index of the
film or some intermediate value [1]-[4].

This coefficient is valid for TE waves in slab wave-
guides, since the boundary conditions at the interface
are automatically satisfied by the discrete Fourier trans-
formation in both the incoming and outgoing wave-
guides. For analyzing the TM mode we should use its
counterpart.

Recently, reflection operators have been proposed
for the BPM analysis and mainly applied to the re-
flected waves from abrupt discontinuities[2]-[4]. These
operators contain the space-dependent reflection coef-
ficient which is defined by the difference between the
space distributions of the refractive index on both sides
of the discontinuity. However, this coefficient also seems
to be rather an intuitive approximation.

Dominant components of the plane waves con-
structing the modal field in any type of weakly guiding
structure are incident almost normally upon the inter-
face. Transmission and reflection coefficients of these
plane waves are closely identical for both polarizations.
This means that the transmission coefficient (3) is ap-
plicable to an arbitrarily polarized plane wave having a
predominant expansion coefficient without causing any
appreciable errors. Consequently, multiplying the am-
plitude of each plane-wave component in the incoming
waveguide by ¢’ at the interface and converting the prop-
agation constant of the plane-waves into n,skg in the
outgoing waveguide, we can estimate the field distribu-
tion at any place in the outgoing waveguide.

Both modifications of the BPM in this paper would
be expected to give correct results for a discontinuity
problem where an air gap exists between the waveguides
connected to each other, as long as the discontinuity in
the refractive index is not extremely large.

t 3

3. Numerical Results
3.1 Step Discontinuities

To verify the present modifications of the BPM, at first,
we apply them to a step discontinuity in film thickness
of a symmetric slab waveguide. It is assumed in Fig. |
that the ratio of the film thickness on both sides of the
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Table 1~ Normalized transmitted power of the guided TE
waves at the step discontinuity as a function of kods. The wave-
guide parameters are chosen so that da/d1 = 0.5, np1 = noz =
1.0, and n;; = nj = 1.01.

[ kods =kodi/2__ ]| 100 | 200 | 400 |

Reference[7] || 0.990 | 0.957 | 0.863

Pr Eq.(4) 0.990  0.957 | 0.863
Method I 0.996 | 0.969 | 0.865
Method [I 0.996 | 0.969 | 0.865

discontinuity is dy/d; = 0.5 and that the refractive in-
dices of the film and substrate are n,; = n,, = 1.0 and
ni1 = nyp = 1.01, respectively.

In this case, an accurate analytical solution has
been given by Morita[7]. In order to estimate the trans-
mitted power of the guided TE waves in weakly guiding
waveguides it is considerably a simple way to apply the
following overlap integral of the modal profiles:

2
Y {/Fl'Fz*dx}
T

- (B +52)2 /| F |2dm‘/| F |2d:c

where F; and §; (i = 1 or 2) are the field distribu-
tion and the propagation constant of the normal mode
under consideration, respectively, and the asterisk indi-
cates complex conjugation [8]-[11].

Table 1 summarizes the transmitted power of the
guided TE waves estimated by Method I and II as a
function of koda, where kg is a free-space wavenum-
ber. For the sake of comparison, the results given by
Morita[7] and the overlap integral (4) are also listed in
this table. The results obtained by Method I and 11 are
in good agreement with those by the accurate methods:
relative differences between them are less than only 2%.

4

3.2  Waveguide Butt-Joints

We also apply our methods to butt-joints between slab
waveguides with the axial displacement As. We con-
sider two kinds of index distribution for the outgoing
waveguide: one is of step-index type and the other is
of square-law-index type. In each case, the incoming
waveguide has a step-index profile and the refractive in-
dices are chosen so that ny,; = 1.0, n;; = 1.01. The film
thicknesses of the incoming and outgoing waveguides
are assumed as d; = 3\ and dy = 2), respectively, where
A is a free-space wavelength. The multi-layer approxi-
mation is applied to the modal analysis in square-law-
index waveguides[13].

3.2.1 Step-Index Profile

First, we consider the outgoing waveguide of step-index
type. The refractive indices of the film and substrate
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Fig. 2 Normalized transmitted power of the guided TE waves

at the butt-joint between step-index slab waveguides as a function

of normalized axial displacement. The waveguide parameters

are chosen so that di = 3\, do = 2), no1 = 1.0, n;; = 1.01,

M2 = 1.99, and n;g = 2.0.

regions are assumed as n,y; = 1.99 and n;, = 2.0, re-
spectively. Both the incoming and outgoing waveguides
with these parameters support only the dominant mode.
Figure 2 shows the power-coupling efficiency of the
structure for the TE guided waves as a function of the
axial displacement.

The ordinate is the transmitted power normalized
relative to the input power. The abscissa represents
the normalized displacement 2As/(d; 4+ d2) between the
waveguides. Open circles show the results by Method 1
and triangles represent those by Method I1. The numer-
ical results obtained by the overlap integral (4) are also
shown in the figure by the dashed line.

As shown in the figure, the results obtained by
Method I and II are in excellent agreement, differing
from the dashed line only by 2% at most. The results
obtained with the original BPM without considering
the Fresnel reflection are also shown in this figure and
the maximum error is more than 10%.

The method of overlap integral is not only accurate,
as shown in Table 1, but also convenient for calculating
the transmitted power, from which the radiated power
can also be estimated approximately. In addition to
the transmitted power, the field distribution including
both guided and radiated waves is another important
feature for our deep understanding of wave propaga-
tion. The overlap integral method, however, does not
offer any information on interference patterns which de-
pend strongly on the refractive index distribution and
the axial displacement. On the contrary, one of the
great advantages of the BPM is easiness in calculat-
ing the field distribution. Upon neglecting the reflected
waves in Method II, we obtain the field distribution
along the butt-jointed slab waveguides which are illus-
trated in Fig.3, where the normalized axial displace-
ment 2As/(d; + d2) = 0.6. We have obtained almost
the same result with Method I, which is not shown in
this paper. This illustration is a great help to our vi-
sual understanding on the modal conversion at the dis-



HOTTA et al: BEAM PROPAGATION METHOD (BPM)
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Fig. 3 Field distribution along the butt-jointed waveguides
obtained by Method 11, where the outgoing waveguide is of step-
index type and the normalized axial displacement 2As/(d1 +
d2) = 0.6. The waveguide parameters are the same as Fig. 2.

continuity which causes the beam undulation of optical
waves through a fairly long range behind the junction.

3.2.2 Square-Law-Index Profile

Next, we consider the outgoing waveguide of square-
law-index type with the distribution expressed as

No2, Tz < —d2/2
na(z) = { nip {1-6n(2x/d2)?}, |z|< dp/2
MNo2,s x > d2/2

(5)

where ny = 1.99, n;e = 2.0, and én = 0.005. The
outgoing waveguide supports only the dominant mode
also in this case. Figure 4 shows the power-coupling
efficiency of the structure for the guided TE waves as
a function of the axial displacement. The ordinate and
abscissa are the same as Fig.2. We can recognize good
agreement in the results by Method I and II. The dis-
crepancies from the dashed line which illustrates the
results given by (4) are about 2% also in this case. The
results obtained with the original BPM without any
modification contain as many errors as those in Fig. 2.

The field distribution obtained by Method II along
the butt-jointed slab waveguides is shown in Fig.5,
where 2As/(d; + d2) = 0.6 and the reflected waves
are also neglected. The beam undulation of optical
waves rapidly fades away behind the junction in this
case. This smooth transition to the guided mode is due
to self-focusing effects of the square-law-index distribu-
tion.
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Fig. 4 Normalized transmitted power of the guided TE
waves at the butt-joint between a step-index slab waveguide and
a square-law-index slab waveguide as a function of normalized
axial displacement, where én = 0.005 and the other parameters
are the same as Fig. 2.
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Fig. 5 Field distribution along the butt-jointed waveguides
obtained by Method II, where the outgoing waveguide is of
square-law-index type and the normalized axial displacement
2As/(d1 + d2) = 0.6. The waveguide parameters are the same
as Fig. 4.

3.2.3 Discussion on More Strongly Guiding Wave-
guides

It has been shown that the two methods presented here
equally offer good results in the analysis of butt-joints
between weakly guiding waveguides. It is, however, ex-
pected that errors included in the results increase as the
index difference An(= n;; —ny2) of the outgoing wave-
guide becomes large. In order to discuss this issue we
deal with butt-joints to which outgoing waveguides with
larger An/n,y values are connected.

Table 2 shows the power-coupling efficiency for
the guided TE waves as a function of the axial dis-
placement. The refractive indices of the outgoing wave-
guide, which is assumed to have a step-index profile,
are chosen as n,y = 1.99, An/n,e = 0.005, 0.05, or
0.1. Table 2 also includes the results obtained with the
overlap integral (4) whose validity for larger An/ng;
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Table 2
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Normalized transmitted power of the guided TE waves at the butt-joint between

step-index slab waveguides as a function of normalized axial displacement. Except for n;s,
the waveguide parameters are the same as Fig.2.

As 0.0 0.2 0.4 0.6 0.8 1.0
A Method 1 0.849 | 0.808 | 0.692 | 0.539 | 0.382 | 0.250
n_n = 0.005 | Method II || 0.844 | 0.805 | 0.688 [ 0.537 | 0.379 | 0.249
02
Eq.(4) 0.852 | 0.806 | 0.683 | 0.523 | 0.366 | 0.238
Method 1 0.581 | 0.507 | 0.438 | 0.282 | 0.184 | 0.089
A
2% —0.05 | Method 11 || 0.584 | 0.502 | 0.439 0.276 | 0.182 | 0.085
No2
° Eq.(4) 0.581 | 0.535 | 0.417 | 0.276 | 0.160 | 0.084
Method 1 0.544 | 0.475 | 0.410 | 0.265 | 0.171 | 0.084
A
i 0.1 Method I1 0.582 | 0.418 | 0.440 | 0.221 | 0.186 | 0.062
No2
Eq.(4) 0.528 | 0.486 | 0.376 | 0.245 | 0.139 | 0.072
values has been confirmed through a comparison with [3] Kaczmarski, P, Baets, R., Franssens, G. and Lagasse, J.E.,
two other accurate methods[7],[14]. Relative differ- “Extension of bidirectional beam propagation method to
ences in the numerical results are less than 2% for butt- ZM POlar‘LZa“O“ 2}“‘1 application to lase;facet ref;‘;"“v“y’”
joints studied in each paper. One glance at Table 2 ectron. Lett, vo 25, no.1l, pp-716-717, May 1989.
lls that both of Method I 411 fail to b lid f [4] Yevick, D., Bardyszewskl, W:, Hermansso‘n, B. anq Glas-
tAe / 01 A et ;’ 2:1[11 211 0 be va ' doé ner, M., “Split-operator electric field reflection techniques,”
n/ne2 = U. L. part from this, readers are reminde IEEE Photon. Technol. Lett., vol.3, no.6, pp.527-529, June
that the BPM itself starts to be unstable for An/ng 1991.
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