Coupling technique for efficient interfacing between
silica waveguides and planar photonic crystal circuits

Yuan-Fong Chau, Tzong-Jer Yang, and Win-Der Lee

We describe a two-step-size tapered structure with one defect pair that can markedly enhance the
coupling efficiency at the entrance and exit terminals of a planar photonic crystal (PPC) waveguide.
PPC waveguides are composed of circular dielectric rods set in two-dimensional square lattices. On the
basis of our simulations, we found that the optimized scheme maximizes the power transmission above
90% at a wavelength of 1.55 pm. Besides, one can control the central frequency for optical communi-

cations by determining this defect configuration in an optimization procedure.
adjusting the defect radii in PPC tapers, one can use the PPC circuit as a good reflector.
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1. Introduction

Photonic crystal (PC) waveguides are expected to
play an important role in the development of highly
integrated optical circuits (I0OCs). Owing to its rel-
evant features such as ease of manufacture, compact-
ness, and small size, the planar photonic crystal
(PPC) has attracted great interest for development in
microscale IOCs. PPCs have been designed to sim-
plify manufacturing.® It has been predicted and
shown that light can be efficiently guided through
line defects in PPC structures. However, propaga-
tion losses that arise from coupling integrated dielec-
tric waveguides to PPC waveguides are traditionally
high. As the coupling process (either into or out of a
PC waveguide) is essentially a scattering phenome-
non,2 one might imagine that modification of the ter-
mination surface morphology of the waveguide would
induce a large change in the coupling behavior and
that, with careful design, the coupling efficiency could
reach a large optimum value. Thus it is necessary to
develop reliable PPC circuits to minimize coupling
losses between conventional silica waveguides
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(SWGs) and PPC waveguides. Several coupling
structures and techniques have been proposed.3-8
Among the proposed methods, one of the most prom-
ising is the use of PPC tapers,”® mainly because of
their small coupling length (<5 pm) and high cou-
pling efficiencies achieved over a large frequency
range with transmission peaks exceeding 80% at lo-
calized frequencies. However, these structures (as de-
scribed in Refs. 3—8) are sensitive to manufacturing
inaccuracies. The experimental achievement of
such structures is much more difficult because many
defect pairs must be used and one must vary the rod
size to achieve an artificial material with an effective
gradient index and adiabatic mode transformation.
These active issues represent a challenge that
must be met if PC waveguides are to be used in IOCs.
We need to find a way to couple light efficiently at the
entrance and exit terminals of lines of defects in pho-
tonic bandgap materials. Because the physics of
traditional index guiding and of photonic bandgap
guiding are different, coupling light into and out of
PC waveguides is far from a trivial exercise. There
can be substantial reflection and scattering from PC
waveguide ends that will adversely affect the out-
come of transmission measurements. This is a con-
siderable drawback if one is to test novel PC devices
efficiently. To overcome this limitation, one needs
an efficient waveguide junction design. A novel cou-
pling technique based on setting a single localized
defect within a 0.5-pm-long PPC tapered waveguide
structure in a triangular lattice of circular dielectric
rods in a silica background was proposed,® that sig-
nificantly improves the transmission results by use of



only a conventional (one-step-size lattice constant)
PPC taper.6 However, the transmission measured
inside the PPC waveguide reached an average value
of only 62%, and the transmission efficiency de-
creased as the width of the SWG increased. Note
that a measurement point set inside a PPC
waveguide cannot represent the actual transmission.
Besides, wider PPC tapers are required for efficient
mode-profile  matching to wider dielectric
waveguides.

Motivated by the previous publications cited above
and addressing the changes suggested in this paper,
we show that the proposed coupling technique can
also be employed with wider PPC tapers but that in
such a case a pair of defects at symmetrical positions
in the PPC tapers must be designed for the required
PPC taper to have maximum transmission efficiency.
The introduction of localized defect pairs is investi-
gated, as well as their effects on the frequency trans-
mission spectra when couples at the entrance and
exit sides of a PPC waveguide are considered. By
proper defect mode matching at the interface be-
tween a SWG and a PPC waveguide, which will sig-
nificantly improve the transmission efficiency
compared with that of a butt-coupled waveguide, a
conventional PPC taper without defects and two-
step-size lattice constant PPC tapers without and
with defects will be achieved.

2. Structure and Coupling Technique

The practical use of a SWG and PPC tapers for cou-
pling IOCs is limited if there are no good approaches
to coupling light into them efficiently. It is our aim
in this paper to present a high-efficiency technique
for coupling a SWG and PPC waveguides in the form
of square lattice of dielectric rods surrounded by a
homogeneous silica medium. Triangular lattices
have been reported.”® To the best of our knowledge,
coupling into this structure has never been thor-
oughly investigated. In this paper we restrict our
attention to waveguide junctions for this type of
waveguide, as they have been the focus of recent
theoretical and experimental investigations.10.11
The PPC structure considered here is a two-
dimensional (2-D) square array of dielectric rods of
lattice constant a surrounded by a homogeneous di-
electric medium. The rods have a refractive-index
value of 3.45, which corresponds to that of silicon (S7)
at 1.55 pm, and a circular cross section of radius 0.2a.
The surrounding medium in the PPC has an index
value of 1.45, which corresponds to that of silica
(SiOy) at 1.55 pm. A SWG has dielectric index of
1.45 and width w, and the surrounding dielectric me-
dium is air. This PPC has a large bandgap for TM-
polarized waves (i.e., the electric field is oriented in
the axis of the rods, where all rods have the same
axis). A lattice constant value of 0.465 pm was cho-
sen because the transmitted band is fixed near 1.55
pm. This lattice constant value is equivalent to
a/N = 0.3 for \ = 1.55 pum. Such a value is appro-
priate for transmission at standard optical commu-
nication wavelength. For such a lattice constant the
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Fig. 1. Schematic view of the structures considered. A 2.4-pm-
wide—4a-long two-step-size lattice constant PPC taper (where a is
the lattice constant) with a radius of defect configuration is intro-
duced into a PPC taper employed to couple light both into and out
of a finite-length (15 rows) PPC waveguide from a SWG. The
optical power transmitted through the PPC waveguide is mea-
sured with two power monitors, one placed inside the waveguide at
point A and the other at the output end at point B.

PPC substrate has a PBG range of wavelength in free
space from 1.44 to 1.68 pm for TM-polarized waves,
calculated by a 2-D plane-wave expansion method.2
The PPC waveguide is created along direction W1
[one row of dielectric rods removed in the (1 0) direc-
tion of the photonic crystal]. We achieve a discrete
taper by removing three (W3, three rows of dielectric
rods removed in the same direction as W1) and five
(W5, five rows of dielectric rods removed in the same
direction as W1) rods of the original PPC waveguide
to form a two-step-size lattice constant PPC taper, as
shown in the areas enclosed by dashed lines in Fig. 1,
which neutralize a defect rod to form a cavitylike
environment.

As described in Ref. 13, adiabatic transmission in a
PPC waveguide may be achieved if it is guaranteed
that the operating mode of every-unique feature in
the PPC waveguide and the PPC taper is different.
Therefore the behavior of these features may be pre-
dicted by calculation of independent dispersion dia-
grams. The dispersion relations for the PPC
waveguides shown in Fig. 1 are calculated by the
plane-wave expansion method in the frequency do-
main for given dielectric configurations. We need to
identify a supercell with periodic boundary condi-
tions as the computation domain. The supercells’
dimensions are set (19, 1, 1), where (19, 1, 1) means
numbers of cells in x, y, z directions. The choice of 19
cells in the x direction is essentially a guess. The
calculation should be repeated with different-sized
supercells to check for convergence. We determine
the TM band structures for three different PPC
waveguides (W1, W3, and W5) to identify their fea-
tures that are different from those in conventional
waveguides. The results are shown in Fig. 2. The
horizontal axis is the wave vector in the direction of
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Fig. 2. Dispersion relations for the TM band structures for three
(W1, W3 and W5) PPC waveguides in a 2-D square array of dielec-
tric rods of lattice constant a surrounded by a homogeneous dielec-
tric medium, where W1 (W3, W5) is created by removal of one
(three, five) rod(s) of the original PPC waveguide. The three
modes A, B, and C (arrows) indicate guide modes W1, W3, and W5,
respectively.

the guide, and the band structures are shown in a
reduced Brilliouin zone scheme. The modes inside
the gap are localized to the row of missing rod. The
filled circles (dark gray) in Fig. 2 show the band struc-
ture for the guide in the W1 direction. We found a
single guide mode inside the bandgap. The electric
field of the mode has even symmetry with respect to
the mirror plane along the guide axis. The mode
itself bears a close resemblance to the fundamental
mode of a conventional dielectric waveguide. We
made the open circles in Fig. 2 by removing three
rows of rods in the W3 direction. There are now
three guide modes inside the gap that can again the
classified according to their symmetry with respect to
the mirror plane along the guide axis. Itis generally
true that the number of bands inside the bandgap
equals the number of rows of rods removed when the
guide is created. Analogously, when five rows of
rods are removed, we pull up five (solid curves) guide
modes at each location £ (wave vector) from the di-
electric band. In Fig. 2, the filled circles (dark gray)
denote the W1 mode, the open circles denote the W3
mode, and the solid curves denote the W5 mode.
The three nearby guide modes, A, B, and C, which are
modes of W1, W3, and W5, respectively, at the arrows
indicated in Fig. 2, are close to each other at normal-
ized frequency a/\ = 0.3. It can be seen from Fig. 2
that the three modes A, B, and C merge at point D
[k, = 0.4098, (wa)/(2mc) = 0.3316]. This means that
they are coupled at point D, i.e., that their eigen-
modes propagate at the same wave vector. As was
stated by Bayindir et al.,'* coupling length L =
a/(2Ak), where Ak is the difference between two wave
vectors at a given normalized frequency. This for-
mula shows that Ak strongly depends on the normal-
ized frequency, implying the splitting of large
dispersion. Obviously, the value of L is infinity for
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Fig. 3. Normalized transmission spectra as a function of w/a for

a wavelength of incident light that corresponds to A = a/0.3 = 1.55

wm, where a = 0.465 pm, for four cases: (1) a butt-coupled struc-

ture; (2) a conventional PPC taper; (3) a two-step-size lattice con-

stant PPC taper without defects; and (4) the same as case (3),

except with a defect rod, where the defect radius is r = 0.3 pm and

defect pairs are located at (0, —9.7a) and (0, +9.7a). The trans-

mitted field is measured at the output end of the SWG (point B) by

a power monitor covering the exit of the PPC waveguide as shown
in Fig. 1.

coupling of the PPC waveguide when Ak approaches
zero, which takes place at point D and gives rise to
the merger of the eigenmodes. In Fig. 2 the small
value of Ak1 shows the difference in wave vectors of
guide mode B and guide mode C at the same normal-
ized frequency of 0.3. It can be seen that there is a
small dispersion split, which implies that the two
types of waveguide that form the two-step-size lattice
constant PPC taper can couple a light wave easily
from W5 to W3 but has some difficulty in coupling the
light wave into guide mode A (from W3 to W1) be-
cause of the larger value of Ak2 (the difference of
wave vectors between guide mode A and guide mode
B at the same normalized frequency of 0.3). Based
on the above analysis, note that we have an opportu-
nity to use an optimum defect configuration as a
mode-matching trick in the two-step-size lattice con-
stant PPC taper [which we achieve by removing three
(W3) and five (W5) rods of the original PPC
waveguide] for coupling into the PPC waveguide [by
removing one (W1) rod of the original PPC waveguide].
Therefore the proper-mode maybe achieved by setting
a defect in the PPC taper when the interfaces between
the SWG and PPC waveguides are controlled to pre-
vent an abrupt change in the reflectivity at input—
output of resonant cavities.15-16

The coupling structure investigated consists of a



PPC taper with a dielectric defect rod as a defect of a
different radius. Mode matching is achieved by
choice of the optimum defect parameters within the
PPC taper. In this paper we describe a special PPC
taper structure, i.e. a 2.4-pm-wide/4a-long two-step-
size lattice constant PPC taper (where a is the lattice
constant, here 1.86 pm). An optimal radius of defect
configuration is introduced in the PPC taper to couple
light both into and out of a finite-length (15 rows)
PPC waveguide, as shown in Fig. 1, from which it
may be observed that a SWG guides the input light to
a tapered input PPC waveguide passing through the
dielectric defect rod. The optical power transmitted
through the PPC waveguide is measured by two
power monitors, one placed at the exit end of the PPC
waveguide (at point A) and the other at the output
end of the SWG (at point B), as shown in Fig. 1. The
defect rod within the PPC taper has radius r, and its
position z,,, along the z axis is further optimized to
achieve the highest coupling efficiency.

Coupling losses between a conventional SWG and
PPC waveguides arise mainly from the mode mis-
match derived from the various widths and propaga-
tion mechanisms in a SWG and PPC waveguides that
decrease the coupling efficiency and increase the re-
flection losses. To overcome these losses, localized
defect pairs are introduced within the 2.4-pm-wide/
4a-long two-step-size lattice constant PPC tapers at
the entrance and exit terminals of the PPC
waveguide that alter the modal properties of the
guided mode. Thus one can achieve mode matching
by determining the optimum radii of defect pairs as
well as the other optimum parameters (the width of
the SWG and its relative position within the PPC
tapers). An approach is necessary for setting local-
ized defect pairs into PPC tapers owing to the varia-
tion of the modal properties along the taper. An
optimized study of the proposed coupling technique
was made by numerical simulations. This study is
aimed at determining the optimum parameter values
(width w of the SWG, defect radius r, and relative
defect position z,, within the two-step-size lattice
constant PPC taper along the z axis at sectional plane
x = 0) of the structure shown in Fig. 1 to achieve the
highest coupling efficiency, i.e., maximum transmis-
sion through the PPC waveguide from the light com-
ing from the input end of the SWG to the output end
of the SWG.

3. Results and Discussion

Let us first optimize the width of the SWG and the
radius of the defect and improve the transmission by
optimizing the relative position of the defect that
should be placed into the PPC taper. The next
method is based on a 2-D finite-difference time-
domain algorithm.1? A grid size of a/50 is used in
the finite-difference time-domain simulations, and
the condition of a perfectly matched layer is consid-
ered at (the boundary zone to ensure that there is no
backreflection within the limit of the region ana-
lyzed,'® which is terminated by a 0.5-pm width to
produce perfectly absorbing boundary conditions.

First, the SWGs width (w), the defect position (z,),
and the defect radius () have been optimized at the
0.3 (a/\) normalized frequency located close to 1.55
pm for the lattice value considered. To excite the
modeling structure of the input end of the SWG we
used a sinusoidal monochromatic continuous wave
with normalized power as the light source in the z
direction, with a Gaussian transverse field pattern in
the x direction. Removing several additional dielec-
tric rows as displayed in the upper part of Fig. 3
creates different shapes of the PPC taper. Figure 3
shows the normalized transmission spectra as func-
tions of w/a for a wavelength of incident light that
corresponds to A = /0.3 = 1.55 um when a = 0.465
pm for four cases: (1) a butt-coupled structure; (2) a
conventional PPC taper; (3) a two-step-size lattice
constant PPC taper without defects; and (4) the same
as case (3), except with a defect rod, where there is
defect radius of r = 0.3 pm and defect pairs are
located at (0, —9.7a) and (0, +9.7a). The transmit-
ted field is measured at the output end of the SWG
(point B) by a power monitor covering the exit of the
PPC waveguide as shown in Fig. 1. The transmis-
sion spectra are calculated from the Fourier-
transformed time series and normalized with respect
to the launched field.

For case (1) of Fig. 3, the transmission of the butt-
coupled case oscillates and rises to a maximum trans-
mission of 47% when the SWG’s width is 1.34a (623.1
nm) and then descends to zero at width 4.8a (2.232
wm). As the width of the SWG is greater than 1.34a,
coupling is inefficient. It is clearly evident that the
transmission decreases while the width of the SWG
increases owing to backreflection from the various
widths and mechanisms between the SWG and the
PPC waveguide. One of the reasons for this is the
poor mode-profile match between the fundamental
modes of the wide dielectric and of the much nar-
rower PPC waveguide. From physical intuition, one
might imagine that the tapering structure can help to
couple an external signal into a PPC waveguide and
also help to couple a guided wave out of the PPC
waveguide. For case (2) of Fig. 3, i.e., a conventional
PPC taper without defect, the transmission increases
while the width of SWG increases, achieving trans-
mission up to a steady value of 50% for a width of the
SWG of more than 6a (2.79 pm). As a comparison,
case (2) can result in flat [no oscillation shown in case
(2) compared with that shown in case (1) of Fig. 3] and
higher transmission when the butt-coupled structure
is replaced by a conventional PPC taper. This result
can offer some hints for designing a high-
performance PPC waveguide when the aspect of the
taper structure is well designed. As a two-step-size
lattice constant PPC taper without a defect [case (3)
of Fig. 3] has been adopted, the transmission sharply
increases, achieving a transmission of as much as
57% for a SWG width of more than 3.2a (1.49 pm).
Because of better mode matching between the SWG
and the two-step-size PPC taper, transmission is
more efficient than the results shown for cases (1) and
(2) of Fig. 3. As was mentioned in Section 2, the
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Fig. 4. Normalized transmission spectra as a function of r/a for a
wavelength of incident light that corresponds to A = ¢/0.3 = 1.55
pwm, for SWG width w = 2.4 pm. The defect pairs are located at
(0, —=9.7a) and (0, +9.7a). The optical power transmitted through
the PPC waveguide is measured with two power monitors, one at
the exit terminal of the PPC waveguide (point A) and other at the
output end of the SWG (point B), as shown in Fig. 1, where a
denotes the lattice constant and A\ is the wavelength of light in

vacuum.

two-step-size lattice constant PPC taper can couple a
light wave easily from W5 to W3 but shows some
difficulties from W3 to W1. That is, the 2 mismatch
between W3 and W1 must be resolved if the aim of
high transmission is to be fulfilled; i.e., the field dis-
tributions inside the PPC taper must be change for
mode-profile matching between the SWG and the
PPC taper to be achieved. Thus, defect pairs set in
the entrance and exit terminals of PPC tapers will be
key factors in handling the field distributions be-
tween the SWG and the PPC taper. It can be seen
from case (4) of Fig. 3 that the introduction of defect
pairs within the two-step-size lattice constant PPC
tapers at the entrance and exit terminals of a PPC
waveguide improves the transmission by as much as
64% for a SWG width ranging above 3.1a (1.44 pm).
Note that the profiles of transmission spectra ob-
tained in cases (3) and (4) are similar for a SWG
width ranging from 2.5a (1.1625 pm) to 5.4a (2.511
pm), which means that defect pairs set in a PPC
taper can improve mode impedance matching but not
modify the spectra. The optimum SWG widths to
achieve the maximum transmission (78%) are 3.17a
(1.5 pm) and 5.22a (2.4 pwm). Besides, the wider
SWG width increases the transmission shown in case
(4) counterintuitively lower than that shown in case
(8) for a SWG width above 6.512a (3.03 um). That
is, case (4) seems to present a local optimum trans-
mission when the SWG width ranges from 3.1a (1.44
pm) to 6.512a (3.028 pm). One of the reasons that
the SWG width-increases above 6.512a is that the
light coupling into the PPC waveguide has a lower
transmission efficiency because in this case there are
many channels into which a wave reflected from the
junction can couple.
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In Fig. 4 the normalized transmission spectra as
functions of r/a for the wavelength of incident light
correspond to A = a/0.3 = 1.55 pm, where for SWG
width w = 2.4 pm the defect pairs are located at (0,
—9.7a) and (0, +9.7a). The optical power transmit-
ted through the PPC waveguide is measured with two
power monitors, one at the exit terminal of the PPC
waveguide (point A) and the other at the output end
of the SWG (point B), as shown in Fig. 1, where a
denotes the lattice constant and \ is the wavelength
of light in vacuum. From Fig. 4 it can be seen that
the maximum transmission (93% at point A, 90% at
point B) is achieved for r = 0.622a (0.289 pm) instead
of r = 0.3 pm, which is assumed in case (4) of Fig. 3.
The way to achieve coupling is to use an interface
resonant mode to couple the mode in the three types
of waveguide (from a SWG to a PPC taper and then
from a PPC taper to a PPC waveguide). By judicious
choice of the coupling parameters of the guided
modes to the resonance, in principle high transmis-
sion can be achieved. It can be observed that the
maximum transmission above 80% is not reduced
excessively for a defect radius range of 0.578a
(0.26877 um) to 0.656a (0.30504 pm). A large range
of defect radii is shown that is robust against manu-
facturing inaccuracies. In addition, when a light
wave propagates to the output end of a PPC
waveguide, as it traverses the defect, some of it is
reflected and some of it is lost to the radiation modes
in vacuum. Most of the rest propagates into the
output end of the SWG. It should be emphasized
that the values of the transmission spectra between
point A and point B show a difference of only 3%,
which again confirms that the introduction of local-
ized defects within the two-step-size lattice constant
PPC tapers can efficiently contain the transmitted
light from emerging from the PPC waveguide to the z
axis (shown in Fig. 1) and will result in a mode match
that increases coupling efficiency and decreases re-
flection losses. Moreover, if the defect radius is con-
trolled properly in the range 0.2a—0.33a at the
entrance and exit terminals of the PPC tapers, the
PPC circuit can be used as a good reflector.

The optimum relative position of the defect along
both the x axis and the z axis has also been investi-
gated. On the basis of our simulations, variations in
the x axis indicate that the optimum positionisx = 0
(Fig. 1), which corresponds to the mirror’s symmetry
axis. With respect to the position along z axis, Fig.
5 shows the normalized transmitted power obtained
as a function of z/a at points A and B for a wavelength
of incident light that corresponds to A = /0.3 = 1.55
pm, where the SWG’s width is w = 2.4 pm, the defect
radius is 7 = 0.289 pm, and z is the defect position.
It can be seen that there is one z/a position that
provides relative transmission maxima: 2z, =
10.4a. Settmg a defect in one of the PPC tapers de-
picted in the inset of Fig. 5 indicates that the trans-
mission is above 80% for a range of defect positions z
from 0.981a to 10.57a. That is, there can be a large
range of tolerances of manufacturing inaccuracies for
the defect position.
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Figure 6 shows the steady state of the electric field
(E,) for input—output coupling for two cases: (a)
conventional PPC tapers without defects [Fig. 6(a)]
and two-step-size PPC tapers with optimum defects
[w =24 pm, r = 0.289 pm, and z,, = 10.4a; Figs.
6(b)]. The wavelength of the inci(ient light corre-
sponds to A = ¢/0.3 = 1.55 um. The size of each
image plane displayed is 30 X 10 pm. From the
simulations we can observe that the shape of the PPC
taper structure plays a critical role in changing the
coupling efficiency between a conventional SWG and
a PPC tapers, and thus we conclude that the two-
step-size lattice constant PPC taper structure is su-
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Fig. 6. Steady state of the electric field (E,) for input—output
coupling (a) with the conventional PPC tapers without defects and
(b) with two-step-size PPC tapers with optimum defects (w = 2.4
pwm, 7 = 0.289 pm, and z,,, = 10.4a). The wavelength of the
incident light corresponds to A = @/0.3 = 1.55 wm. The size of each
image plane displayed is 30 pm X 10 pm.

perior to the other possible patterns of the PPC taper,
particularly for our specified sample, i.e., silicon di-
electric rods embedded in a silica medium, set in 2D
square lattices. The electric field (E,) distributions
in the PPC waveguide with the conventional PPC
taper structure but without defects are displayed in
Fig. 6(a); a standing-wave pattern in the input SWG
appears. The coupling loss comes from reflection at
the junction between the SWG and the PPC taper;
therefore some parts are propagated back to the in-
put end of the SWG and some parts decay in the sides
of the input end of the SWG. The field distributions
exhibit a sinusoidal oscillation inside the PPC
waveguide. When the light waves emerge from the
output end of the PPC taper, little parts of them are
coupled to the output end of the SWG and most of
them decay exponentially in air. It can be clearly
seen that the field distributions in the output end of
the PPC taper, as shown in Fig. 6(a), are much
weaker than those in the input end. In contrast, the
field distributions inside the input end of the PPC
taper are nearly the same as those in the output end,
as shown in Fig. 6(b). These results confirm that
designing appropriate PPC waveguide tapered struc-
tures that contain one pair of defect rods placed at
optimal positions can significantly enhance coupling
efficiency and depress reflection. Therefore it is ex-
pected that the tapered structures will support a fa-
vorable environment for establishing suitable field
distributions, and the introduction of defect pairs can
efficiently contain the light waves and form a new
diffraction center of the light source (the scattering
cross section results from a coherent superposition of
individual amplitudes of light waves) in the cavity-
like structures in the PPC taper region. Conse-
quently, favorable coupling from the SWG through the
PPC taper to the PPC waveguide is achieved when the
optimal defect configuration is employed. Note that
constructive interference in the input-output PPC
tapers leads to increased coupling efficiency that is
attributed mainly to the use of an optimal design de-
fect configuration.

Figure 7 shows the normalized transmission spec-
tra of a 15-row PPC waveguide coupled to the en-
trance and exit terminals relative to a/\ for (1) a
0.5-um width, two-step-size lattice constant PPC
taper with a defect (/N = 0.3), (2) a 2.4-pm-width,
two-step-size lattice constant PPC taper without a
defect (a/\ = 0.3); (3) the same as case (2) except with
a defect, (4) the same as case (3) except with a/\ =
0.289, and (5) the same as case (3) except with a/\ =
0.306. To obtain these results we launched an inci-
dent pulsed field at the input end of the SWG. The
fundamental mode of the SWG was excited by a
pulsed wave that propagates along the z direction
(Fig. 1), and the transmission spectra field was cal-
culated with the overlap integral between the
launched and the measured fields at point B. The
transmission spectra were calculated from the
Fourier-transformed time series and normalized with
respect to the launched pulse. In Fig. 7 the lower
transmission presented in case (1) is due to the nar-
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Fig. 7. Normalized transmission spectra of a 15-row PPC
waveguide coupled to the entrance and exit terminals relative to
a/\ for (1) a 0.5-pm width, two-step-size lattice constant PPC taper
with a defect (a/\ = 0.3), (2) a 2.4 pm-width, two-step-size lattice
constant PPC taper without a defect (a/\ = 0.3), (3) the same as
case (2) except with a defect, (4) the same as case (3) except that
a/N = 0.289, and (5) the same as case (3) except that a/\ = 0.306.

rower width of SWG. The resonances that appear in
the transmission spectrum of the PPC taper without
a defect in case (2) are due to the Bragg reflection
created by the mode mismatch at the interface be-
tween the SWG and the PPC tapers, and thus the
number of resonances depends on the length of the
PPC taper. When the proposed defect configuration
is set, the response is sharply diminished because
better mode matching at the interfaces of the PPC
waveguide is achieved. According to case (3) of Fig.
7, an average transmission level larger than 80% is
achieved for a normalized frequency range from
0.294(a/N) to 0.302(a/N), and the maximum trans-
mission exceeds 90%, which enhances the 26.9% av-
erage transmission level achieved with the PPC taper
without defects when the SWG’s width is 2.4 pm.
However, from Fig. 7 it can be observed that the
bandwidth of case (3) is smaller, although it still sat-
isfies bandwidth requirements for optical communi-
cations. One of the reasons for this is that a larger-
sized defect radius (r = 0.289 pwm) is used to achieve
high coupling efficiency. That is, the high coupling
efficiency is achieved with a trade-off of a bandwidth
that becomes more sensitive to the normalized fre-
quency employed to optimize the parameters of the
defects. To illustrate this point we employed the
same optimization procedure but for two different
normalized frequencies, 0.289 (a/\) and 0.306 (a/\),
as shown for cases (4) and (5) in Fig. 7. In case (5) for
normalized frequency 0.306 (a/\), the optimum de-
fect configuration is obtained for r,,, = 0.3 pm and
Zopt = 10a. It can be seen that in cases (3)—(5) the
transmission spectra are shifted toward the normal-
ized frequency employed in the optimization proce-
dures. This means that the central frequency will
be controlled for optical communications by determi-
nation of the optimal parameters of the defect config-
uration in PPC tapers.
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4. Summary

In conclusion, we have reported a coupling technique
based on setting localized defect pairs within PPC
tapered structures at the two ends of a PPC
waveguide in the form of a 2-D square lattice of di-
electric rods in a silica medium. The coupling tech-
nique achieves mode matching at the input—output
interface between SWG and PPC waveguides, reduc-
ing reflection losses and significantly improving
transmission efficiency. Procedures to determine
the best defect and waveguide parameters have been
optimized to achieve highest transmission. The
simulation results show that, by setting defect prop-
erly, one can achieve a better than 90% transmission
at a standard optical communication wavelength of
1.55 pm, which sharply enhances the transmission
obtained when no defects are considered. The tech-
nique is robust against manufacturing inaccuracies
and is valid for both coupling into and out of a pho-
tonic crystal waveguide. Finally, its is worth men-
tioning that one can control the central frequency by
determining this defect configuration by using the
optimization procedure. In addition, the proposed
structure can act as a good reflector when the range
of a defect radius is properly adjusted.
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