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Mushroomlike photonic band gap (PBG) structures exhibit two band gap characteristics:
surface-wave suppression and in-phase reflectivity. The fundamental electromagnetic properties and
the relationship between the surface-wave suppression band gap and the plane-wave reflection phase
band are investigated and clarified by a finite-element full-wave analysis. The results of the
plane-wave bistatic reflection experiments on mushroomlike PBG plates in an anechoic chamber are
in good agreement with those of numerical simulation, confirming the phenomenon of dual in-phase
reflection, i.e., dual-resonant behavior, for a transverse magnetic polarization plane wave at oblique
incidence on a mushroomlike PBG surface. A modified local resonance cavity cell model of a PBG

structure is presented to provide insight into the physical mechanism of dual-resonant behavior.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2832401]

I. INTRODUCTION

Artificial electromagnetic materials, such as photonic
band gap (PBG) structures, photonic crystals,3 and left-
handed materials,‘"5 are broadly classified as metamaterials,
which are typically created using two- or three dimensional
periodic metallic and dielectric structures.’ They have at-
tracted significant research interest in recent years due to
their special electromagnetic properties, which are applicable
to a wide range of electromagnetic devices. This paper fo-
cuses on a two-dimensional mushroomlike PBG structure’
with planar periodic square patches connected to a dielectric
substrate ground by vertical posts or metal-plated vias, as
shown in Fig. 1. Compared with other PBG structures such
as dielectric rods and holes, this structure has the advantage
of compactness, which is important in communication anten-
nas and arrays. The physical mechanism of the mushroom-
like PBG structure can be simply explained from the view-
point of an LC parallel resonant circuit. The local resonant
behavior provides high-impedance reflectivity and prevents
the propagation of radio-frequency surface currents along the
structure.”® Its band gap features are revealed in two ways:
the suppression of surface-wave propagation and an in-phase
reflection coefficient. The surface-wave suppression im-
proves antenna performance by, for example, increasing the
antenna gain, reducing the back radiation, and eliminating
the scan blindness in phased arlrays.7_11 The in-phase reflec-
tion coefficient enables the design of artificial magnetic con-
ductors and low-profile antennas.'>" It is well-known that a
perfect electric conductor (PEC) has a 180° reflection phase,
while a perfect magnetic conductor (PMC), which does not
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exist in nature, has a reflection phase of 0°. The reflection
phase of the PBG surface varies continuously from 180° to
—180° versus frequency. Near the high-impedance resonance,
a plane wave is reflected in-phase (between +90° and —90°)
rather than out-of-phase, as occurs on a PEC surface. This
can produce the PMC-like condition in a certain frequency
band.

An important question arises: what is the relationship
between the surface-wave suppression band gap and the
plane-wave in-phase reflection band? Sievenpiper et al” sug-
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FIG. 1. Geometry of mushroomlike PBG structure.
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gested that the in-phase reflection frequency band generally
corresponds to the range of the surface-wave band gap. Yang
and Rahmat-Samii' pointed out that a reflection phase in the
range of 90° =45° could be used to identify the input-match
frequency band of a low-profile wire antenna. The operating
frequency band is an overlap of the input-match frequency
band and the surface-wave band gap. Clavijo et al." used a
two-layer anisotropic uniaxial effective medium model of the
PBG structure to show that the surface-wave suppression re-
sults from the unusual axial constitutive properties of the
material, and that the surface-wave band gap edges are not
necessarily correlated with the + and —90° phase-shift points
of the reflection coefficient. Tretyakov and Simovski' devel-
oped an analytical dynamic model of the electromagnetic
properties of such a PBG structure and used a reflection
phase band in the range of =90° to determine the surface-
wave band gap. Saville used a focused beam system to in-
vestigate conformal high-impedance PBG ground planes,
and used the linear region of the reflection phase from +45°
to —45° to identify the surface-wave suppression band gap.16
Although the results of these studies are not in complete
agreement, they do show that the relationship between the
surface-wave suppression band gap and the plane-wave re-
flection phase band is very complex.

In this paper, we report our numerical and experimental
results for the electromagnetic characteristics of and the re-
lationship between the surface-wave suppression band gap
and the plane-wave in-phase reflection band. The present
work differs from previous investigations in several ways.
The characteristics of the two bands were separately investi-
gated using the same full-wave analysis model. The effects
of each parameter on the two bands were investigated to
clarify the complex relationship. The dual in-phase reflection
that occurs when a transverse magnetic polarization plane
wave obliquely illuminates the PBG structure is validated by
theoretical simulations and experiments. A modified local
resonance cavity cell (MLRCC) model of PBG structures is
presented to explain the essential characteristics of dual-
resonant behavior and their angular and polarization depen-
dences.

Il. TWO BAND GAP CHARACTERISTICS OF
MUSHROOMLIKE PBG STRUCTURES

The surface-wave band gap and the reflection phase of
mushroomlike PBG structure are mainly determined by five
characteristic parameters (see Fig. 1): patch width (W), gap
width (g), thickness (¢), via radius (r), and substrate permit-
tivity (&,). The period of the PBG structure is a=W+g. An
infinite periodic structure (shown in Fig. 2), i.e., a single cell
with periodic boundary conditions (PBCs) on four sides, was
used to analyze the effects of the five parameters on the two
bands separately. The initial parameter values were

W= 014)\6 GHz>
g= 0006)\6 GHz»

t= 003)\6 GHz>»
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FIG. 2. Infinite periodic models based on finite element algorithm used for
(a) calculating dispersion diagram in irreducible Brillouin zone and (b) cal-
culating reflection phase of plane wave at normal incidence, in which peri-
odic boundary conditions (PBCs) are placed around PBG cell to model
infinite PBG surface.

r= 001)\6 GHz>»
and
g, =2.65, (1)

where A¢ gy, is the free-space wavelength at 6 GHz, which
is used as a reference length to define the physical dimen-
sions of the various PBG structures studied in this paper.
Figure 3(a) shows the numerically simulated k— 3 dispersion
diagram of the surface modes propagating in the PBG struc-
ture. The simulation was done using a finite-element full-
wave analysis'7 and the computational model shown in Fig.
2(a); k=w/c is the free-space wave number, and B is the
surface-wave propagation constant. The first (dominant)
surface-wave mode is the transverse magnetic (TM) mode,
which has no cutoff frequency; the second is the transverse
electric (TE) mode. There was a complete stopband between
the first mode, TM,), and the second mode, TE,, in the fre-
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FIG. 3. Measurement and simulation of surface-wave band gap of PBG
structure: (a) simulated surface-wave band structure; (b) measured TM and
TE surface-wave transmission coefficients for PBG structure, including
transmission characterization of TM surface wave in metal surface of same
size as tested PBG sample (20X 20 unit cells; 146 X 146 mm).

quency band 5.771-8.45 GHz. In this figure, I', X, and M
represent the symmetric points of the irreducible Brillouin
zone. The I'-X branch represents B,a/ 7 with 8,=0, the X
—M branch represents B,a/m with B,=/a, and the M-T
branch represents B.a/m with B,=p,. In this way, we
spanned all possible wave vectors in the x and 45° directions,
and we also spanned two special points (the minimum and
maximum wave vectors) in the other directions. Calculation
inside this special Brillouin zone provides sufficient surface-
wave band gap information. Figure 3(b) shows the frequency
response of the transmission coefficient S,;, where both TM
and TE surface waves were measured by using a pair of
small monopole antennas oriented vertically (TM mode) and
a pair of small shielded loop antennas oriented parallel (TE
mode) to the PBG surface,’ respectively. The simulated
surface-wave band gap was in good agreement with the mea-
sured result.

The reflection phase band generally depends not only on
the PBG structure itself but also on the incident angle and
polarization of a plane wave. The element of a conventional
PBG structure is a square patch that is symmetric in the x
and y directions, as shown in Fig. 1. The reflection phases
are thus independent of the polarization for normally inci-
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dent plane waves, which are stable and can be used to iden-
tify the surface-wave band gap features.”"* In the model
used for calculating the reflection phase of plane waves at
normal incidence [Fig. 2(b)], the observational plane was set
in the far-field zone of the PBG surface. A perfectly matched
layer (PML) was positioned to absorb the reflection waves.
The scattered E-field on the observational plane was re-
corded, and the reflection phase at this plane was calculated
using

f phase(Escattered) ds

s

¢PBG= >
[s-ar
N

(2)

where § is the evaluation surface and § is its normal unit
vector. For reference, the scattered E-field from a PEC sur-
face was also calculated. The PEC surface was made coinci-
dent with the PBG top surface, while the observational re-
flection plane was left the same. A factor of 7 was added to
the phase to account for the reference of the PEC surface,
which is known to have a phase shift of 7 radians.

Parametric studies were performed to identify the effects
of the PBG structure parameters on the two bands and on
their relationship. Figures 4(a)-4(e) show the surface-wave
band gap and the reflection phase of a plane wave normally
incident on the PBG surface for different patch widths, gap
widths, substrate thicknesses, permittivities, and via radii,
respectively. Note that when the value of a parameter was
changed, such as when the patch width was changed from
0.04Ng G, to 0.20N\g Gy, the values of the other parameters
were kept the same as in Eq. (1). The frequency range be-
tween two circles on each curve in Fig. 4 represents the
position of the surface-wave suppression band gap of the
corresponding PBG structure, which was calculated by simu-
lating dispersion diagrams. The electromagnetic properties
and the relationship between the two bands were obtained
from these results.

(1) The surface-wave band gap was not necessarily related
to the in-phase reflection band. The corresponding rela-
tionship between the two bands varied with the param-
eter values, especially for a significant change in the TM
surface-wave band edge.

(2) The variations in the characteristics of the two bands
with the parameter values were almost the same, mean-
ing that we can predict the effects of PBG parameters on
the position and bandwidth of the surface-wave suppres-
sion band gap by using their effects on the position and
slope of the in-phase reflection band.

(3) The metal vias play an important role in determining the
surface-wave suppression band gap. As shown in Figs.
4(e) and 4(f), although there was no band gap in the
surface-wave suppression for the via-less structure, there
was still an in-phase reflection band. The reflection
phase characteristics were barely changed when the via
radius was much less than the patch width. However,
when the radius was increased, the reflection phase band
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FIG. 4. (Color online) Parametric analyses and corresponding relationships between two bands of PBG structures:
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)

increased and its bandwidth decreased due to the cou-
pling between the metal vias and the gap between adja-
cent patches. Moreover, the edge of the TM surface-
wave band gradually approached the frequency point of
+90° reflection phase with an increase in via radius.

The correspondence between the two bands can be ef-
fectively adjusted by changing the ratio of the period to

the thickness a/t, assuming r is kept small. Numerical
tests showed that, when a/r<<2, the surface-wave band
gap was between the =90° reflection phase frequencies
for normal incidence. In practice, it is highly desirable to
find a material that simultaneously shows in-phase re-
flection and a surface-wave band gap in a certain fre-
quency band.
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The interaction between the metal patch and the ground
plane can be viewed as far-zone interaction when the sub-
strate thickness ¢ is large compared to period a of a PBG
structure, even if # and a are small compared to the operating
wavelength.18 This means that we need to consider only the
fundamental-mode plane wave between the array and the
ground, which leads to the transmission-line formula for the
equivalent surface impedance of the PBG structure. How-
ever, if ¢ is smaller than a, we need to take into account the
effect of higher-order evanescent modes reflected by the
ground plane. The effect factor of the evanescent modes can
be expressed simply as"

2
v= Talog(l — g Umlay <

(a << \). (3)

When a<<\ is not satisfied, the effect factor can be ex-
pressed using a convergent series,"”

e—47T([/(1) \“‘sz—(a/)\)2 1 )

) N— V’mz - (a/)\)z m

(4)

It can be seen that the higher-order evanescent mode influ-
ence is negligible if t~a/2, which is consistent with our
numerical results. When a/¢<2, the plane-wave in-phase re-
flection band generally corresponds to the surface-wave sup-
pression band gap. Reviewing a PBG structure consisting of
a triangular array of hexagonal patches, as proposed by
Sievenpiper,7 with a/t=2.54/1.55~=1.639, we see that the
surface-wave band gap edges occur where the reflection
phase is equal to =90°. If a/r is increased (>2), the band
edge of a TM surface wave gradually deviates from the fre-
quency point of the =90° reflection phase and enters the
out-of-phase region, as shown in Figs. 4(a) and 4(d). The
square PBG structure of Yang'3 has a/t=0.14/0.04=3.5, and
the TM surface-wave band edge is approximately located at
the frequency point of the 138.1° reflection phase. Our re-
sults show that the results of previous investigations7’13716 are
reconcilable and that their primary differences are due to the
different corresponding relationships for the two bands of
mushroomlike PBG structures.

(5) The relative permittivity of the substrate used to fabri-
cate the PBG structure plays a less important role in
adjusting the correspondence of the two bands, as shown
in Fig. 4(c).

lll. DUAL-RESONANT BEHAVIOR FOR OBLIQUE
INCIDENCE OF TM MODES ON MUSHROOMLIKE PBG
STRUCTURES

As described above, a PBG structure with a square array
of square patches is symmetric in the x and y directions. The
reflection phase is independent of the polarization of a nor-
mally incident plane wave, which is stable and can be used
to identify the band gap characteristics. However, when a
plane wave obliquely illuminates the PBG surface, the phase
of the reflected field depends on the incidence angle and
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FIG. 5. Reflection-phase model for TM-polarized plane waves at oblique
incidence on PBG surface at 10°, 30°, and 50°.

polarization.zo’21 Figure 5 shows the oblique incidence model
used for evaluating the reflection phase of the PBG surface.
A TM polarization plane wave is launched to obliquely illu-
minate the PBG structure at 10°, 30 °, and 50°, respectively.
The corresponding reflection planes are oblique with respect
to the z-axis, and their centers are coincident to the observa-
tional plane at normal incidence.

Figure 6(a) shows the simulation results for the reflec-
tion phases of a TM-polarized plane wave at oblique inci-
dence on a mushroomlike PBG structure. The frequency
range between two circles represents the position of the
surface-wave suppression band gap of the corresponding
PBG structure. We can observe the presence of the dual in-
phase reflection bands, i.e., the dual-resonant behavior. The
first in-phase reflection frequency band is lower than that of
the plane wave at normal incidence on the PBG structure and
is located inside the surface-wave suppression band gap. The
second in-phase reflection frequency band is higher and is
located outside the surface wave suppression band gap.
Moreover, as the incidence angle is increased, the two reso-
nant frequency points of the zero-degree reflection phase de-
viate, and the slope of the phase response decreases. When a
TE-polarized plane wave obliquely illuminates the PBG
structure, the incident TE electric field is always parallel to
the PBG surface, and the via conductors are not excited.
Therefore, it is not necessary to take into account the metal
vias. The model for calculating the reflection phase is the
same as that in Fig. 5 except that the incident field is changed
to TE polarization. Figure 6(b) shows the reflection phase
characteristics of a TE-polarized plane wave at oblique inci-
dences of 0° (normal), 10°, 30°, and 50°. Only one in-phase
reflection band can be observed, as with normal-incidence
plane-wave excitation, but the resonant frequency and slope
of the phase response increase with the incidence angle. To
further clarify the effect of the metal vias on the dual in-
phase reflection behavior, we analyzed the reflection-phase
features of a TM-polarization plane wave obliquely illumi-
nating the same PBG structure but without vias. As shown in
Fig. 7(a), there was no dual in-phase reflection phenomenon.
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Only when the incidence angle of the TM plane wave was
increased did the frequency band position increase, but the
slope of the in-phase reflection band decreased. The reflec-
tion phases of a structure without vias were similarly calcu-
lated for a TE-polarized incident plane wave. A comparison
between the results [Fig. 7(b)] and those shown in Fig. 6(b)
clearly shows that the metal vias need not be considered for
TE-polarization plane-wave incidence.

IV. A MODIFIED LOCAL RESONANCE CAVITY CELL
MODEL OF PBG STRUCTURES

A modified local resonance cavity cell (MLRCC) model
of PBG structures can be used to gain an insight into the
dual-resonance behavior. We modified the LRCC model® by
using its complementary model and replaced the PMC
boundary conditions on the four side walls with master-slave
boundary conditions, as shown in Fig. 8(a), where the E-field
at every point on the slave boundary surface is forced to
match the E-field of every corresponding point on the master
boundary surface to within phase difference @,
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Eg=¢/#UE), = /"By, (5)

where a represents a lattice vector of the PBG structure and
B denotes a wave vector of propagation along the PBG sur-
face. The modified LRCC model can be used to analyze the
dependence of mode resonance frequencies on the incidence
angle and plane-wave polarization. Assume the relative
phase between the master and slave boundary walls is @,
=40° in the x-direction and ®,=0° in the y-direction. The
relative phase difference can be used to represent the phase
delay due to plane-wave oblique incidence at the xz plane.
The eigenmodes supported by the MLRCC model were com-
puted using the HFSS EIGENMODE SOLVER. Figures 8(b)-8(e)
show the normalized three-dimensional E-field distribution
for the lower four modes in the cavity. The vector E-fields on
the cavity walls with the master-slave boundaries are also
shown to distinguish the polarization modes. In terms of the
phase difference, we used the xz plane as the reference
“plane of incidence.” Mode 1 is TM polarization that has E,
and E, components, i.e., E 4 | lying in the plane of inci-
dence. Mode 2 is TE polarization that has only an E) com-
ponent, i.e., E_ 4 » perpendicular to the plane of incidence.
Mode 3 is TM polarization, which has an E-field distribution
similar to that of mode 1, which contributes to the second
resonance. Mode 4 is a higher-order mode that has a com-
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LRCC Model: Master-Slave Boundary
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E (Vim)

FIG. 8. (Color online) (a) Modified LRCC model of mushroomlike PBG structure with master-slave boundary. Normalized three-dimensional E-field
distribution for lower four modes in cavity: (b) Mode 1 (f,=7.622 GHz), TM-polarization; (c) Mode 2 (f,=8.919 GHz), TE-polarization; (d) Mode 3 (f3
=9.683 GHz), TM-polarization; and (e) Mode 4 (f;=15.17 GHz), higher-order mode.

plex polarization and is difficult to excite. When a TM-
polarized plane wave obliquely illuminates the PBG struc-
ture, as shown in Fig. 5, the incident TM electric field can
excite both modes 1 and 3 at different resonant frequencies,
which results in the dual in-phase reflection phenomenon.
When a TE-polarized plane wave obliquely illuminates the
structure, the incident TE electric field excites only mode 2
and produces an in-phase reflection band.

By analyzing the resonant frequencies of the three domi-

nant modes supported by the MLRCC model in comparison
to the relative phase differences between the cavity walls in
the x-direction, we obtained the dependence characteristics
of plane-wave incidence angle 6 based on the transverse
phase matching condition,” as shown in Fig. 9(a). When the
transverse phase matching condition, ka sin 0=Ba=®d, is
achieved, resonant modes 1 and 3 are excited by a TM-
polarized plane wave at the same incident angle, and the
resonant mode 2 is excited by a TE-polarized plane wave at
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the same incident angle. The curves in Fig. 9(b) show the
variation in the frequency distance between the first and sec-
ond TM resonances versus the PBG unit cell dimensions,
assuming @ =40°. It can be seen that the second resonance
also exists in the other mushroomlike PBG structures previ-
ously investigated,15‘20’21 for which only a single resonance
band was indicated for an obliquely incident TM wave. The
second resonance mode (mode 3) was excited but was far
from the first in-phase band, so the corresponding resonance
behavior was not observed. Our analyses using the MLRCC
model showed that the frequency interval between the first
and second TM resonances rapidly decreased as the patch
size was increased, and that the dual-resonance frequency
interval increased as the incidence angle was increased, as
illustrated in Fig. 6(a). Nevertheless, this dual-resonant be-
havior of the PBG structure should have some application.
Mode analysis using the MLRCC model for a PBG structure
without vias showed that resonant mode 3 does not exist if
the effective cavity had no metal vias. Therefore, only a

J. Appl. Phys. 103, 023513 (2008)

FIG. 10. (Color online) Setups used for measuring reflection phase with a
pair of wideband horn antennas in an anechoic chamber for (a) normal
incidence and (b) oblique incidence.
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single in-phase reflection band can be found when a TM- or
TE-polarized plane wave is obliquely incident on a PBG
structure without vias.

V. EXPERIMENTAL VERIFICATION

We experimentally verified the results obtained by nu-
merical simulation, especially the relationship between the
surface-wave suppression band gap and the plane-wave in-
phase reflection band. Two mushroomlike PBG plates with
different dimensions and substrate materials (CGP-500 and
CGK-500) were fabricated. One plate (W6) was 268.8
X268.8 mm, i.e., 42X 42 cells, with W=6.0, g=0.4, t=1.6,
and r=0.4 mm, &,=2.6 (CGP-500), and a/t=4.0. The other
plate (W3) was 256 X256 mm, i.e., 80X 80 cells, with W
=2.84, g=0.36, t=1.6, and r=0.4 mm, &,=5.0 (CGK-500),
and a/t=2.0. The results of our numerical calculations indi-
cate that the surface-wave band gap of the W3 PBG corre-
sponds to its in-phase reflection band and that of the W6
PBG does not. The surface-wave band gap was measured
using a pair of small shielded loop antennas parallel to the
PBG surface. From the results shown in Fig. 3(b), we know
that the loop probes used in a TE surface-wave experiment
also couple to the TM surface wave, so the TM band edge is
reflected in this measurement.

Bistatic reflection experiments were conducted using the
far-field measurement technique for the reflection phase.
Two wideband horn antennas were carefully aligned with the
center of the PBG plate. An absorber was placed between the
horns to reduce spillover and mutual coupling. An Agilent
8722ET transmission/reflection network analyzer was used
to measure the reflection phase, and the ratio calibration
method was used to eliminate such errors as phase and am-
plitude taper and edge scattering due to finite sample size. A
metal calibration plate the same size as the PBG sample was
used to normalize the test sample reflection measurement.
Figures 10(a) and 10(b) show the setups used for measuring
the reflection phase in an anechoic chamber for normal and
oblique incidences, respectively.

The measured surface-wave band gaps and plane-wave
reflection phase bands for the W6 and W3 PBG plates are
shown in Figs. 11(a) and 11(b), respectively. The results fur-
ther validate the theoretical analysis. When the period-to-
thickness ratio was less than 2, the surface-wave band gap
corresponded to its in-phase reflection band, as expected.

To verify the dual in-phase reflection, we used the ex-
perimental setup for oblique incidence shown in Fig. 10(b).
The polarization was determined by the E-field orientation.
When the horn antennas were set for vertical polarization,
i.e., the E-field was vertical with respect to the floor, the

Downloaded 10 Aug 2009 to 130.34.194.2. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



023513-10  Li et al.

plane wave was transverse-electric polarized. When the
horns were set for horizontal polarization, the plane wave
was transverse-magnetic polarized. The illumination angle
was with respect to the normal of the PBG surface. The size
of the PBG plate (W7) was 365X365 mm, i.e., 50X50
cells, with W=7.0, ¢g=0.3, t=1.5, and r=0.5 mm and e,
=2.65. Comparing the measured results with the simulated
ones, as shown in Figs. 12(a)-12(d), we can see that the
simulation results are in good agreement with the experimen-
tal ones. The dual in-phase reflection phenomenon was ob-
served when the TM polarization plane wave obliquely illu-
minated the PBG plate.

V1. CONCLUSION

We investigated the surface-wave suppression band gap
and the plane-wave reflection phase properties of mushroom-
like PBG structures to clarify the relationship between the
two bands. A parametric study revealed that the period-to-
thickness ratio plays an important role in adjusting the simul-
taneous appearance of the surface-wave suppression band
gap and the plane-wave in-phase reflection band.

The reflection phase characteristics of plane waves nor-
mally and obliquely illuminating a mushroomlike PBG struc-
ture have been investigated by simulations and experiments
in this paper. We found that dual in-phase reflection bands
can be obtained when a TM-polarized plane wave obliquely
illuminates the PBG surface. A local resonance cavity cell
model of the PBG structure shows that this can be attributed
to the incident TM electric field exciting the metal vias and
coupling the two resonance modes.
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