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Modeling and Numerical Analysis for
Silicon-on-Insulator Rib Waveguide Corners

DeGui Sun, Xiaoqi Li, Dongxia Wong, Yuan Hu, Fangliang Luo, and Trevor J. Hall

Abstract—Silicon-on-insulator (SOI) waveguide designs have
shown merit in highly integrated photonic devices and the as-
sociated manufacturing technique has achieved an acceptable
level of maturity in the microphotonic industry. Thus, the sharp
bending of SOI waveguides and/or deflection of light between SOI
waveguides are the considerable interest for practical integrated
SOI components. In this paper, a theoretical model is proposed for
studying a variety of SOI rib waveguide corner mirror structures.
Using the model, the precise positioning of the reflector is first
studied, then the minimum acceptable reflector length and width
are analyzed, and finally an effective reflecting interface (ERI) is
found and determined by considering Goos-Hanchen effect. After
being optimized with respect to the parameters: dimension (the
length and width), position, surface roughness and tilt angle of
mirror plane, and material refractive index of reflector, and their
relations, the transfer efficiency of the corner mirror can achieve
over 96% and 92% at the mirror-plane tilt-angles of respective
0 and 1 over a wide range of the corner angles of 80-120 even
accounting for the 100-Å surface roughness of reflector is consid-
ered. The results of the model are validated via a full simulation
using the commercial software tool: OptiFDTD.

Index Terms—Effective reflecting interface, optical transfer effi-
ciency, silicon-on-insulator (SOI) rib waveguide, waveguide corner
mirror.
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I. INTRODUCTION

A S THE developments and applications of optical com-
munication and information transmission technology

are quickly extending and microelectronic and semiconductor
manufacturing technologies are becoming more mature, mi-
crophotonics has been forming a promising new branch of
communication and information technology that comple-
ments microelectronics [1]. As a result, silicon-on-insulator
(SOI) waveguides, technologies, and devices have been ex-
tensively studied in the past decade as a potential planar
lightwave circuit (PLC) platform. In particular, the compati-
bility of the SOI-PLC technology with complementary metal
oxide semiconductor (CMOS) technologies makes it possible
to manufacture SOI-based photonic device products with
commercially acceptable costs, and further form the hybrid
integration of microphotonics and microelectronics on a single
chip [1]–[3]. Many passive and active PLC components based
on SOI waveguides, including Fabry–Perot microcavity- and
microring-based components, switches, modulators, lasers,
photo-detectors, and wavelength division multiplexing (WDM)
devices (AWG), have been reported [3]–[8]. Furthermore, the
inherent capabilities of and advances in SOI-PLC technology
are encouraging intensive research on the hybrid integration of
active and passive components on one chip [7]–[9].

Thereby, one may expect advances in microphotonic circuits
similar to the advances made in microelectronics, including
compact layout design, no-bending-loss-turning, multiple
logic/processing functions and mature state of the art in
manufacturing. So the development of photonic wires and
logic units/technology is a prerequisite to the development of
photonic processing chips or systems [9]–[11]. It is feasible
to create photonic wires in SOI technology since the high
refractive index contrast of SOI waveguides between Si layer
and SiO layer, an SOI waveguide, satisfying the single-mode
(SM) transmission condition, confines light to subwavelength
cross-sections. Such small dimensions however create difficul-
ties in fabrication and coupling losses at interfaces between
waveguides and fibers and active and passive devices on one
chip [12], [13]. In this case, the rib waveguides are attracting
attention because single-mode transmission can be realized
at larger scales [13]–[15]. However, the minimum tolerable
radius curvature of a conventional rib waveguide bend is quite
large because of the lower optical confinement associated with
the relatively small effective refractive index contrast of SOI
waveguides in the lateral direction. To increase the integration
density of PLC components on a single SOI chip, low-loss
compact SOI waveguide bend and/or corner structures are
essential. There have been a few reports of such waveguide
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Fig. 1. (a) Cross-section of SOI waveguide structure and (b) SOI rib waveguide
corner mirror geometry.

corner-mirror structures based on total internal reflection
(TIR) including some earlier theoretical analyses [15]–[18]. In
particular, [16] demonstrated the efficiency of corner mirrors
in experiments with three typical substructures and effective
maufacturing. However, no widely applicable theoretical model
and systematic discussion have been reported so far on the
design and optimization of the reflector for waveguide corners.
Before the SOI rib waveguides were widely studied for highly
integrated photonic devices, the simple corner mirror structures
of rectangular waveguides were analyzed, but these works only
considered the separate influences of limited physical factors
[19], [20].

As we know, there is a set of equations to express both the
electric and magnetic fields for a normal rectangular wave-
guide with Marcatili or Kumar’s analysis method, and for a
rib waveguide an effective index method (EIM) was proposed
and successfully deployed to transfer a rib waveguide into an
equivalent rectangular waveguide [21], [22]. In this paper, a
theoretical model for discussing the structure of a variety of
SOI rib waveguide corner mirrors is proposed by taking into
account both the EIM and the combined effect of the most
significant physical factors. With the model, the impact of
the accurate position, dimension (length and width), surface
roughness and tilt angle of mirror plane, and material refractive
index of reflector on the transfer efficiency of corner mirrors are
studied and analyzed and then a theory of effective reflecting
interface (ERI) is created.

II. ANALYSIS OF THE REFLECTOR

The currently existing theoretical approaches for studying the
waveguide corner-mirrors are all based on the optical TIR prin-
ciple, but these approaches do not consider the confinement of
light by the media and assume that the deflection of the light
occurs at the geometric surface of the reflector according to
TIR principle. In fact, the lightwave propagation in a wave-
guide structure with a reflector is strongly influenced by wave-
guide parameters because it is the confined mode(s) of a guided
light wave in a waveguide channel rather than a plane wave
of infinite extent. A cross-sectional view of the SOI rib wave-
guide studied in this work and the traditional geometry of rib
waveguide corner are schematically shown in Fig. 1(a) and (b),

Fig. 2. (a) Equivalent slab waveguide configuration of the rib waveguide corner
and (b) three coordinate systems for describing the incident and reflected waves.

respectively, where and are the length and width of
reflector, respectively, and are the width and height of the
SOI rib, respectively, and is the total thickness of silicon layer
of SOI waveguide structure. In order to obtain a more accurate
physical model for the transfer efficiency of the corner mirror
structure, we analyze the transmission property of the wave-
guide corner mirrors from the fundamental optical guided-mode
principle.

A. Position of the Reflector

In this section, the primary rib model is first transformed to an
equivalent slab model by use of the EIM as shown in Fig. 2(a),
which is composed of two regions—the upper region of re-
flecting medium and the lower region of waveguides, described
using the coordinates system depicted in Fig. 2(b).

In this SOI rib waveguide system, the core and cladding
layers of waveguides have the refractive indices and ,
respectively, and the reflecting medium has a refractive index

. As depicted in Fig. 2(a), the corner turning angle is ,
the effective width of the equivalent slab waveguide core is

, and the reflecting surface is located at the intersection
point of the two waveguide axes [17], [18]. Here the discussion
is limited to the incidence of the fundamental mode of weak
confinement waveguides. In order to describe the incident
and reflected waves, we transfer the rib waveguide shown in
Fig. 1(a) to the equivalent rectangular waveguide with the EIM
and exploit three different coordinate systems in Fig. 2(b): the
normal coordinates ( , , ), the incident-wave coordinates ( ,

, ), and the reflected-wave coordinates ( , , ). The
reflected-wave coordinates ( , , ) are actually the image
of incident-wave coordinates ( , , ) with respect to the
interface (the reflecting surface). In the rectangular Cartesian
coordinates, here if is any electric field component,
the separable solution of is assumed by
suppressing the time- and -dependencies [22]. Thus at the
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input plane, can be transformed to the spectral amplitudes as
[18], [19]

(1a)

(1b)

where and are the propagation constants at the -
and -directions, respectively. Similarly at the output plane,

is given by

(2a)

(2b)

where is the propagation constant at the -direction and

(3)

and are the - and -components of the Fresnel
reflection coefficient at the interface given by

(4a)

(4b)

where and are propagation constants in the -direction in
the lower and upper media, respectively, and can be expressed
as two components in the and -directions as

(5a)

(5b)

(6a)

(6b)

The parameter is defined as for the transverse elec-
tric (TE)-mode and for the transverse magnetic
(TM)-mode.

Fig. 3. SOI rib waveguide corner geometry. The reflector with a shift of �.

Then, if is the roughness of mirror plane, the transfer ef-
ficiency is determined by the overlap integral multiplied by an
exponential function of as [19]

(7)

where is the surface-rough-
ness-induced light decay coefficient and is the
transverse electric field of the fundamental mode in the output
waveguide.

Goos and Hanchen’s research showed that when a light wave
strikes on a TIR interface, the effective reflecting interface is
displaced from the geometric interface [23], [24]. This phenom-
enon of reflecting surface shift is referred to as Goos–Hanchen
(GH) effect and the displaced distance is called the GH shift. To
take the GH effect into the theoretical model, we set the reflector
a tiny distance along the axis, where, as shown in Fig. 3,
is the tilt angle of the mirror plane with respect to the vertical
direction.

Thus, apart from the surface roughness of the mirror plane,
the GH shift , the tilt angle of the mirror plane, the corner
angle , and the refractive index of reflector material can
have a combined impact upon the optical power transfer effi-
ciency of the corner mirror system. After taking both and
into account, (2) should be changed to the new form as given in
(8a) and (8b), shown at the bottom of the page, where
and are still defined by (4a) and (4b), respectively, but
the definitions of and are changed to

(9a)

(9b)

(8a)

(8b)
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Fig. 4. Effective width and contact width calculation model of mode field.

(9c)

Note from (8a) and (8b) that in both and , and
have the same amount contribution to the reflected wave,

but has the negative effect, so it must be controlled at a very
small value.

Further, the GH shift of this corner mirror is derived as

TE Mode (10a)

TM Mode

(10b)

where is the decay constant of the reflecting interface. Note
from (8b) that the GH shift has no impact upon the -direction
electric field of the output optical beam .

B. Reflector Length

To realize the highest transfer efficiency with the reflector,
a sufficient reflector length is required to cover the whole
signal area in the rib waveguide, so the modal field in a single-
mode SOI rib waveguide should be first calculated. Then, as
shown in Fig. 4, the effective width of the modal field is defined
by

(11)

where

(12)

is the transverse decay constant. Then, the minimum length
of the reflector is given by

(13)

Equation (13) indicates the inherent relation between the GH
shift and the length of reflector, and this relation is also influ-
enced by the effective width of channel waveguide. Namely, a
rib waveguide can be transformed into an equivalent channel
waveguide structure with an effective width and further deter-
mines the position and length of the reflector.

C. Reflector Width

With the defined length, the reflector can cover almost all
mode-field in one dimension, but the transfer efficiency is not

Fig. 5. Calculation modal for reflector width.

Fig. 6. Transfer efficiency of SOI waveguide corner mirror versus GH shift � at
� � ���� �m with three values of � (dotted line: 0 , dashed line: 1 , and solid
line: 2 ), where � � ���, � � ��� �m, � � ��� �m, and � � �� .

still ensured. So an optimal reflector width is necessary to reflect
optical signal adequately. The geometric model for calculating
the minimum reflector width is shown in Fig. 5, where area
I is waveguide having refractive index , area II is reflector
having refractive index , and area III is cladding having re-
fractive index . Then, we have the solutions of the electric
fields of optical signal as (14a)–(14c) in regions I, II, and III,
respectively

(14a)

(14b)

(14c)

where , , ,
, and is the wavelength in vacuum, and , ,

and are the normalized constants of optical signals. Further,
by considering the boundary conditions, the interface reflection
coefficient between the reflector and the waveguide can be
calculated as

(15)

Note that the reflector width is determined by both the
structure and material of both waveguide and reflector.

III. NUMERICAL CALCULATIONS

With the systematic theoretical model defined by (1)–(15),
we can calculate the dependence of reflector dimensions (length
and width) on several important parameters such as the GH
shift, corner angle, and material refractive index of reflector. All
numerical calculations here are based on the free-space wave-
length m, the refractive index of core ,
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Fig. 7. Transfer efficiency of SOI waveguide corner mirror versus corner angle
� at � � ���� �m, where � � ���, � � ��� �� and � � ����� �m.

Fig. 8. Relation between reflector length � and corner angle �.

TABLE I
RIB WAVEGUIDE CONFIGURATIONS AND CORRESPONDING REFRACTIVE

INDICES (RI) OF THEIR EQUIVALENT SLAB WAVEGUIDES

and the refractive index of cladding , the width of the
rib m, the height of the rib m, and the total
thickness of the silicon layer m.

By selecting the reflecting medium of air ( ),
m m, and with (8) and (9), first we calculated the

transfer efficiency of a 90 corner architecture versus GH shift
with respect to five values of surface roughness of reflector

and three values (0 , 1 , and 2 ) of tilt angle of mirror plane
as shown in Fig. 6. Note that the optical transfer efficiency of the
corner mirror structure has a maximal value of more than 96%
at a negative value of GH shift m when
the reflecting surface roughness is . Further note that
at the negative value of , not only is the highest transfer effi-
ciency achieved, but the dependence of the transfer efficiency

Fig. 9. Dependences of reflector length � on rib dimensions. (a) On rib
height 	. (b) On rib width 
 .

on the tilt angle of the reflector surface is very low and gradu-
ally reaches the lowest value as approaches m. Thus,
it is concluded that to optimize the transfer efficiency, the re-
flecting surface should be shifted a tiny distance to the inside
of the corner, i.e., the GH shift value and at this shift value the
effect of of less than 2.0 could be omitted. The GH shift is
determined by several parameters of the device including the re-
fractive index contrast of the reflector and waveguide materials,
the corner angle and the waveguide structure. It turns out what
reflects the optical beam is not the geometrical reflecting surface
of the reflector, but an effective interface within the reflector.
Thereby, the accurate calculation for the GH shift value is very
conducive to the performance of some corner-mirror based de-
vice designs.

By setting the refractive index of reflector ,
and GH shift m, further we calculated the

transfer efficiency versus corner angle with respect to four
values of as shown in Fig. 7. Note that has a negative impact
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Fig. 10. Relation between length � and refractive index � of reflector.

on the transfer efficiency , but if is not over can achieve
more than 90% and no longer has the polarization dependence
when is larger than 80 . Typically when transfer effi-
ciency can achieve 96%, and even up to 98% at .

By setting the parameters—the refractive index of reflector
—the relation between the reflector length and

the corner angle (from 50 to 150 ) is obtained as shown
in Fig. 8. Note that the reflector length quickly increases
with the corner angle and also linearly increases with the total
thicknesses of the silicon layer. The reason is that a smaller
value for the total thickness of the silicon layer introduces a
higher refractive index contrast of the equivalent channel wave-
guide and then produces a stronger confinement to the optical
guided mode and vice versa. The parameter values of the equiv-
alent channel waveguide with respect to the silicon layer

and m are listed in Table I. Fig. 8 and Table I can help
select the reflector length to match the required corner angle.

It can be noticed from Table I that the waveguide is still a low
refractive index contrast structure in the lateral direction, so it
has weak confinement in this direction. That is why it can pro-
vide single-mode operation though having a relatively larger di-
mension (4 m) in the lateral direction. Further note from Fig. 8
that the required reflector length decreases with the ratio of

to ( ). But, the increase of is restricted by the con-
dition of single-mode operation because a higher value can
induce a multimode operation in waveguides.

Based on (11)–(13), the reflector length is mainly de-
termined by the configuration of the waveguide corner-turning
mirror, which is easy to notice from the numerical results shown
in Fig. 8. However, based on (14)–(15), the reflector width
is affected by the corner angle and the refractive indices of
both the waveguide and reflector rather than the configuration
of rib waveguide. Here the waveguide is Si with a constant re-
fractive index, so just the corner angle and the refractive index
of the reflector need to be considered as variables to opti-
mize the transfer efficiency of corner mirrors.

With respect to the total thickness of the silicon layer ,
4.5 and 5 m, and by taking the rib width m, the refrac-

Fig. 11. (a) Relation between width � and refractive index of reflector for
the corner angle of 90 and (b) the relation between reflector width � and
corner angle for the reflector refractive index of � � ���.

tive index of reflector , and the corner angle ,
the dependences of the reflector length on the rib height
and the rib width are obtained as shown in Fig. 9(a) and (b),
respectively. Note that decreases with and increases lin-
early with . And like Fig. 8, Fig. 9 also indicates that the
required reflector length decreases with the value.

After analyzing the effect of the rib configuration on the op-
tical transfer efficiency of reflector, the relation between the
length and the refractive index of the reflector for the
optimal optical transfer efficiencies with respect to the corner
angle , , and were calculated as shown in
Fig. 10. Note that there is a linear relation between the reflector
length and the refractive index of the reflector, and this rela-
tion almost keeps a constant irrespective of corner angle values;
but more importantly, the reflector length quickly increases with
corner angle.

Under one condition for the maximal transfer efficiencies
( m, , m, m, ,
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Fig. 12. BPM simulation of the mode distribution. (a) Accurate mode field of
(dashed line) rib waveguide and (solid line) mode field precise optimized slab.
(b) The simulation image of single mode distribution.

), the relation between the reflector width and
the refractive index of the reflector is obtained as shown
in Fig. 11(a), and further the relation between the reflector
width and the corner angle is also obtained as shown in
Fig. 11(b). Note from Fig. 11(a) that the reflector width
increases with the refractive index , and sharply increases
when approaches 2.43, the critical refractive index for total
internal reflection. It can be noticed from Fig. 11(b) that the
corner angle should be larger than 70 ; otherwise a too large
reflector width would be required. This feature is consistent
with the relation between the transfer efficiency and corner
angle shown in Fig. 7.

In this section, the rib waveguide has been treated as an equiv-
alent channel waveguide by the use of EIM, but there is still
a difference between the fields within the two types of wave-
guides. With a given rib waveguide having the values of param-
eters m, m and m, the field distribu-
tion of the guided-mode in the rib waveguide and its equivalent
channel waveguide are simulated using Optiwave’s BPM tool as

Fig. 13. Transfer efficiency versus reflector dimension (length � and width
� ) when � � �� , � � � , and � � ��� ��, where (a) � � ��� and
� � ����� 	m and (b) � � ��	 and � � ����� 	m.

shown in Fig. 12(a), where the dashed line is for the rib wave-
guide and the solid line is for the equivalent slab waveguide, and
the simulation image of single mode distribution in rib wave-
guide is shown in Fig. 12(b). In Fig. 12(a) m
is the effective width of the waveguide. Fig. 12 shows that the
difference between the two fields is minimal and hence that the
EIM used for the SOI rib waveguides herein is accurate enough.

From (11)–(15), the dependence of the optical transfer effi-
ciency of the waveguide corner mirror structure on the reflector
dimension ( and ) and the corner angle can be ana-
lyzed. Hence, at the corner angle and for two reflector
materials ( and ), the relationships be-
tween transfer efficiencies and reflector dimension are obtained
as shown in Fig. 13(a) and (b), respectively. It is easy to no-
tice from Fig. 13 that the transfer efficiency of reflector can
achieve the maximal value of more than 96% at a small re-
flector size, and also the required minimal dimension of reflector
for the maximal transfer efficiency increases with the refrac-
tive index value of reflector material. For instance, as shown in
Fig. 13(a) and (b), the air reflector material ( ) and the
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Fig. 14. Simulation results of transfer efficiency of waveguide corner mirror
with commercial software: OptiFDTD with respect to � � � and � � � .
(a) As a function of GH shift. (b) As a function of corner mirror angle, where
� � ��� and � � ����� �m.

other high-index reflector material (here it is taken as )
approximately require the reflector dimension ( ) to be
8 1 m and 8 m 2 m, respectively.

In accordance with the simulation results obtained in
Section III, the optimal structure of waveguide and corner
mirror is chosen, which has the waveguide parameters

m, m and m, and the reflector
parameters m and m, and then we
verify its transfer efficiency with the Optiwave software tool:
OptiFDTD. For the reflector material with the refractive index
of and taking the reflecting surface roughness as
100 Å, we obtain the transfer efficiencies versus the GH shift
for the 90 corner mirror structure with respect to and

as shown in Fig. 14(a). Note that around the GH shift
of m, the transfer efficiency difference between
TE and TM polarizations is smallest and the transfer efficiency
itself is highest. Thus, after taking the GH shift of m,
the transfer efficiency versus corner angle is further obtained as
shown in Fig. 14(b). Note that the transfer efficiency increases
with corner angle and at the 90 corner angle is over 95% and
92% corresponding to and , respectively, and
the difference between TE and TM-polarizations can be almost
ignored.

It turns out that the results obtained via commercial soft-
ware tool not only agree well with each other between
Fig. 14(a) and (b), but also strongly sustain the numerical

simulation results obtained with the aforementioned theoretical
model depicted in Fig. 7.

IV. CONCLUSION

A large-size SOI rib waveguide corner mirror model, having
the distinct advantage of being compact for optical integrated
circuit application, has been designed. A whole theoretical
model for the corner mirrors of SOI rib waveguides has
been derived and discussed, and further the highly integrated
SOI-based PLC devices has been proposed and analyzed. The
relationships between the transfer efficiency and most of im-
portant parameters are simulated and the optimal structures of
corner reflectors are obtained. For instance, both the waveguide
structure and the corner mirror configuration, the material,
accurate position, tilt angle of reflecting surface and configura-
tion/dimension of the corner mirrors have all been calculated
and discussed. The results of numerical calculations of the
corner mirror have been analyzed. With the theoretical model,
the corner mirror has achieved a transfer efficiency of over 96%
for the ideal vertical mirror plane and 92% for the mirror plane
having a tilt-angle of 1 . All the results demonstrated that the
theoretical model is simple and efficient.
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