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A Novel and Compact Optical Polarizer Incorporating
a Layered Waveguide Core Structure
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Abstract—A compact optical polarizer based on a directional
coupler incor porating layered waveguide corestructuresisstudied
in detail in this paper. Important waveguide design parameters
such asthe guide width, guide separation, guide height, refractive
index contrast, and wavelength dependence have been analyzed
by using the vectorial H-field finite-element method. The optical
power transfer characteristics have been calculated by using the
least squares boundary residual methods.

Index Terms—Birefringence, finite-element method (FEM), in-
tegrated optics, optical polarizers.

I. INTRODUCTION

PATIAL TE/TM polarization splitters are important inte-
rated components for polarization diversity optical sys-
tems, such as polarization diversity receivers for coherent de-
tection. Polarization splitters have been studied by various re-
searchers using a range of operating techniques. Asymmetric
Y -branches on LiNbO; have been reported in which the effec-
tive indexes were electrooptically controlled [1]. Those based
on metal-clad directional couplers in InGaAsP/InP have been
demonstrated [2], [3], as have multimode interference (MMI)
Mach—Zehnder interferometer (MZI1)-based polarization split-
ters [4] where one arm of the Mach—Zehnder branch was cov-
ered with ametal layer to obtain different relative phase differ-
ences between the two arms for the two polarizations. The other
techniques include a short section of proton exchanged wave-
guide [5] and an anisotropic overlay [6].

The analysis methods used to study the characteristics of
these optical polarization splitters can be classified as either
analytical or numerical methods, where analytical methods
used may be accurate only for one-dimensiona structures.
However, most practical guided-wave devices must be consid-
ered as two-dimensional, and thus for the accurate design and
characterization of these devices, a rigorous numerical tool is
often the most viable solution. In this paper, the powerful and
versatile finite-element method (FEM) and the least squares
boundary residua (L SBR) methods have been used to calculate
the modal properties and the excited modal coefficients at the
junction, respectively, in such systems.

In this paper, we present anovel and compact directional cou-
pler based optical polarizer incorporating thin layered regions
and study their optimum fabrication parameters and the propa-
gation characteristics of such structures.
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Il. FINITE-ELEMENT AND LEAST SQUARES BOUNDARY
RESIDUAL METHODS

In the design and optimization of photonic devices, numer-
ical methods are required to determine accurately the propaga:
tion characteristics of the allowed waveguide modes, including
the extraction of complex propagation constants for waveguides
with loss or/ and gain. The finite-element method has emerged
as one of the most successful numerical methods for the anal-
ysis of high-frequency practical optical waveguide problems,
because of its accuracy, flexibility, and versatility. The FEM is
capable of analyzing structureswith arbitrary shapes, index pro-
files, nonlinearities, and anisotropies. The vector H-field vari-
ational formulation has been widely used to analyze practica
optical waveguides in GaAs and InP material based systems
[7]. Inthis paper, the above-mentioned attractive features of this
method are utilized to optimize the polarizer design especially
inthe TE/TM ratio and device length calculations.

Although the FEM can be used to calculate the propagation
constants and the modal field profiles, aloneit cannot be used to
analyze discontinuity along a guided-wave device or optoel ec-
tronic subsystem. Hence the LSBR method may be used to cal-
culatethetransmitted and the refl ected coefficients at adisconti-
nuity junction. Most research workersin thisfield usethesimple
overlap integral (Ol) method to cal culate the excited modal co-
efficients. However, this method can only consider one mode
in each side of the discontinuity plane and aso cannot consider
the reflection. The fundamental boundary condition at the dis-
continuity plane is the continuity of the transverse components
of both the electric (E) and magnetic (H) fields. This LSBR
method is rigorously convergent [8], satisfying the boundary
conditions in the usual least squares sense over the interface,
and the error minimization is global rather than sampled. For
directional coupler-based devices, at the discontinuity interface
the even and the odd supermodes are generated to satisfy the
necessary boundary conditions.

I11. DIRECTIONAL COUPLER BASED OPTICAL POLARIZER

It is known that the propagation constants (3) for TE and
TM are similar but not exactly the same. Similarly, the coupling
lengths for the TE and TM polarizations are also similar but
not exactly same. Although a simple directional coupler shows
a polarization-dependent performance, however, the use of its
TE/TM extinction is not sufficient in the design of an effective
optical polarizer. It isknown that layered structure regions show
adifferent equivalent index for two polarizations, however, this
difference of equivalent indexesis aso not sufficient to enable
the design of an optical polarizer incorporating two identical
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Fig. 1. The cross-section of the layered structure with nonidentical guides.

layered waveguide cores. In this paper, two nonidentical waveg-
uides with one incorporating the layered region are used for the
design of the polarizer. Although the finite-element method can
be used to represent the layered core exactly, however, it has
been shown by Rahman et al. [9] that the equivalent index ap-
proach might be acceptable to represent the layered region to
reduce computational costs.

The cross-section of the directional coupler structure consid-
ered in thispaper isshown in Fig. 1. Thetwo guidesa and b are
separated by adistance S between the guides. The guides could
be placed laterally; however, the structure considered here may
be more suitable for fabrication if they are placed vertically. A
single mask of width W can be used to fabricate both the waveg-
uides. Thelower guide a isalayered structure compressing nine
periods of layer thickness of 25 nm. Initially asingle waveguide
incorporating sandwiched InGaAsP and InP layers completely
burried in an InP substrate is considered for the simulation. The
thickness of the InGaAsP (H+) and InP (H>) layersis25nmand
the corresponding refractive indexes were taken as 3.4636 and
3.1717, respectively, at a bandgap wavelength of 1.48 um. The
operating wavelength wastaken as 1.52 ;;m. It can be shown that
the modal birefringence is highest when alternating layers have
equal thickness. The width of the waveguide was fixed at 4 um
for this simulation work unless otherwise stated. For computa-
tional efficiency, a two-fold symmetry (thus considering only
one-quarter) is exploited. A total of 16 000 elements were used
to represent this structure. By representing each layered region
exactly in the FEM, the effective index values (3/k,) for the
guasi-TE and quasi-TM modes were calculated as 3.229 25 and
3.218 40, respectively. Thisillustratesavery high level of modal
birefringence in such layered structures. To proceed, the entire
layered core region has been replaced by a single homogeneous
region with its equivalent index, calculated by using the equa-
tions in [9] and [10]. By substituting the values in the above
equations, the equivalent index for the TE and TM polarizations
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was calculated as 3.3201 and 3.3080, respectively. When these
equivalent indexes were used to replace the layered core region,
themodal solutionsobtained by the FEM yielded effectiveindex
values (n.) of 3.22484 and 3.214 62, respectively, for the TE
and the TM polarizations. This small difference is due to the
small number of layers used, which gives sight extraweight to
highindex region (astheratio being 5:4). This clearly showsan
underestimate of the propagation constants for both the polar-
izations when the equivalent index is used, particularly when a
small number of layersare used. Next, the equivalent indexesfor
both the polarizations were adjusted to obtain the same effective
indexes as were obtained for the exact representation of the lay-
ered core region. The corrected indexes were calculated to be
3.3274 and 3.3151 for the TE and the TM polarizations, respec-
tively. The improved equivalent index is used rather than their
exact representation, as for the coupled structure, not only the
structure is more complex but also only one fold of symmetry
can be used to enhance numerical efficiency. The upper guide b
could be fabricated from bulk In;_xGaxAs,P;_, material and
by adjusting the molar fractions, the refractive index of the top
guide can be made equal to 3.3274 (same asthe equival ent index
for TE modein guide a) as guide b being homogeneousfor both
the TE and TM polarizations will see the same index.

IV. ANALYSIS OF THE RESULTS

The vector finite-element method is initially used to find the
modal propertiesof thedirectional coupler structure. For the TM
polarization, the two guides are nonidentical, and hence they
are not phase matched. The height (H) and width (17) of the
waveguides were taken as 0.45 and 4 ;.m, respectively.

Fig. 2(a) and (b) shows the dominant H,, field profiles of the
TE supermodes. Since the two guides are identical for the TE
case, the supermodes are either completely symmetrical or an-
tisymmetrical. However, for the TM case, the two guides are
nonidentical. The supermode field profiles (H,) for the TM po-
larization are shown in Fig. 2(c) and (d). It can be noticed that
for the even-like TM supermode, most of the power isin guide
b and there is very little power in guide a, since TE wave seesa
higher index in the upper guide.

From the modal solutions, the coupling lengths for the TE
and the TM polarizations can be calculated. Fig. 3 shows the
coupling lengths as a function of the guide separation for the
TE and the TM polarizations. The solid and the dashed lines
in Fig. 3 represent the TE and TM polarizations, respectively.
The TE and the TM coupling lengths are defined as L.rg and
Lerw, respectively, inFig. 3. The coupling length axisisplotted
in semilog scale to reveal the exponentia variation of the cou-
pling length for the TE polarization. As can be seen from Fig. 3,
as the separation between the guides is increased from 0.5 to
1.5 um, initially the TM curve (dashed) increases exponentially
(linearly in a semilog scale). However, with further increase of
separation, the TM curve reaches the maximum value asymp-
totically. At higher separations, the guides are nearly isolated,
and with the waveguides being nonidentical, the propagation
difference does not change considerably (maximum difference
8. — By, where 3, and /3, are the propagation constants of the
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Fig. 2. H, field profile of (a) the first TE supermode and (b) the second TE supermode. The H, field profile of (c) the first TM supermode and (d) the second

TM supermode.

isolated waveguides) with increasing separation and the cou-
pling length remains constant. From Fig. 3, a design relation-
ship can be achieved such that the coupling length of TE po-
larization is twice that of the TM polarization. In Fig. 3, the
right-hand Y -axis shows the TE/TM coupling length ratios. It
can be noticed from thisfigure that when the separation between
theguidesis1.16 ;.m, the coupling length of the TE polarization
istwicethat of the TM polarization. The coupling lengths of the
TE and the TM polarizations were calculated as 172.2 and 86.1
om, respectively. Therefore, by fabricating adirectional coupler

section of 172.2 ;;m length, an effective compact TE/TM polar-
ization splitter can be realized. In this design, the directional
coupler parameters are selected in such a way that for TE po-
larization, the two guides are identical and hence they are phase
matched.

Next, using the propagation constants and field profiles gen-
erated using the finite-element method, the LSBR method can
be used to calculate the excited modal coefficients and from
which the composite field profiles along the propagating ~-di-
rection can be obtained. Fig. 4(a) and (b) shows the composite
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Fig. 3. Variation of the coupling length with the guide separation S.

field profilesat » = 0, pmand at » = 172.2 ym for the TE
polarization. It can be noticed from Fig. 4(a) and (b) that ini-
tially most of the butt-coupled power isin the top guide  and
evanescently coupled to the lower guide a at a coupling length
of 172.2 ym. Fig. 4(c) shows the field profile at twice the cou-
pling length, whereit can be noticed that the power couplesback
to the top guide 6. Fig. 4(d)—(f) shows the composite field pro-
filesat z = 04 pum, z = 85.1 pm, and 172.2 ;;m for the TM
polarization. It can be noticed from Fig. 4(d) initially that most
of the optical power is butt-coupled in the top guide b. How-
ever, it can be noticed from Fig. 4(e) that only a fraction of the
input power launched hastransferred to the adjacent lower guide
at one coupling length. As the power in the supermodes is not
equally distributed for both the even and the odd supermodes,
thereis an incomplete power transfer at one coupling length for
the TM case. It aso verifies that when the guides are not phase
matched, power cannot be coupled completely from one guide
to the other. Fig. 4(f) shows the power transfer at twice the cou-
pling length for the TM polarization. It can be noticed that the
small fraction of the power, which was transferred at one cou-
pling length, is now transferred back to guide b at twice the cou-
pling length. Therefore, by designing a directional coupler of
172.2 ;;m length, both the TE and the TM polarizations can be
split into the cross and bar ports, respectively.

Fig. 5 showsthe variation of the power coupling asafunction
of the propagating distance Z. The transmitted coefficients
are 0.708 71 and 0.705 39 for the TE even and the odd modes,
respectively. The reflected coefficients are 0.550 156E-4 and
0.13761E-4 for the TE even and odd modes. For the TM
polarization, the transmitted and reflected coefficients for the
even and odd modes are 0.99346 (even), 0.11402 (odd) and
0.187 18E-4 (even), 0.791 87E-5 (odd), respectively.

Although this device length can give a very attractive polar-
izer, it is aways necessary to study their fabrication tolerances
in order to understand their suitability for practical applications.
Initialy, the separation between the guides is varied from the
design value of 1.16 to 1.2 um, and its effects on the power
transfer characteristics are studied in detail. The solid and the
dashed lines show the TE and TM power transfer characteristics,
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respectively. The solid line showsthe TE power transfer charac-
teristic for guide ¢ and the solid line with markers showsthe TE
power transfer characteristicsfor guide b. The dashed line shows
the TM power transfer characteristics of guide a and the dashed
line with markers shows the TM power transfer characteristics
of guide b. As can be seen from this figure, a » = 04 pum
for both the TE and TM polarizations, most of the power isin
guide a, and there is amost zero power in guide b. However, at
z = 172.2 um, most of the TE and TM polarized power isin
guides b and a, respectively. Therefore, by carefully selecting
the device parameters, a passive TE/TM polarizer can be de-
signed by incorporating a layered region without introducing
surface plasmon modes, which are inherently lossy [3].

The dashed-dotted and the dotted curves show the power
transfer characteristics for the nonideal case when the sepa
ration is slightly increased to 1.2 ym. The dashed lines (with
and without markers) show the power in guides « and b,
respectively, for the TE case. The dotted lines (with and without
markers) show the power in guide a and b, respectively, for the
TM case.

It can be noticed from these curves that even a small change
in separation can deteriorate the power transfer characteristics.
This phenomenon can be explained with the help of Fig. 3. It
can be noticed from Fig. 3 that as the separation is increased
above the design value of 1.16 m, the coupling length will in-
crease for both the TE and TM polarizations. This will destroy
the“2* L.ty = L.rr” relationship and hencewill contributeto
the deterioration of the power transfer characteristics. It can also
be noticed that asthe coupling lengths areincreased slightly, the
maximum power transfer point has slightly moved away from
the design value of 172.2 um. However, due to the phase mis-
match, only 14% of power initially transferred to guide o and
there is around 86% remaining power in the guide at the cou-
pling for the TM case, although there is around 99% power
transfer for the TE case at the coupling length. This is due to
the fact that for the TE case, the guides are phase matched (but
length is not matched to L..) and for the TM case, they are not
phased matched. Hence increasing the separation increases the
TM mismatch further and hence deteriorates the performance of
the TM polarization.

Next, the fabrication tolerance on the guide width of the di-
rectional coupler section is studied. Fig. 6 shows the variation
of the power coupling as afunction of the distance Z. The solid
and the dashed lines show the TM and TE polarization powers
in guide a for aguide width of 4 ;m. The solid and the dashed
lines with markers show the TM and TE polarization powersin
guide b for a guide width of 4 ;m. The dashed-dotted line and
thedotted lineshow the TE and TM polarization powersinguide
a, respectively, for aguide width of 3.6 m. The dashed-dotted
and the dotted lines with markers show the TE and TM polar-
ization powersin guide b, respectively, for aguide width of 3.6
pm. Finally, the dashed-dotted line with and without markers
showsthe TE power transfer characteristics for aguide width of
3 pm.

It can be noticed from Fig. 6 that thereishardly any noticeable
difference in the power transfer characteristics when the width
isreduced from 4.0 to 3.6 ;zm. However, asthewidth isreduced
further to 3 um, only then there is some noticeable difference,
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Fig. 4. Compositefield profile of the TE modesat (a) z = 0, (b) modesat = = 172.2 pm, and (c) = = 344.4 pm Composite field profile of the TM modes at
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athough still very negligible and within the desired fabrication
tolerances.

It is important to control the height of these waveguides
within a few nanometers, and the sensitivity of this parameter
is studied next. The height of the top guide b is increased from
0.45 to 0.46 m. The power transfer characteristics are shown
in Fig. 7 as a function of the propagation distance 7. The
solid lines (without and with markers) show the power transfer
characteristics for guides a and b, respectively, for the TE
polarizations for the ideal case. The dashed lines (without and
with markers) show the power transfer characteristics for the
TE polarization for the nonideal case when the height of the top
guide b is increased from 0.45 to 0.46 ;M. The dashed-dotted
lines (without and with markers) show the TM power transfer
curve for guides a and b, respectively, for the ideal case. The
dotted curves (without and with markers) show the power
transfer characteristics for guides a and b, respectively, for
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Fig. 8. Variation of the power coupling efficiency as afunction of the second
guide height.

the nonideal case. It can be noticed from these curves that
the deterioration of the TM power transfer characteristics is
more severe than the TE case. This can be explained by using
the same argument as discussed before. As the height of one
waveguide is increased, the guides are no longer identical and
this will make the TM case worse. However, if the heights
of both the waveguides are modified by similar values, the
performance of the polarizer is expected to be satisfactory.

It isimportant to understand the crosstalk of these structures,
and thisisshownin Fig. 8. Fig. 8 showsthe power coupling effi-
ciency asafunction of the second guide height. The solid and the
dashed lines show the power inthe bar (F,) and cross (F,) ports,
respectively, for the TE case for different guide heights. The
dashed-dotted and dotted lines show the power in the bar and the
cross states, respectively, for the TM polarization for different
guide heights. It can be noticed that as the second guide height
isincreased from the design value of 0.45 ;:m, the crosstalk in-
creases. From Fig. 8, it can aso be noticed that increasing the
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height by as little as 10 nm can deteriorate the power transfer
characteristics by 20%. However, increasing the height by 20
nm to 0.47 pm has considerable effect, and the resulting power
coupling efficiency can be as low as 60% compared to 99.9%
for the ideal design. This shows that the fabrication tolerance
has to be within 10-nm range to avoid performance degrada-
tion. Although this value sounds a bit tight on the fabrication
tolerances, it has been indicated by previous research workers
that the fabrication control on the waveguide height isless of an
issue than the other parameters, such as the width.

Next the effect of index contrast on the power transfer charac-
teristicsisillustrated. Fig. 9 showsthe effect of refractive index
contrast (deln) on the power coupling efficiency for the TE and
the TM polarizations. The refractive index contrast (deln) is de-
fined as the difference between the core and the substrate re-
fractive index values. The solid and the dashed lines show the
TE and TM power transfer characteristics. It can be noticed
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for the TE polarization that when the index contrast is reduced
from the ideal case by 0.01 for both the guides, then the power
transfer curve (dashed line with markers) is dlightly above the
ideal curve (dashed). However, if the refractive index contrast
isincreased by 0.01 for both the guides, then the power transfer
characteristic isdightly below theideal case (dotted curve with
markers). However, the effect is more critical for the TM case,
and Fig. 10 shows the power transfer characteristics as a func-
tion of the propagation distance. It can be noticed that when the
refractive index contrast is increased by 0.01, then the power
transfer characteristics (dashed line with markers) deteriorates
considerably from the ideal case (solid) as the phase mismatch
isincreasing further. However, if therefractive index contrast is
reduced by 0.01, then the power transfer characteristic (dotted
line) deviates from the ideal case has better characteristics than
the previous case. This is due to the fact that as the refractive
index contrast is reduced, the guides are moving closer to the
phase matching condition and henceis following almost asim-
ilar pattern.

Next the wavelength sensitivity of these devices is studied.
Fig. 11 shows the power coupling efficiency as a function of
the propagation distance Z for two wavelengths. The solid lines
(without and with markers) show the TE power transfer char-
acteristics for guides a and b, respectively, for a wavelength of
1.52 ym. The dashed lines (without and with markers) show the
TE power transfer characteristics for guides a and & at awave-
length of 1.5 xm. The dashed-dotted lines (without and with
markers) show the TM power transfer characteristics for guides
a and b, respectively, at a wavelength of 1.52 ;m. The dotted
lines (without and with markers) show the TM power transfer
characteristics for guides a and b at awavelength of 1.5 um.

It can be seen from Fig. 11 that a slight change in the wave-
length can deteriorate the power transfer characteristicsslightly.
At the design wavelength of 1.52 ;m, the crosstalk is 20 dB,
which could be taken as a satisfactory design. However awave-
length tolerance of £20 nm can be achieved at an additional
crosstalk penalty of 3 dB. A wider window of tolerance of +40
nm can be achieved at an additional crosstalk penalty of 6 dB.
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This bandwidth is reasonably large enough for many practical
applications, including that for dense WDM systems.

V. SUMMARY

In this paper, the authors have shown a novel design of po-
larization splitter without using the metal clad or anisotropic
material. The modal birefringence of a layered structure is ex-
ploited to design a compact directional coupler-based polariza-
tion splitter. Nonidentical guides are designed in such a way
that they are phase matched for TE but not for the TM polar-
izations. Device parameters are designed in such away that the
device length is equal to odd or even multiple of the coupling
length for different polarizations. Important fabrication param-
eters such asthe width, height, separation, refractiveindex con-
trast, and wavelength sensitivity have been rigoroudly verified,
and their operating characteristics shown. It can be summa
rized from these fabrication results that this compact polarizer
ismore sensitive to height, index contrast, and guide separation
but reasonably robust with the waveguide width and the oper-
ating wavelength variations.
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