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Figure 4 Numerical and theoretical results of the attenuation character-
istics of a ferrite-filled waveguide: FDFD results (circles); theoretical
results (lines); 3D FDTD results (triangles). @ = 12.954 mm, b = 6.477
mm, uwoM, = 178.0 mT, and w,H, = 80.0 mT

oy = yuolHo + jAH/2), (10)

wy = VoMo an

At first, the analysis is performed to obtain the dispersion
characteristics of a ferrite-filled waveguide with w,M, = 178.0
mT, wo,H, = 80.0, and 141.2 mT, respectively. The magnetic loss
AH is assumed to be zero in this calculation. The numerical results
calculated by the present method (see Fig. 3), agree very well with
the theoretical results and the 3D FDTD numerical results. Sec-
ondly, the present method is also employed for analyzing the
attenuation characteristic of a ferrite-filled waveguide. In this
calculation, the magnetic losses AH are chosen as 79.6 and 796
A/m (1.0 and 10.0 Oe, respectively), woM, = 178.0 mT, and
oH, = 141.2 mT. The results for these calculations, shown in
Figure 4, also show good agreement with the theoretical results
and the 3D FDTD numerical results.

4. CONCLUSION

A 2D FDFD method to analyze the dispersion characteristic of
ferrite devices has been presented and demonstrated. The calcu-
lated result of the dispersion and attenuation characteristic of a
ferrite-filled waveguide agrees very well with the theoretical result
obtained from analytical approach and the 3D FDTD numerical
result. Although the final eigen equation employed only four
transverse-field components, it was confirmed to be sufficient for
the analysis of the dispersion characteristics of ferrite devices.
Therefore, it was shown to be more efficient than the method using
six field components. In the calculation, although the elimination
of longitudinal components does not help to reduce the memory-
space requirement due to the increased number of terms in the
remaining equations, the calculation time is considerably reduced,
as compared to the case in which six field components are in-
volved. Furthermore, when the frequency characteristic for a nar-
row range, for example, a resonator analysis made of artificial
material, the FDFD method becomes more attractive, since it can
effectively analyze the dispersion characteristics for a limited
frequency range.
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ABSTRACT: EBG structures exhibit an in-phase reflection coeffi-
cient, which makes them desirable for low-profile antenna designs.
However, a conventional EBG structure has an identical reflection
phase for a normally incident plane wave in spite of its polarization
state. This paper presents novel polarization-dependent EBG
(PDEBG) structures whose reflection phases are different, depending
upon the polarization state of the incident plane wave. This polariza-
tion-dependent reflection-phase feature is realized by changing the
unit geometries, for example, by using a rectangular patch to replace
the square patch, by cutting slots into the patch, or by offsetting the
vias. By properly tailoring the phase difference between different
polarizations, a useful EBG reflector is introduced, which can con-
trol the polarization state of the reflected wave. One attractive appli-
cation of this reflector is that the reflected wave of a circularly polarized
incident plane wave can maintain its polarization sense. © 2004 Wiley Pe-
riodicals, Inc. Microwave Opt Technol Lett 41: 439—444, 2004; Published
online in Wiley InterScience (www.interscience.wiley.com).

DOI 10.1002/mop.20164

Key words: anisotropic; electromagnetic band gap (EBG); polarization;
reflector

1. INTRODUCTION

Electromagnetic band-gap (EBG) structures have been widely
explored in recent years [1-4]. They exhibit unique electromag-
netic features, namely, the frequency band gap for surface waves
and the in-phase reflection coefficient for incident plane waves.
Various antenna and device applications have been proposed based
on these features. For example, the in-phase reflection coefficient
enables one to design low-profile wire antennas without losing
radiation efficiency [5].
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TABLE 1 Polarization States of Different Reflector Surfaces

Reflection  Polarization of Polarization of
Surface Phase Incident Wave Reflected Wave
PEC T RHCP LHCP
PMC 0 RHCP LHCP
Traditional EBG 0(f) RHCP LHCP
PDEBG o(f, P) RHCP RHCP, LP, elliptical

polarization

This paper focuses on the reflection-phase feature of EBG
structures. It is noted that a conventional EBG structure consisting
of square unit cells has an identical reflection phase for a normally
incident plane wave that is independent of its polarization state.
Thus, it is an isotropic structure. Novel anisotropic EBG surfaces
whose reflection phases are dependent on polarization states are
investigated in this paper. Various polarization-dependent EBG
(PDEBG) designs are presented, including a rectangular-patch
EBG surface, a slot-loaded EBG surface, and an EBG surface with
offset vias.

The applications of PDEBG surface are of special interest. In
wireless communications, where low profile and polarization di-
versity are desired [6], the PDEBG surface can be used as a ground
plane for a dipole antenna to generate circular polarization patterns
or realize reconfigurable polarizations [7].

In this paper, the implementation of a PDEBG surface as a
reflector is highlighted. It is well known that when a right-hand
circularly polarized (RHCP) plane wave impinges onto a reflector
using perfect electric conductor (PEC) with a reflection phase of
180°, the reflected plane wave becomes left-hand circularly polar-
ized (LHCP), as illustrated in Table 1. The same thing happens for
a PMC reflector whose reflection phase is zero. For a traditional
EBG surfaces, the reflection phase 6 is a function of frequency f
but independent of polarization state P. Thus, the reflected plane
wave is still LHCP. In contrast, the reflection phase of a PDEBG
surface is dependent on both the frequency and polarization state.
Therefore, when a PDEBG surface is used as a reflector, the
polarization state of the reflected plane wave is determined by the
reflection phase difference between two principal polarizations.
When the phase difference is 180°, the reflected wave can maintain
the RHCP. If the phase difference is 90°, the reflected wave will be
linearly polarized (LP).

2. POLARIZATION-DEPENDENT EBG (PDEBG) SURFACE
DESIGNS

This paper focuses on mushroomlike EBG structures which have
compact unit sizes, as opposed to operational wavelength [2]. The
finite-difference time-domain (FDTD) method is used to analyze
the EBG surfaces [8]. To evaluate the reflection phase of the EBG
surface, a plane wave is launched to normally illuminate the EBG
surface. A single unit of the EBG surface with periodic boundary
conditions (PBCs) on four sides is simulated to model an infinite
surface. The perfectly matched layers (PML) are positioned a
half-wavelength above the surface. The reflected plane wave from
the EBG surface is recorded and the reflection phase is calculated
accordingly. The phase-reference plane is located on the top of the
EBG surface.

2.1. Rectangular-Patch EBG Surface

The traditional mushroomlike EBG structure uses square patch
units so that its reflection phase for normal incidence is indepen-
dent on the polarization of the incident plane wave. When square
patches are replaced by rectangular patches, as shown in Figure

1(a), the reflection phase of the EBG surface is dependent on the
X- or Y-polarization state of the incident plane wave. Figure 2(b)
shows reflection phases of the rectangular-patch EBG surface, as
compared to a square-patch EBG surface (the dimensions of the
EBG surfaces are given in the caption of Fig. 1). When the incident
plane wave is Y polarized, the rectangular-patch EBG surface has
the same reflection phase as the square-patch EBG surface because
the patch widths are the same. For the X-polarized incident plane
wave, the patch length determines the reflection phase. Since the
length is longer, the reflection phase shifts down to a lower
frequency. It is noticed that near 3 GHz, the EBG surface shows a
—90° reflection phase for the X-polarized wave and a 90° reflec-
tion phase for the Y-polarized wave. Thus, the phase difference
between orthogonal polarizations is 180°.

Top view

Cross view
(a)

200,
o Square EBG
150! — Rect. EBG, Y pol .
| " - - - Rect. EBG, X pol
100! %

Reflection phase (Degree)
=

-50/
_100
_150-
200 2 25 3 a5 4 45
Freq. (GHz)

(b)

Figure 1 (a) A rectangular-patch EBG surface (0.24 Ajgy, X 0.16
Asgry) and (b) its reflection phases under different polarizations. A square-
patch EBG surface (0.16 Asgp, X 0.16 Asqy,) is used as a reference. Gap
width is 0.02 A;gy,, wire radius is 0.0025 A5y, substrate thickness is 0.04
Asgrg» and dielectric constant is 2.20. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Figure 2 (a) A slot-loaded EBG surface and (b) its reflection phases
under different polarizations. Two Y-oriented slots are symmetrically in-
corporated into the patch of a square EBG surface. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]

2.2. Slot-Loaded EBG Surface

Another approach to realize polarization dependence is to cut slots
into the patch. The advantage of this design is that one can obtain
the same reflection-phase feature with a compact cell size. The
operational mechanism exhibits an analogy similar to slot-loaded
patch antennas. As shown in Figure 2(a), a pair of Y-oriented slots
are symmetrically incorporated into the patch of a square EBG
surface. The dimensions of the square-patch EBG are the same as
those given in Figure 1. The slot length is 0.12 Ayqyy,, the slot
width is 0.02 A;5p,, and the slot separation is 0.06 Aygyy,. The
slots affect electric currents flowing along the X direction, which

results in a longer current path. Thus, the reflection phase of the
X-polarized wave decreases to a low frequency, as depicted in
Figure 2(b). In contrast, the reflection phase of the Y-polarized
wave remains the same as the square-patch EBG surface because
the slots have little effect on the electric currents flowing along the
Y direction. The maximum reflection phase difference of this
design is 98° obtained at 3.45 GHz.

2.3. EBG Surface with Offset Vias

Vias are critical components in a mushroomlike EBG structure. An
EBG structure has two distinct electromagnetic features: the band
gap of surface-wave propagation and the in-phase reflection coet-
ficient; vias play different roles with respect to these two electro-
magnetic features. If the vias are removed, the band gap of surface
wave will disappear [9]. In contrast, the reflection phase of a
normally incident plane wave remains the same when the center
vias are removed. The latter effect is similar to a center via in a
microstrip patch antenna that does not affect the basic operating
mode of the antenna. However, when the vias are offset from the
center of the EBG patch, the reflection phase changes and the
PDEBG surface can be realized.

As shown in Figure 3(a), the vias are offset along the X
direction while they are still in the center along the Y direction.
Therefore, the reflection phase for the Y-polarized wave remains
unchanged and the reflection phase for the X-polarized wave
changes with vias’ position, as shown in Figure 3(b). When each
via is in the center of the patch, only one resonance on the
reflection phase is observed. Once the vias are offset, two reso-
nances appear; one is higher than the original frequency and the
other is lower. Different resonances correspond to the different
widths of the left and right sides of the patch with respect to the
vias. The left part is narrower and it forms the higher resonance.
The right part is wider and resonates at a lower frequency. When
the vias are closer to the patch edges, the separation of the two
resonances increases because the width difference between two
sides of the patch becomes longer.

To further understand this observation, an EBG surface with
two symmetric vias under each patch is investigated, as shown in
Figure 4(a). The distance between the vias and the patch edges is
one-quarter of the patch width. Figure 4(b) compares the reflec-
tion-phase results of the single-via and double-vias cases. For the
Y-polarized incident plane wave, they have the same reflection
phase. When the incident plane wave is X-polarized, the double-
via case shows only one resonance, which is very similar to the
higher resonance of the single-via case. This observation verifies
that the resonance feature is mainly determined by the distance
between the vias and patch edges. For the single via case a 180°
phase difference is achieved at 2.46 GHz, while for the double-via
case the maximum phase difference of 96° is obtained at 3.77
GHz.

3. PDEBG APPLICATION: IN-POLARIZATION REFLECTOR
The polarization-dependent electromagnetic band gap (PDEBG)
surface can be used as a reflector to realize special reflection
function, namely, the in-polarization reflection. Figure 5 shows
incident and reflected plane waves of a reflector as well as the
coordinate system. To explain the polarization feature of the
PDEBG reflector, we assume that the incident plane wave is
right-hand circular polarized (RHCP) and normally illuminated
upon the reflector as follows:

E=x-e+5-j e~ (1)
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Figure 3 (a) An EBG surface with offset vias and (b) its reflection
phases under different polarizations. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

The obtained reflected wave is given by

->

E = f . e—jkz+j9x + yA 'j . e—jkz+j0y, (2)
where 6, is the reflection phase for the X-polarized wave and 0, is

the reflection phase for the Y-polarized wave. Eq. (2) can be
rewritten in terms of two circularly polarized components as

R L Y . 1 + &% (1 - PO
E =e %% EL' T +ER T N (3)

+

=

E, !

<

, “

i~

ER:T’ (©)

where £, is a unit vector that is left-hand circularly polarized
(LHCP) and £, is a unit vector that is right-hand circularly
polarized (RHCP).

For a traditional reflector, such as the PEC reflector, 6, = By.
Hence, the coefficient of the RHCP component is zero, and the
reflected wave is purely LHCP. The same phenomenon happens
for a PMC reflector or a conventional EBG surface whose reflec-

tion phase is independent of polarization states. Thus, the RHCP

Top view
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Figure 4 (a) An EBG surface with two symmetric offset vias under each
patch and (b) its reflection phases under different polarizations. The dis-
tance between vias and patch edges is one-quarter of the patch width.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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plane wave changes to LHCP plane wave after reflection from
these surfaces.

In order to realize in-polarization reflection, the polarization-
dependent EBG surface is utilized as the reflector. The reflection
phases of X- and Y-polarized waves are different, and their differ-
ence changes with frequency. At a certain frequency, the phase
difference is 180°. Substituting this phase difference into Eq. (3),
it can be found that the coefficient of the LHCP component
becomes zero. As a result, the reflected wave remains RHCP.

To demonstrate this idea, the PDEBG surface designed in
Figure 1 is used as an example. The phase difference (6, — 6,)
versus frequency is plotted in Figure 6(a). When the frequency is
low, the phase difference is very small. The phase difference
increases with the frequency increasing. When the frequency is
2.90 GHz, the phase difference is 180°. The phase difference
reaches its maximum (193°) at 3.09 GHz and after that it decreases
with frequency.

The axial ratio (AR) of the reflected wave is displayed in Figure
6(b). It is calculated from following equation [10]:

1 — e/’(ﬂy*b’,\) 1— ej(e\‘—g,()
+
ape EIHIED 2 ‘ ‘ 2 o
1R — 1EL] 1- e/("\"’x)‘ B ‘ = 00
\2 2

It is observed that, at 2.90 and 3.30 GHz, the axial ratio is equal to
—1 and a purely RHCP-reflected wave is obtained. The frequency
band inside which axial ratio of the RHCP reflected wave is below
3 dB ranges from 2.81 to 3.43 GHz (19.9%).

It is also noted that the reflected wave can be linearly polarized
(LP) or LHCP, depending on the frequency and reflection phase
difference. For example, at 2.58 GHz, the reflection phase differ-
ence is 90°. Thus, the reflected plane wave is linearly polarized
with an axial ratio equal to infinity. The linear polarization direc-
tion is £ + ¥, according to Eq. (3).

If one changes the roles of the incident and reflected waves, it
can be inferred from Figure 6(b) that no matter what polarization
of the incident wave is, the PDEBG reflector can change it to a
purely RHCP plane wave by properly designing the phase differ-
ence of the surface.

4. CONCLUSION

This paper has presented several novel polarization-dependent
electromagnetic band gap (PDEBG) structures. Three geometries
to obtain polarization dependent reflection phase have been inves-
tigated, namely, rectangular-patch EBG, slot-loaded EBG, and
EBG with offset vias. The reflection phases were simulated using
the FDTD method, and the phase difference between the X- and
Y-polarized plane waves was observed. Based on the phase dif-
ference, the PDEBG surface is utilized as a special reflector that
exhibits interesting polarization behaviors. With a low-profile con-
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Figure 5 Incident and reflected plane waves of a reflector
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Figure 6 (a) Reflection-phase difference between different polarizations
of the rectangular PDEBG surface shown in Fig. 1(a); (b) axial ratio of the
reflected plane wave from the PDEBG reflector. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]

figuration, it can maintain the polarization sense of a circularly
polarized plane wave after reflection, or change a linearly polar-
ized incident wave to a circularly polarized reflected wave.
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ABSTRACT: A novel structure of arrayed-waveguide grating (AWG)
multiplexers with a graded-index free-propagation region (FPR) used to
increase the wavelength pass band is presented. The 1-dB and 3-dB
wavelength pass bands increase with the increase of the graded-index
FPR length. Flat and broadened spectral responses are obtained by us-
ing this novel structure. © 2004 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 41: 444—445, 2004; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.20165

Key words: arrayed-waveguide grating; multiplexer; graded-index;
FPR; PHASAR

INTRODUCTION

Arrayed-waveguide grating (AWG) multiplexers are key compo-
nents in optical dense wavelength-division multiplexing (DWDM)
systems, because they process plural wavelengths simultaneously
and they are capable of increasing the transmission capacity of
single-strand optical fiber. The AWG multiplexer consists of input/
output waveguides, two free-propagation regions (FPR), and a
phased array (PHASAR) of multiple-channel waveguides with a
constant optical-path-length difference between neighboring chan-
nel waveguides [1, 2]. When optical signals transmit through
several filters in the DWDM ring/bus networks, flat and broadened
spectral responses are required for the AWG multiplexer. In gen-
eral, the optical output pattern of the input transmitter waveguide
is a Gaussian distribution. To obtain uniform intensity for each of
the output waveguides, the optical distribution propagating
through FPR needs to be uniform. Furthermore, the optical phase
needs to be changed. In previous reports [3-5], several methods to
flatten the pass band of AWGs were proposed. In this study, we

Figure 1 Configuration of the graded-index FPR of an AWG multiplexer

propose a novel flat-response AWG multiplexer using a graded-
index FPR.

DESIGN AND RESULTS

Figure 1 shows the proposed graded-index FPR of an AWG
multiplexer, which consists of one uniform-index FPR part and
one graded-index FPR part. The refractive index of the uniform-
index FPR part is the same as the channel waveguide. The refrac-
tive index in the center of the graded-index FPR part is the
smallest, and it gradually increases with increasing distance from
the center. The highest refractive index in the outer region of the
graded-index FPR part is the same as the uniform-index FPR part.
Since the higher refractive index in the outer region of the graded-
index FPR part is designed, the Gaussian distribution of the optical
field is redistributed into a uniform manner by the graded-index
FPR part. Furthermore, the effectiveness of the graded-index FPR
part can shift the focal point slightly. The phenomenon of this
focal-point shift is similar to the function of using different path
lengths in each arrayed waveguide of the AWG multiplexer [6].
The associated optical-intensity distribution on the boundary of the
FPR and the output waveguides can be broadened.

In order to study performance of flattening by using the graded-
index FPR, a 1 X 4 AWG multiplexer was designed, as shown in
Figure 1. The length of the graded-index FPR part and the total
length of this proposed graded-index FPR are 270 and 1462 um,
respectively. The refractive-index distribution n(x) with regard to
the width of the graded-index FPR part is designed as

n(x) = ny + (0.8 + 0.2x)An, (1)

where n, = 1.462 is the refractive index of the SiO, cladding
layer at a wavelength of 1.55 um, and An = 0.014 is the
refractive-index difference between the SiO, cladding layer and
the silicon oxynitride channel waveguide. The width of this
graded-index FPR is 336 um. According to [7], the refractive
index of silicon oxynitride film can be reduced by irradiating
ultraviolet (UV) light. The UV-induced negative change depends
on the UV-light density. By using a gray mask to control the
irradiation UV light density, the required graded-index FPR part
can be fabricated.

Figures 2(a) and 2(b) show the wavelength responses of the
designed 1 X 4 AWG multiplexer without and with the graded-
index FPR part, respectively. In order to compare the properties of
the wavelength response for the wavelength peak of 1551.72 nm,
the associated wavelength responses are shown in Figures 3(a) and
3(b), respectively. As shown in Figure 3(a) and 3(b), the flattened
pass band can be obtained for the AWG multiplexer by the
graded-index FPR part, where the 1-dB and 3-dB wavelength pass
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