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Abstract—A simple and general set of design rules for slanted-
angle polarization-rotating waveguides is presented in this paper.
These design rules are employed to construct single-mode SOI po-
larization rotators that offer significant advantages in conversion
efficiency, optical loss, fabrication tolerance, spectral response and
spatial dimensions relative to III–V components.

Index Terms—Dense-wavelength-division multiplexing (DWDM),
finite-element method (FEM), integrated optics, optical waveguide,
planar lightwave circuit (PLC), polarization rotator, silicon-on-in-
sulator (SOI), single-mode condition, III–V semiconductor.

I. INTRODUCTION

AS optical fiber systems evolve to higher data rates, the im-
portance of polarization control and manipulation steadily

increases. Passive polarization rotators are central to such sys-
tems and are generally composed of concatenated segments,
each of which rotates the light polarization a small amount, or
a single, long slanted-angle waveguide. InGaAsP longitudinally
periodic [1]–[3] and bent structures [4] were the first structures
realized, followed by single-section slanted-angle polarization
rotators fabricated in both GaAs and InP [5]–[7].

Compared with III–V waveguides of equivalent dimensions,
silicon-on-insulator (SOI) waveguides provide stronger optical
confinement [8]. Further, single-mode yet large cross-section
SOI waveguides (with, e.g., a silicon film thickness of 3–10 m)
can be fabricated at relatively low cost. As a result, both the cou-
pling loss to single-mode fibers and the fabrication tolerance are
enhanced. In this paper, the design of slanted-angle SOI polar-
ization rotators is considered accordingly. In addition, SOI and
III–V converters are compared and general design procedures
are proposed.

In slanted-angle waveguides, the modes are hybridized by the
geometric asymmetry, becoming transverse electric (TE) and
transverse magnetic (TM) with respect to the slanted facet rather
than the substrate interface. In multiple-section polarization ro-
tators, the modes are typically weakly hybridized, while modes
in single section devices are fully hybridized with nearly equal
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TE and TM components in each of the two orthogonal funda-
mental modes. In the latter case, the optical axis is positioned at
a 45 with respect to the lateral direction while the intensities of
the two fundamental modes will be comparable. The polariza-
tion of an incoming TE or TM mode is therefore rotated by 90
after a half-beat length

(1)

where and are the propagation constants of the two fun-
damental modes.

Numerous simulations of III–V polarization rotators have
been performed using the finite-difference method (FDM) [6],
[7], [9], [10]; the finite-element-method (FEM) mode solver
[2], [5], [11], [12]; the finite-element beam-propagation method
(FE-BPM) [13]; the finite-element-based genetic algorithm
[14]; and the vectorial boundary-element method (V-BEM)
[15].

In this paper, these analyses are extended by developing a sys-
tematic design procedure that can be applied to general wave-
guide profiles and material systems. The maximum polarization
rotation, single-mode condition, and modal coupling lengths are
first graphed as a function of various waveguide parameters.
From this information, a simple empirical formula is derived
which can be employed to design SOI converters over a wide
range of silicon film thicknesses and to predict fabrication tol-
erances.

II. WAVEGUIDE GEOMETRY

The geometry of a general passive slanted-angle polariza-
tion rotator is displayed in Fig. 1(a). Standard III–V devices
are based on either the symmetric external layer structure of
Fig. 1(b), [2], [5], [6], [11]–[14] or that of Fig. 1(e), [7], [9],
[10]. In this paper, however, we focus on the asymmetric ex-
ternal layer structure of Fig. 1(c).

In the figure, denotes the total rib height, which in the case
of SOI waveguides is identical to the thickness of the silicon
guiding film, so that a 3- m SOI design in this paper refers
to 3 m. Further, is the width at the base of the rib,
and is the angle formed by the slanted-angle facet that to sim-
plify fabrication generally coincides with a crystal plane, e.g.,

54.736 for the (111) plane in Si and 52 for InGaAsP.
The symbols , and denote the thicknesses of
the external layer adjacent to the vertical rib facet, the external
layer adjacent to the slanted facet, the region between the top of
the rib and the end of the computational window, the cap, the
insulator, and the substrate layers, respectively. The computa-
tional window dimensions are and . In the figure, as in
the rest of the paper ,we define the ratio of the slab thickness to
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Fig. 1. Slanted-angle polarization rotator: (a) general geometry; (b) conventional symmetric external waveguiding layer design (h = h); (c) asymmetric external
layer design (h = 0); (d) design without external layers; and (e) single substrate waveguide without external layers.

rib height as and the ratio of the rib width to rib height
while the optical-axis rotation angle is taken to be

positive for a clockwise rotation. For an SOI waveguide, the rib,
substrate, and insulator indexes are for silicon
and for SiO . The wavelength 1.55 m and in-
sulator thickness 1.1 m are fixed throughout this paper.

In the asymmetric SOI design of Fig. 1(c), one of the waveg-
uiding layers outside the rib region is etched completely to the
SiO layer, unlike conventional slanted-angle polarization rota-
tors [2], [5], [6], [11]–[14] for which the external waveguiding
layers are of the same height (although departures from sym-
metry caused by fabrication error occur, yielding undesired per-
formance variations). Eliminating both external waveguiding
layers [7], [9], [10] of course fully avoids such fabrication diffi-
culties but at the cost of a small device cross section for single-
mode operation since higher order modes then cannot radiate
laterally. In this paper, we demonstrate that the single-mode re-
gion of slanted-facet waveguides, and especially waveguides
with asymmetric external layers, can encompass a larger re-
gion of waveguide parameters than conventional structures, in-
creasing fabrication tolerance.

III. NUMERICAL TECHNIQUE

While as noted in the introduction, many simulation proce-
dures have been applied to slanted-angle waveguides, certain
difficulties have been noted. The FDM, for example, can give
rise to spurious modes [16], [17] and numerical instabilities [6].
Further, the procedure is relatively computationally inefficient
for slanted-angle waveguides [9], [10] and possesses large er-
rors at high-contrast waveguide corners such as those present in
Fig. 1 of [7]. In contrast, the FEM, possibly enhanced through an
unstructured mesh with adaptive refinement, can be easily ap-
plied to waveguide corners and slanted facets without an appre-
ciable increase in either memory usage or CPU time. We have
therefore developed a full-vectorial FEM eigenmode solver with
mixed triangular elements, which employs both nodal and edge
elements to solve the eigenvalue equation [18]–[20]

(2)

Here, , and represent the null vector, modal prop-
agation constant, and the E or H vector for the electric- and
magnetic-field formalisms, respectively. The associated sparse

symmetric matrices [ ] and [ ] are given in [18]–[20]. Here,
we employ the -formulation as the magnetic-field compo-
nents are naturally continuous across dielectric interfaces.
Through comparisons with commercial FEMLAB software
from Comsol, Inc., we have found that our calculations em-
ploying 6000 mixed elements are as accurate as those obtained
from the FEMLAB 2.3 package with 60 000 nodal elements
and adaptive mesh refinement.

IV. DESIGN PROCEDURE

In this and the following sections, we examine the depen-
dence of both the conversion efficiency between the incoming
TE and TM modes and the parameter limits for single-mode op-
eration on the details of the device geometry for slanted-angle
wavelength converters. We present both descriptive two-dimen-
sional (2-D) contour plots and simple empirical formulas from
which the optimal waveguide parameters can be immediately
obtained.

A. Optical-Axis Rotation Contours

In our first set of simulations, we examine the rotation of
the optical axis as a function of the height and width of the
slanted-angle rib waveguide as well as the thicknesses of the
slab layers on both sides of the rib. The direction of the slanted
waveguide facet naturally follows the (111) crystal plane. Sub-
sequently, in our magnetic-field formulation, the rotation of the
optical axis is identified with a suitable ratio of the TE and TM
components of the lowest order waveguide eigenmode. In the
magnetic case, three possible criteria are the vectorial ratio of
the - and -field components [11], [12], the ratio of
the maximum values of the and magnetic-field components

[11], or the rotation parameter [5]

(3)

where is the refractive-index distribution, and the mag-
netic-field components and are the compo-
nents of the specified eigenmode in the lateral and transverse
directions, respectively. For a 45 optical-axis rotation, these
components are almost identical so that .
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Fig. 2. Optical-axis rotation angle (') contours for slanted-angle waveguides: (a) symmetric external waveguiding layer SOI waveguide; (b) asymmetric
waveguiding layer SOI waveguide; (c) symmetric waveguiding layer III–V waveguide (H = 1.3 �m, n = 3:370; n = n = 3:324; and � = 52 ); and (d)
asymmetric waveguiding layer III–V waveguide (H = 1.3 �m, n = 3:370;n = n = 3:324;and � = 52 ). These III–V waveguides are single mode for
' = 45 .

In this paper, the rotation parameter is employed to char-
acterize the optical-axis rotation as (3) contains contributions
from the entire field region. The rotation parameters for the two
lowest order eigenmodes are denoted as and , respec-
tively, while without a subscript indicates . Thus,
designates an -polarized lowest order mode, while cor-
responds to a -polarized mode. Since the modes are orthogonal,
the optical-axis rotation angle is

(4)

In Fig. 2, we present normalized contours for the optical-axis ro-
tation angle as a joint function of both the normalized rib wave-
guide height and external waveguiding layer thickness. These
contours show very low sensitivity to the silicon film thickness

for 1 m 30 m. The different cases in the figures are
as follows: Fig. 2(a) corresponds to a conventional symmetric
external waveguiding layer SOI polarization rotator, Fig. 2(b)
to our proposed slanted-angle asymmetric external waveguiding

layer SOI design, Fig. 2(c) to a conventional 1.3- m weakly
guided InGaAsP waveguide [6], [11], and Fig. 2(d) to an In-
GaAsP rotator with an asymmetric waveguiding layer geometry,
and in the rib, in the substrate,
and a facet angle of 52 .

Besides being nearly independent of the silicon layer thick-
ness, the information in Fig. 2 can be employed for both single-
and multiple-section rotators. That is, any waveguide that ex-
hibits a 45 optical-axis rotation can be employed as a single-
section rotator, while, e.g., a 22.5 polarization-rotating wave-
guide is suitable for a two-section rotator (compare with [5, eq.
(2)]). As we focus here on single-section components for rea-
sons of size, loss, and fabrication simplicity, the 45 contour
is distinguished in the graphs by its thickness. The two dashed
lines in Fig. 2(a) and (b) indicate the waveguide parameters cor-
responding to the single-mode cutoff condition and will be dis-
cussed in detail in Section V.

To establish the accuracy of our results, we observe from
Fig. 2(c) that a 1.3- m single-section III–V rotator rib
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Fig. 3. Orthogonally polarized two lowest order modes of a ' = 45 SOI waveguide with h = 1.1 �m, W = 3.3 �m, H = 3 �m, h = 0; L = 850 �m,
and R = 1.07: (a) 2-D contour graph and (b) three-dimensional (3-D) surface plot.

width requires a waveguide width 2.4 m for a height
of 0.1 m. This result agrees with the published value of

2.5 m ([6, Case 1 of Table I], [11, Fig. 4], [15, Fig. 7]); how-
ever, [11, Fig. 5] indicates that the maximum field ratio (
or ) occurs at 2.4 m. Our graph additionally
yields a continuum of design parameters and explains previous
observations such as the increase and the subsequent decrease of
hybridization with increasing rib width ([12, Fig. 2]) as verified
from the rotation angles along lines of constant in Fig. 2(c).

B. SOI Waveguide Analysis

To illustrate our design procedure through a practical ex-
ample, we consider the single-section SOI polarization-rotating

waveguide given by 1.1 m, 3.3 m, 0,
and 3 m, which is located on the 45 contour line and
in the single-mode region of Fig. 2(b). The two lowest order
eigenmodes of this waveguide are shown in Fig. 3. Observe
that the two eigenmodes are almost identical as required for
a 45 optical-axis rotation. The length of the corresponding
polarization rotator is 850 m.

The additional range of parameter choices provided by
SOI waveguides compared with low-index-contrast III–V
waveguides is evident from the lengths of the 45 contours
in Fig. 2(a)–(d). Thus, while the 3- m SOI rotator mentioned
in the previous paragraph has a length of 850 m (which is
close to the reported value of 700 m for equivalent 1.3- m
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Fig. 4. (a) The optical-axis rotation angle ' and (b) the half-beat length L for similar asymmetric waveguiding layer waveguides as a function of SOI silicon
layer thickness H where r = h=H; s = W=H and h =H are kept invariant.

III–V rotators [6], [11]), we have found that single-mode
1.3- m SOI structures can be designed with between 35
and 100 m, yielding much shorter device lengths. To illustrate,
a single-mode waveguide with 1.3 m, 0.4 m,

1.55 m, and 0, yields 1.02 and a half-beat
length 98 m, while a waveguide with 1.3 m,

0.35 m, 0.95 m, and 0 has and
34 m.

Another feature of our SOI waveguide design is the large
cross section, which can easily be made comparable to
single-mode-fiber diameters, reducing coupling loss. Further,
the field is effectively confined to the rib, unlike III–V waveg-
uides, which generally require a thick ( 5 m) substrate
[8]. For larger waveguides, fabrication tolerance is enhanced
while the strong optical confinement decreases the optical loss,
minimum bending radius, and device spacing. Together with
the decreased substrate thickness, these SOI designs indicate
that compact and low-price products can be fabricated, which

are fully compatible with complementary metal–oxide–semi-
conductor (CMOS) integrated circuit (IC) technology.

C. Range of Validity

While the contour charts of Fig. 2(a) and (b) were calculated
for a 3- m silicon-guiding-layer thickness, almost iden-
tical results are obtained for a wide range of Si thicknesses. As
the contour lines are almost invariant for 2 and 5 m, we
do not display these graphs separately but instead normalize the
geometric parameters and with respect to the silicon film
thickness . In this section, we therefore study the range of
values for which such a normalization yields nearly equivalent
curves.

We first select a 45 asymmetric-waveguiding-layer
structure of Fig. 1(c) with 3.2 m, 1.1 m, 0,
and 3 m as a reference waveguide and then display in
Fig. 4(a) and (b) our FEM results for the optical-axis rotation
and the half-beat length as is varied from 1 to 30 m, while
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Fig. 5. 45 optical-axis rotation contours of Fig. 2(a) and (b) together with a rational polynomial approximation for (a) a conventional
symmetric-external-waveguiding-layer SOI structure and (b) our asymmetric-layer SOI structure.

, and are kept invariant. Note that the
optical-axis rotation is nearly independent of the silicon layer
thickness in this region, and in fact for 2 10 m
the rotation angle varies by only 1 . The 8 decrease in ro-
tation angle at 30 m can be compensated by reducing

by 10% of , as is evident from Fig. 2(b). To obtain ap-
proximate parameters for a 45 optical-axis rotating waveguide,
our normalized charts can accordingly be applied to any com-
mercially available wafer with 1 m 30 m. However,
since the half-beat length, compare Fig. 4(b), increases expo-
nentially with , for short devices should be minimized.

That the optical-axis rotation remains nearly constant as the
SOI waveguide dimensions are varied can be understood from
the field distributions of Fig. 3. Since these are almost fully con-
tained in the rib waveguide, they are influenced to almost the
same degree by the SOI waveguide geometry. Hence, the modes
are equally TE or TM with respect to the slanted waveguide

facet. In contrast, in a standard III–V semiconductor waveguide,
the depth of penetration of the modal field (as evident from, e.g.,
[5, Fig. 6], [11, Fig. 4], and [15, Fig. 9]) into the substrate re-
gion varies rapidly with changes in the waveguide dimension so
that the overall shape of the field and hence the hybridization
induced by the slanted facet changes rapidly with guiding-layer
thickness.

D. Simplified SOI Design Expression

While Fig. 2 can be employed to design arbitrary single or
multiple-section polarization rotators, for a single-section de-
vice only the 45 contour is of practical interest. This contour
can be approximated by a simple rational polynomial

(5)
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Fig. 6. Dependence of the half-beat length L for asymmetric-external-waveguiding-layer waveguides that rotate the optical axis by 45 with (a) rib width W
and (b) external-waveguiding-layer height h.

with and as demonstrated in Fig. 5(a)
and (b). Equation (5) fits other rotation-angle contours as well.
For single-section rotators, the coefficients appearing in (5) are

, and for the asymmetric-external-waveg-
uiding-layer SOI structure of Fig. 1(c), and

, and
for the conventional-symmetric-external-waveguiding-

layer SOI structure of Fig. 1(b). Following the considerations
of the previous section, these parameters were determined for
a 3- m SOI silicon film thickness but can be applied to a good
approximation within the range 1 m 30 m.

E. Half-Beat Length Variation

Finally, we determine the device length as a function of
the rib-waveguide dimension for a single-section polariza-

tion rotator. We display in Fig. 6(a) and (b) the variation
of the half-beat length with the rib base width and
the external-waveguiding-layer thickness , respectively, for
asymmetric-external-waveguiding-layer SOI waveguides on a
3- m Si guiding layer that exhibits a 45 optical-axis rotation.
Clearly, the half-beat length varies linearly with rib width

but reflects the path of the 45 contour in Fig. 5(b) with
the slab thickness . From this behavior, together with the
exponential relationship in Fig. 4(b), the device length can
be estimated for any waveguide. In particular, for an Si film
thicknesses of 1.3, 2, 3, and 5 m, we found that, respectively,
35 m 100 m 125 m 375 m 250 m

1225 m, and 1150 m 5125 m. In each of
these cases, varies linearly with rib width as in Fig. 6(a),
and with slab thickness in the same manner as in Fig. 6(b).
Evidently, a 3- m Si guiding layer encompasses values
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Fig. 7. Single-mode region boundary for (a) the SOI rib waveguide and slanted-angle polarization rotators with same silicon film thickness H = 3 �m and (b)
the asymmetrical-external-waveguiding-layer waveguides with different silicon guiding-film thicknesses.

that are relevant to most practical applications, while extremely
short (35–100- m) SOI polarization rotators can in principle
be designed (compare Section IV-B) with the same 1.3- m
cross section as many current III–V rotators, which typically
are several hundred micrometers in length.

V. SINGLE-MODE CONDITION

Low-loss, high-conversion-efficiency polarization rotators
must support a single guided mode for each polarization in
order to insure that no power is coupled into higher order
modes during propagation. The condition for single-mode
operation can be simply approximated by Soref’s formulas for
SOI rib waveguides [21]–[23], but this expression is invalid
for slanted-angle waveguides where modes become strongly
hybridized. In addition, previous studies were limited to slightly
etched SOI rib waveguides with , although

strong polarization conversion instead requires deeply etched
waveguides with , as evident from Fig. 2. While
Pogossian [23] modified Soref’s formula to improve its rel-
evance to waveguide design, his expression is based on data
[24] generated from Soref’s original formula [21]. Similarly,
the single-mode simulations of [22] employ numerical proce-
dures for weakly guiding structures, while [25] mistakes the
deep-etching for Soref’s shallow-etching
condition.

Here, we determine the single-mode cutoff condition through
an FEM mode solver by increasing the rib width for a fixed
slab thickness until a third mode appears. First, we contrast in
Fig. 7(a) the single-mode cutoff of different waveguides with
the same silicon film thickness 3 m. The curves marked
1–3 correspond to standard rib waveguides, symmetric-ex-
ternal-waveguiding-layer, and asymmetric-external-layer
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Fig. 8. Variation of the half-beat length L with respect to the (a) widthW of the base of the rib for an external-waveguiding-layer thickness for h = 1 �m and
(b) h for W = 3.6 �m.

slanted-angle waveguides, respectively. The FEM simulation
clearly verifies that Soref’s formulation [21, eq. (8) and (9)] is
the most accurate formulation for SOI rib waveguides. From
Fig. 7(a), we conclude that for a fixed silicon film thickness

, our asymmetric external layer design displays the greatest
region of waveguide parameter space for single-mode
operation. At a fixed value of , the asymmetric-waveg-
uiding-layer slanted-angle structure of Fig. 1(c) provides the
largest range of normalized widths that yield a
single-mode waveguide with a 45 optical-axis rotation.

Next, we examine in Fig. 7(b) the single-mode behavior
of our asymmetric-waveguiding-layer structure as the sil-
icon-layer thickness is varied. As expected, as the thickness
is decreased, a larger region of parameter space is associated
with single-mode behavior. On the other hand, to achieve
a large optical-axis rotation, the waveguide must be deeply
etched, as evident from Fig. 2. The single-mode boundary
curve is then nearly invariant even with respect to changes in
the silicon-layer thickness .

Consequently, although the single-mode boundary curves in
Fig. 2(a) and (b) are computed with 3 m, these curves
are nearly unchanged for 1 m 30 m, varying by

less than 1% for 0.5. In contrast, for the 1.3 m
III–V devices discussed in Fig. 2(c) and (d), all waveguides that
rotate the optical axis by 45 are single mode; however, the
single-mode behavior of III–V waveguides is dependent on ,
as discussed in Section IV-C. Referring to Fig. 2(a) and (b), a
45 optical-axis-rotating single-mode SOI waveguide requires
0.2 0.4. Any point on the 45 optical-axis rotation con-
tour therefore yields a realizable single-section polarization ro-
tator, as typified by Fig. 3.

As well, Fig. 2(a) and (b) indicates that the asym-
metric-waveguiding-layer structure has an enhanced region of
single-mode operation given by 1.2 0.71,
while the corresponding interval for the symmetric external
layer structure is 0.9 0.71. Coupled with the ease of
fabrication of structures for which an SiO insulator layer
prevents further etching of the slanted facet, our results clearly
indicate the potential advantages of the asymmetric structure.

VI. FABRICATION TOLERANCE

In this section, we analyze the fabrication tolerance of the
asymmetric-external-waveguiding-layer waveguide of Fig. 1(c).
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Fig. 9. Optical-axis rotation parameters R and R as a function of (a) the widthW of the rib base for an external-waveguiding-layer thickness h = 1 �m and
(b) the external layer thickness h for a rib base width W = 3.6 �m.

The conversion efficiency of a polarization rotator is principally
limited by fabrication errors that we model here by assuming
0.1- m fluctuations in design parameters as typically encoun-
tered in low-cost silicon processing [27].

For example, a thick silicon layer (e.g., 10 m) has
a greater tolerance than a thin layer (e.g., 3 m) to a
0.1- m parameter change. However, even for the same silicon
film thicknesses, the fabrication tolerance varies moderately
with the location of the waveguide design on the 45 line of our
contour plots. A complete study of the fabrication tolerance of
commercial SOI wafers is therefore beyond the scope of this
paper and will be presented elsewhere.

To illustrate the magnitude of fabrication tolerances, we first
consider a waveguide with 3 m, 0 1 m, and

3.6 m, which yields a half-beat length 1053.5 m
for a 45 optical-axis rotation according to Fig. 2(c). We also
describe the variation of the optical-axis rotation parameter
and half-beat length with rib width and external-waveg-
uiding-layer thickness . Varying from 2.2 to 5.2 m yields
Figs. 8(a) and 9(a) for and . The dependence of these
quantities on for 0.4 1.4 m is instead displayed
in Figs. 8(b) and 9(b). From Fig. 8(a) and (b), we find that

a 0.1- m fabrication error in or changes by 80 and
40 m, respectively. These values compare with 50 and 20 m
for the corresponding III–V waveguide with 403 m
given by [12, Figs. 2 and 10]. However, the relative deviation

100% in the SOI case is 7.6% and 3.8%, which
is markedly smaller than 12.4% and 5% for the III–V waveguide
in [12].

From Fig. 9(a) and (b), we observe additionally that the ro-
tation parameters and are inversely proportional to each
other. The reciprocal relationship is a direct consequence of the
orthogonality of the two lowest order modes. From Fig. 9 and
(4), the maximum variation of the optical-axis rotation angle
is bounded by 4 when either the rib width or the rib height
is reduced by 0.1 m and by 7 when or is increased by
0.1 m.

More closely related to device performance are the po-
larization conversion (PC) efficiency and the polarization
extinction ratio (ER). The first of these measures the percentage
of power transferred between the orthogonal polarization
components for a given input polarization state and is therefore
PC 100% for an incoming
TE mode. After some algebraic manipulations, the PC is found
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Fig. 10. Wavelength dependence of (a) the rotation parameter (optical-axis rotation angle) and (b) the half-beat length (required device length).

to be in terms of the device length , half-beat length ,
and rotation parameter or optical-axis rotation angle (this
equation is readily verified from the BPM data for InGaAsP
devices presented for 1.61 m in [12, Figs. 12 and 13], [7,
Fig. 3], and [3, Fig. 6 of ref. [7]]), as follows:

PC % (6)

while the ER, which is related in the absence of loss to the po-
larization conversion efficiency by ER PC PC ,
is defined as [10], as follows:

ER dB (7)

For our 3- m SOI rotator test case, PC 99.98% and ER
38 dB. Even for a variation of of 0.1 m, which yields the

maximum 7 rotation angle variation, we calculate
7.6% and PC 92.81% corresponding to ER 11 dB, while
a 0.1- m variation yields 3.8% PC 97.71%, and
ER 16 dB. In both of these worst cases, the performance

is acceptable for many applications (compare with [10, Fig. 5],
and PC 92 93% after 0.1- m rib width variation in [5]).

Repeating the above analysis for a 1.3- m SOI rotator with
0 0.4 m, 1.55 m, and 98 m, we find

that the dependence of and on and is largely identical
to Figs. 8 and 9. While the fabrication tolerances are decreased
relative to the 3- m rotator since PC 87.59% and ER

8.5 dB for 0.1 m, while PC 93.07% and ER
11.3 dB for 0.1 m, the conversion efficiencies im-

prove to PC 96.15% and ER 14 dB for 0.05 m,
while PC 97.62% and ER 16 dB for 0.05 m.
These compare favorably to the conversion values of 80% in a
0.3-mm device of [1] and 85% and 45% in [4]. Since the modes
of the SOI waveguides are highly confined and are therefore
more influenced by geometric variations, the fabrication toler-
ance of the SOI rotator is slightly less than that of InGaAsP
converters with equivalent guiding-layer thicknesses (compare
with [10, Fig. 5]). However, ultracompact SOI devices are more
easily fabricated than similar III–V structures, which can pos-
sess certain dimensions below 50 nm (compare with [1, Fig. 2]
and [3, Fig. 1] where 230 m). Improved silicon fab-
rication methods with 0.05- m resolution, possibly involving
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Fig. 11. Wavelength dependence of the PC efficiency and polarization ER for the 3- and 5-�m designs.

nanotechnology, should result in ultrashort polarization rotators
with conversion efficiency 96%.

VII. SPECTRAL PROPERTIES

To determine the applicability of the polarization ro-
tator design to wavelength-division-multiplexing (WDM)
systems, we now study the behavior of two representa-
tive devices in the band (1528.77–1563.86 nm) and
band (1573.71–1604.03 nm), as defined by the International
Telecommunications Union Telecommunication Standardiza-
tion Sector (ITU-T) G.692 standard. These are a 3- m design
with 2.8 m, 1 m, 2.7 m, 0 1.04,
and 502.4 m and a 5- m design with 4.8 m,

1.8 m, 4.8 m, 0 1.01 and
2572 m. The geometric parameters are rounded to the

nearest tenth of a micrometer, which models the fabrication
precision. Further, the values of are reduced by 0.2 m
from the optimal film thicknesses specified above to model
the 0.2- m silicon layer loss observed experimentally after
removing the top protecting layer during fabrication [27].

In Figs. 10(a) and (b), we respectively display and
as a function of wavelength for the 3- m design. In a wave-
length range of 1.50–1.60 m, the rotation parameter varies
by 0.5% from its value at 1.55 m, corresponding to a max-
imum change of 0.15 in the optical-axis rotation angle, while

varies by 6%. While between 1.55 and 1.60 m the vari-
ation of is far smaller than the 6% predicted for the III–V
converter in [12, Fig. 12], varies slightly more than the 5%
reported in this reference.

The PC efficiencies and crosstalk for 1.50 1.60 m
for the 3- and 5- m components are plotted in Fig. 11. Al-
though in principle a 3- m rotator can display the same per-
formance as the 5- m device with PC 99.98% and ER

37 dB for 0.1- m fabrication tolerance, the larger layer thick-
ness is clearly preferable. That the SOI polarization converters
are highly wavelength-independent is evident from PC 99%
in the 1.50 1.60 m wavelength range while PC

99.7% in the band where the 3- and 5- m components display
25-dB and 30-dB polarization crosstalk, respectively.

VIII. LOSS CONSIDERATIONS

Large cross-section SOI polarization converters display re-
duced loss as a result of both the small measured fiber-coupling
losses, e.g., 0.17 dB per facet [25], and the small material losses,
which were found to be below 0.5 dB/cm for large cross-section
waveguides in [24] and 0.1 dB/cm in [25]. The low coupling
losses reflect both the high degree of field confinement to the
guiding layer as in Fig. 3 and the large single-mode waveguide
cross sections that properly match the mode- diameters of stan-
dard single-mode fibers [8], [21]–[25].

While a full discussion of losses of SOI polarization rota-
tors requires a detailed analysis and will therefore be considered
in a forthcoming paper, our SOI polarization rotator designs
display low insertion loss. For example, taking into account
only the calculated modal field overlaps, the coupling between
our asymmetric-external-layer SOI polarization converter with

0 and a Corning SMF-28 fiber with a core diameter of
8.3 m and core and cladding indexes of 1.5362 and 1.5306 is
0.5 dB for 15, 5, 13 m, 2 dB for
10, 3, 8.5 m, 5.7 dB for 5, 1.8, 4.8 m, and

8.7 dB for 3, 1.1, 3.3 m. This compares with
our calculated value of 7 dB for the component discussed in
[11] and [6]. If the converter is instead coupled to a tapered and
lensed fiber which yields, for example, a spot diameter of 2.5

m, the polarization rotator with the most closely matched field
size (here the 3- m design) will instead yield lowest loss, in this
case 2 dB.

In many applications, the converter is butt-coupled to rib
waveguides as in [6, Fig. 1], [7], [11], [12], and [14]. If the
vertical walls of the SOI rib waveguide and the slanted-angle
SOI polarization converter coincide, we obtain a minimum
coupling loss of 0.2 dB for both polarizations in the 3- m
design. This is achieved for an SOI rib waveguide with the
same rib height 3 m and slab thickness 1.1 m
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and for a rib width 2 m. As a comparison, the total
insertion loss for a III–V converter is 0.5 [11] or 0.6 dB [12] in
the same configuration. If we increase to 3 m, the losses
are 0.45 dB for an incoming TE mode and 0.68 dB for a TM
mode.

IX. CONCLUSION

This paper has mapped the optical-axis rotation and
single-mode cutoff condition of slanted-angle polarization
rotators onto a contour map in normalized variables. For the
subset of SOI slanted-angle waveguides that rotate the optical
axis by 45 , the information in the 2-D diagram can be summa-
rized by a one-dimensional empirical formula for the waveguide
parameters. This procedure enables the rapid design of periodic
and single-section slanted-angle polarization converters with
either symmetric or asymmetric external waveguiding layers for
rib heights from 1 to 30 m. The single-mode cutoff condition
of SOI structures with different silicon-guiding-layer thick-
nesses was also examined, and it was demonstrated that the
asymmetric-slab structure has a considerably larger region of
single-mode behavior, and therefore fabrication tolerance, than
other waveguide designs. For the same guiding-layer thickness,
SOI polarization rotators exhibit enhanced optical confinement
and are therefore shorter than III–V components. In addition,
such components display small coupling losses (0.2 dB), flat
spectral response ( 0.5% for 1.50 1.60 m),
high conversion efficiency (99.98%), and low polarization
ER ( 38 dB). SOI polarization rotators, which can easily be
produced with electronic device fabrication technology, should
therefore find numerous applications in dense-WDM systems.

While the design methodology described in this paper en-
ables, at least in principle, the design of short polarization
rotators with nearly 100% polarization conversion and an ER

30 dB, the realization of short ( 100 m) components can
require technological precision of 0.05 m or less. Experi-
mental verification of the results in this paper is accordingly in
progress [26], [27].
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