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Abstract—Mushroom-like electromagnetic band-gap (EBG)
structures exhibit unique electromagnetic properties that have led
to a wide range of electromagnetic device applications. This paper
focuses on the reflection phase feature of EBG surfaces: when
plane waves normally illuminate an EBG structure, the phase
of the reflected field changes continuously from 180 to -180
versus frequency. One important application of this feature is that
one can replace a conventional perfect electric conductor (PEC)
ground plane with an EBG ground plane for a low profile wire
antenna design. For this design, the operational frequency band
of an EBG structure is defined as the frequency region within
which a low profile wire antenna radiates efficiently, namely,
having a good return loss and radiation patterns. The operational
frequency band is the overlap of the input-match frequency band
and the surface-wave frequency bandgap. It is revealed that the
reflection phase curve can be used to identify the input-match fre-
quency band inside of which a low profile wire antenna exhibits a
good return loss. The surface-wave frequency bandgap of the EBG
surface that helps improve radiation patterns is very close to its
input-match frequency band, resulting in an effective operational
frequency band. In contrast, a thin grounded slab cannot work
efficiently as a ground plane for low profile wire antennas because
its surface-wave frequency bandgap and input-match frequency
band do not overlap. Parametric studies have been performed
to obtain design guidelines for EBG ground planes. Two novel
EBG ground planes with interesting electromagnetic features are
also presented. The rectangular patch EBG ground plane has
a polarization dependent reflection phase and the slotted patch
EBG ground plane shows a compact size.

Index Terms—Electromagnetic band-gap (EBG) structures, low
profile, reflection phase, wire antenna.

I. INTRODUCTION

I N recent years, there has been increasing interest in arti-
ficial electromagnetic materials, such as photonic crystals

[1], electromagnetic band-gap (EBG) structures [2], [3], and
double negative (DNG) materials [4]–[8]. These structures are
broadly classified as metamaterials, and are typically realized
by periodic dielectric substrates and various metallization pat-
terns [9]–[11]. Metamaterials exhibit novel electromagnetic fea-
tures which may not occur in nature, and they have led to a wide
range of applications in the antenna and propagation fields. For
example, EBG structures have been integrated with patch an-
tennas for enhanced performance due to the bandgap of sur-
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face-wave suppression [12]–[15]. They have also been used as
ground planes of spiral and curl antennas to achieve low profile
designs [16], [17].

Of all the interesting properties of metamaterials, the reflec-
tion phase feature is of special interest. The reflection phase
is defined as the phase of the reflected electric field at the re-
flecting surface. It is normalized to the phase of the incident
electric field at the reflecting surface. It is known that the per-
fect electric conductor (PEC) has a 180reflection phase for a
normally incident plane wave, while the perfect magnetic con-
ductor (PMC), which does not exist in nature, has a reflection
phase of 0. Much effort has been devoted to realize a PMC-like
surface, and some progress has been achieved using hard and
soft surfaces [18], [19]. Recent studies on EBG structures have
revealed that they can satisfy the PMC-like condition in a cer-
tain frequency band [9], [10].

However, EBG structures are more than a PMC surface, as
emphasized in this paper. The reflection phase of an EBG sur-
face varies continuously from 180to 180 versus frequency,
not only 180 for a PEC surface or 0for a PMC surface. This
reflection phase feature makes EBG surfaces unique. One po-
tentially important application of this surface is its usage as the
ground plane of a wire antenna for a low profile design, which
is desirable in many wireless communication systems.

A question arises: what is the suitable frequency band of an
EBG ground plane for low profile wire antenna applications?
This question is addressed by investigating a mushroom-like
EBG surface, as shown in Fig. 1. The mushroom-like structure is
known to have an effective bandgap for surface-wave propaga-
tion, which can be useful to improve antenna radiation patterns.
However, the surface wave band gap cannot guarantee the ef-
fective radiation of a low profile wire antenna. This is because
complicated interactions occur between the wire antenna and
the EBG surface, and electromagnetic waves are not restricted
to surface waves that propagate in the horizontal plane. In light
of this, a dipole antenna is horizontally positioned near the EBG
surface, and its radiation performance is accurately character-
ized using the FDTD method. By observing both the return
losses and radiation patterns of dipoles operating at different
frequencies, one can find the useful operational frequency band
of the EBG surface. Since the surface-wave frequency bandgap
that improves radiation patterns has been thoroughly addressed
in [10] and [15], this paper focuses more on the frequency band
inside of which an antenna obtains a good return loss. This is
defined as the input-match frequency band. Obviously, the op-
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Fig. 1. Geometry of a mushroom-like EBG structure.

erational frequency band is the overlap of the surface-wave fre-
quency bandgap and the input-match frequency band.

Yet another question arises: can the reflection phase feature
be used to identify the input-match frequency band? The reason
for this question is that it is computationally more efficient to
calculate the reflection phase of an EBG surface than to eval-
uate the radiation performance of several dipole antennas near
the EBG surface. In this paper, the procedure to compute the re-
flection phase using the FDTD method is detailed. It is revealed
that the frequency region where the EBG surface has a reflection
phase in the range is very close to the input-match
frequency band. This isnot the frequency region where the EBG
surface behaves like the PMC or PEC surface. The quadratic re-
flection phase allows a low profile wire antenna to obtain a good
return loss. Thus, one can use the reflection phase curve to iden-
tify the input-match frequency band of the EBG surface.

It is observed that the surface-wave frequency bandgap and
the input-match frequency band are close to each other for a
mushroom-like EBG surface so that an effective operational fre-
quency band can be obtained. However, it is not necessary that
these two frequency bands are similar to each other for a gen-
eral surface. To further appreciate this point, the performance
of a low profile wire antenna on a thin grounded slab is eval-
uated. In this case a high dielectric constant substrate has to
be used to achieve a quadratic reflection phase. Although the
wire antenna shows a good return loss, the radiation patterns
exhibit bifurcation in the broadside direction and the directivity
is decreased due to strong surface waves. Thus, the input-match
frequency band does not overlap the surface-wave frequency
bandgap in the thin grounded slab case. As a result, there is no
effective operational frequency band so that the thin grounded
slab cannot work efficiently as the ground plane for low profile
wire antennas.

Moreover, some design guidelines for EBG surfaces are ob-
tained by performing parametric studies. The EBG patch width,
gap width, substrate permittivity, and substrate thickness are
each evaluated. In addition, two novel EBG surfaces are pre-
sented: one with a rectangular patch unit and the other with a
slotted patch element. The former shows a polarization depen-
dent reflection phase, while the latter has a compact size. Both
structures exhibit a good potential for future EBG applications.

II. FREQUENCYBAND SELECTION FORLOW PROFILE WIRE

ANTENNA DESIGNS

A. Comparison of the PEC, PMC, and EBG Ground Planes

In wireless communications, it is desirable for antennas to
be low profile. The low profile design usually refers to the an-
tenna structures whose overall height is less than one tenth of the
wavelength at the operating frequency. To this end, a dipole an-
tenna is horizontally positioned near a ground plane. The PEC,
PMC, and EBG surfaces are each used as the ground plane to
compare their capabilities for low profile antenna designs.

Fig. 2(a) shows a dipole antenna over a PEC or PMC ground
plane, and Fig. 2(b) shows a dipole antenna over the EBG
ground plane. The dipole length is 0.40 and its radius
is 0.005 , while , the free space wavelength at
12 GHz, is used as a reference length to define the physical
dimensions of various EBG and antenna structures studied in
this paper. A finite ground plane with 1 1
size is used in the analysis. The EBG structure has the following
parameters:

(1)

where is the patch width, is the gap width, is the substrate
thickness, is the radius of the vias, and is the substrate per-
mittivity. These dimensions have been chosen as starting design
parameters. The height of the dipole over the top surface of the
EBG ground plane is 0.02 . Thus, the overall height of
the dipole antenna from the bottom ground plane of the EBG
structure is 0.06 . The dipole height on the PEC and
PMC ground plane is then set to 0.06 so that all three
cases have the same overall height.

Fig. 3 compares the FDTD simulated return loss of a dipole
antenna over a PEC, PMC, and EBG ground plane. The input
impedance is matched to a 50transmission line. With the PEC
surface as the ground plane, the return loss of the dipole is only

. This is because the PEC surface has a 180reflection
phase, so that the direction of the image current is opposite to
that of the original dipole. The reverse image current impedes
the efficiency of the radiation of the dipole, resulting in a very
poor return loss.

When the PMC surface, which has a reflection phase of 0, is
used as the ground plane the dipole has a return loss of .
This is because a strong mutual coupling occurs between the
image current and the dipole due to their close proximity, and
the input impedance of the dipole is changed. Therefore, the
antenna cannot directly match well to a 50transmission line.
It is realized that one can use a proper impedance transformer
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(a) (b)

Fig. 2. Dipole antenna over (a) the PEC or PMC ground plane or (b) the EBG ground plane.

Fig. 3. FDTD simulated return loss results of the dipole antenna over the PEC,
PMC, and EBG ground planes. The dipole length is 0.40� and the overall
antenna height is 0.06� .

to obtain a good return loss of the dipole. Moreover, the PMC
surface is an ideal surface that does not exist in nature.

The best return loss of is achieved by the dipole
antenna over the EBG ground plane. The reflection phase of
the EBG surface varies with frequency from 180to 180 . In
a certain frequency band, the EBG surface successfully serves
as the ground plane of a low profile dipole, so that the dipole
antenna can radiate efficiently. From this comparison it can be
seen that the EBG surface is a good ground plane candidate for
a low profile wire antenna design.

B. Frequency Band Selection and FDTD Simulation Models

For a mushroom-like surface, a frequency bandgap is defined
in [10] using the dispersion diagram. However, this definition
only refers to surface waves that propagate in the horizontal
plane. In low profile wire antenna applications, such bandgap
definition is not applicable because complicated interactions
occur between the antenna and the EBG surface, and electro-
magnetic waves are not restricted to propagate in the horizontal
plane.

Therefore, to ensure that resulting EBG designs will meet the
criteria of low profile antenna applications, an operational fre-
quency band of an EBG surface is defined as the frequency re-
gion inside of which a low profile wire antenna radiates effi-
ciently with a good return loss and radiation patterns. In order
to find this operational frequency band, a horizontal dipole an-
tenna is positioned very close to the EBG surface, as shown in

Fig. 4(a). The parameters of the EBG surface are fixed and the
length of the dipole is changed. If the dipole length is changed,
it will resonate at different frequencies. Because the reflection
phase of the EBG surface changes with frequency, the return
loss of the dipole will change also. The dipole can achieve a
good return loss only when the EBG surface has a suitable re-
flection phase. In addition, the radiation patterns of the dipole
are calculated to evaluate the radiation efficiency. Therefore, by
observing the return loss and radiation patterns of the dipole at
different frequencies, one can find the useful operational fre-
quency band of the mushroom-like surface for low profile wire
antenna designs.

It should be emphasized that above operational frequency
band of the mushroom-like surface is the overlap of the sur-
face-wave frequency bandgap and the input-match frequency
band. Since the surface-wave frequency bandgap that improves
radiation patterns has been investigated previously in [10] and
[15], this paper focuses more on the input-match frequency band
of the mushroom-like surface.

From the computational efficiency viewpoint, it is interesting
to know if one could directly use the reflection phase feature of
the EBG structure to identify the input-match frequency band.
To this end, a plane wave model is established in the FDTD
method to evaluate the reflection phase of the EBG surface, as
shown in Fig. 4(b). The total field/scattered field formulation
is used to incorporate the plane wave excitation into the FDTD
method [20]. The plane wave is launched to normally illuminate
the EBG structure. The FDTD domain is divided into the total
field region and the scattered field region separated by a virtual
connecting surface 0.40 above the EBG bottom sur-
face. A single unit of the EBG structure with periodic boundary
conditions (PBC) on four sides is simulated to model an infinite
periodic structure. The perfectly matched layers (PML) are po-
sitioned 0.55 above the EBG bottom surface.

Since the EBG structure is embedded in the total field region,
the reflection phase cannot be directly computed from the re-
flected field at the EBG top surface. To determine the reflection
phase, an observational plane is set at 0.50 above the
EBG bottom surface so that it is in the scattered field region,
and the scattered fields at this plane are recorded. The scattered
fields are integrated over the observational plane to determine
the reflected field in the far field region in the normal direction.
As a reference, the scattered field from a PEC surface are also
calculated. The PEC surface is located at the same height of the
EBG top surface while the observational plane stays the same.
In the same manner, the reflected field from the PEC surface is
computed. Then, the reflected field from the EBG structure is
divided by the reflected field from the PEC surface. A factor of
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(a) (b)

Fig. 4. FDTD models for input-match frequency band selection of a mushroom-like EBG surface. (a) Low profile dipole antenna over a finite EBG ground plane.
(b) Plane wave normally incident upon the EBG surface. In model (b), periodic boundary conditions (PBC) are put around the EBG cell to model an infiniteEBG
surface and perfect matched layers (PML) are positioned 0.55� above the bottom surface of the EBG structure. A virtual surface is put 0.40� above
the EBG bottom surface to connect the total field region and the scattered field region. The reflected fields at an observational plane 0.50� above the EBG
bottom surface are recorded.

(a) (b)

Fig. 5. Comparison of two FDTD model results of the EBG surface described in (1). (a) Return loss of the dipole with its length varying from 0.26� to
0.60� . (b) Reflection phase of the EBG surface. The frequency band of the dipole model is 11.5–16.6 GHz according to�10 dB return loss criterion. The
frequency band of the plane wave model is 11.3–16 GHz for90 � 45 reflection phase region.

is added to the phase to account for the reference of the PEC
surface, which is known to have a reflection phase ofradians.
The EBG reflection phase characterization obtained from the
above procedure follows the same methodology applied in [10],
[21], [22]. This model only depends on the EBG surface itself.

The simulation results of the low profile dipole model and
plane wave illumination model are compared to each other in
order to establish a methodology as how to use the reflection
phase curve to identify the input-match frequency band.

C. Frequency Band Results

The EBG surface analyzed here has the same parameters as
(1). Fig. 5(a) shows the return loss results of a dipole with its
length varying from 0.26 to 0.60 . The radius of
the dipole remains 0.005 . In order to locate the dipole
very close to the EBG ground plane, the height of the dipole

is set to 0.02 , which is only one cell above the EBG
ground plane in the FDTD simulation. A finite EBG ground
plane of 1 1 is used in the analysis, and the
dipole is positioned in the center of the ground plane for sym-
metrical patterns. The dipole shows a return loss better than

10 dB from 11.5 to 16.6 GHz. Thus, the input-match fre-
quency band is from 11.5 to 16.6 GHz.

Fig. 5(b) shows the reflection phase results of the plane wave
model. In contrast to the 180reflection phase of the PEC sur-
face and 0 reflection phase of the PMC surface, if one chooses
the reflection phases as criterion for the EBG sur-
face, a frequency region from 11.3 to 16 GHz can be obtained,
which is nearly the same frequency region as the input-match
frequency band.

From these calculations, it is revealed that the reflection phase
feature of an EBG surface can be used to identify the input-
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(a) (b)

Fig. 6. Radiation patterns of three dipoles at their resonant frequencies. (a)E-plane pattern. (b)H-plane pattern. The 0.48� dipole resonates at 12 GHz,
the 0.36� dipole resonates at 13.6 GHz, and the 0.32� dipole resonates at 15.3 GHz. The radiation patterns show that dipoles radiate efficiently
throughout the frequency band in Fig. 5.

(a) (b)

Fig. 7. Positional effect of the dipole on the input-match frequency band selection of the EBG surface. (a) Various dipole positions (“+” represents the center
of the dipole). (b) Return loss of the dipole located at position C with its length varying from 0.26� to 0.60� . The dipole can match well from
11.5–16.5 GHz that is very close to the result in Fig. 5(a) when the dipole is located at position A. Similar observations were made at the position B and D.

match frequency band for low profile wire antenna applications.
The input-match frequency band is the frequency region where
the EBG surface shows a reflection phase in the range .
The quadratic phase is necessary for a low profile wire antenna
to obtain a good return loss.

The radiation patterns of dipole antennas on the EBG surface
are also calculated using the FDTD method. Fig. 6 displays both
the - and -plane patterns of three dipole antennas at their res-
onant frequencies: 1) a 0.48 dipole, which resonates at
12 GHz; 2) a 0.36 dipole, which resonates at 13.6 GHz;
and 3) a 0.32 dipole, which resonates at 15.3 GHz. It
is observed that all dipoles have directivities around 8 dB. The
good radiation patterns benefit from the surface-wave frequency
bandgap. As revealed in [15], the mushroom-like surface ex-
hibits a surface-wave frequency bandgap that has a similar po-
sition as the input-match frequency band identified in Fig. 5(a).
Therefore, the operational frequency band of the mushroom-like
surface, as the overlap of these two frequency bands, also has

the similar frequency region. It is important to point out that
the input-match frequency band and the surface-wave frequency
bandgap are not necessarily to be close to each other for a gen-
eral surface, which will be clarified in the Section II.D.

The return loss results shown in Fig. 5(a) are for dipoles
whose centers are located between EBG patches at position A, as
shown in Fig. 7(a). Dipoles with different center locations have
been simulated to test the positional effect of the dipole model.
Fig. 7(b) shows the return loss results of dipoles whose centers
are located at position C. Although the return loss may change a
bit for each dipole, it still exhibits a return loss better than10 dB
inside the input-match frequency band obtained in Fig. 5. Sim-
ulations of dipoles at positions B and D were performed, and
the same input-match frequency band results were observed. In
addition, it is worthwhile to point out that the ground plane size
effect was also considered. A 2 2 EBG ground
plane was used in the dipole model, and the simulation results
provided the same input-match frequency band.
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(a) (b)

Fig. 8. Comparison of two FDTD model results of the EBG surface described in (2). (a) Return loss of the dipole with its length varying from 0.26� to
0.60� . (b) Reflection phase of the EBG surface. The frequency band of the dipole model is 5.8–8.3 GHz according to�10 dB return loss criterion. The
frequency band of the plane wave model is 5.7–8.0 GHz for90 � 45 reflection phase region.

(a) (b)

Fig. 9. Comparison of two FDTD model results of the EBG surface with a high permittivity substrate: (a) return loss of the dipole with its length varyingfrom
0.48� to 0.68� and (b) reflection phase of the EBG surface. The frequency band of the dipole model is 7.2–8.3 GHz according to�10 dB return
loss criterion. The frequency band of the plane wave model is 7.2–8.6 GHz for90 � 45 reflection phase region.

To further verify the observation on the input-match fre-
quency band selection, two more cases are investigated. The
first EBG case has the same dielectric constant as (1), but now
the other parameters such as patch width, height, and gap width
are doubled. They are listed below

(2)

is the free space wavelength at 6 GHz. Fig. 8 shows
the reflection phase results of the EBG surface and the return
loss results of dipoles with varying lengths from 0.26
to 0.60 , and a fixed height of 0.02 . The dipole
shows a good return loss from 5.8 to 8.3 GHz, which is close to
the frequency region (5.7–8.0 GHz, 33.5%) where the reflection
phase of the EBG surface is in the range . The radiation
patterns are calculated and the results are similar to Fig. 6. This
simulation also demonstrates that the EBG structure is scalable.

The second EBG case has the same parameters as (1), ex-
cept that the dielectric constant is increased to 10.2. The dipole
length varies from 0.48 to 0.68 , and the results
are shown in Fig. 9. The frequency region of the reflection phase
in the range is from 7.2 to 8.6 GHz (17.7%), inside

which low profile dipoles exhibit good return loss results. It is
noticed that the bandwidth becomes narrower because the di-
electric constant is increased.

Moreover, the input-match frequency band selection criteria
has been verified by experimental results of a low profile curl
antenna over the EBG ground plane. A detailed description of
the curl antenna and the EBG ground plane design is published
by the authors in [17]. The EBG structure has the same param-
eters as (2), and the frequency region where the EBG surface
exhibits a reflection phase around 90is used to achieve a good
return loss of the curl antenna. The satisfactory performance of
this antenna design demonstrates the usefulness of the selection
criteria discussed earlier.

D. Thin Grounded High Dielectric Constant Slab

It is instructive to compare the EBG surface with a thin
grounded high dielectric constant slab. The reflection coef-
ficient of the grounded slab for a normally incident plane
wave can be calculated from the following equation:

(3)
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(a) (b)

Fig. 10. Thin grounded high dielectric constant slab. (a) Reflection phase results. (b) Return loss results of the dipole near the slab with its lengthvarying from
0.22� to 0.34� . The dielectric constant of the substrate has to be increased to 20 in order to get a similar reflection phase as the EBG surface. The
dipole can obtain a good return loss in the frequency region where the slab has a reflection phase around 90.

(a) (b)

Fig. 11. Radiation pattern comparison of dipoles near the thin grounded high dielectric constant slab and the EBG surface. (a)E-plane pattern. (b)H-plane
pattern. The patterns are calculated at the resonant frequency of 13.6 GHz. Since the high dielectric constant substrate is used in the grounded slab and strong
surface waves are excited, the dipole on the slab shows a lower gain and higher back lobe.

where is the dielectric constant of the substrate,is the thick-
ness of the substrate, andis the wave number in the substrate.
Fig. 10(a) shows the reflection phase results of grounded slabs
compared to the EBG surface analyzed in Fig. 5. The thickness
of the slab is 0.04 , which is the same as the EBG sur-
face. When the slab has the same dielectric constant of 2.20 as
the EBG surface, it shows a larger reflection phase than the EBG
surface. In order to obtain a similar reflection phase as the EBG
surface, the dielectric constant must be increased to 20. It is also
observed that the FDTD results agree very well with the analytic
results, which proves the accuracy of the FDTD codes devel-
oped at the UCLA antenna lab.

The return loss results of dipoles on the grounded slab are
plotted in Fig. 10(b). The height of the dipole is 0.02 ,
the same as the EBG case, and its length varies from
0.22 to 0.34 . It is noticed that although the
length becomes shorter, it can still obtain a good return loss in
the frequency region where the reflection phase of the slab is
around 90. This result further demonstrates the usefulness of
the quadratic reflection phase.

However, the return loss is only one aspect of the antenna
performance: the radiation pattern should also be considered. In

light of this, the radiation patterns of a dipole on the grounded
slab are calculated and compared to a dipole on the EBG
surface. Fig. 11 shows the- and -plane pattern comparisons
of two dipoles: one is a 0.26 dipole on the grounded
slab with , and the other is a 0.36 dipole on
the EBG surface. Both antennas resonate at 13.6 GHz with
return losses better than . The ground plane size is
1 1 for both cases. The radiation patterns
of the dipole on the slab exhibit bifurcation in the broadside
direction. This is because the high dielectric constant substrate
is used in the slab case, and the 0.04 thickness is equal
to 0.20 at 13.6 GHz. is the guided wavelength in the
substrate. Therefore, most of the energy from the dipole is
converted to surface waves, and the edge diffractions of the
surface waves form the interference patterns. In this case the
dipole becomes an effective surface-wave transducer rather
than a radiating element. In contrast, since the EBG surface
can prevent surface-wave propagation, the dipole on the EBG
surface shows a higher gain and lower back lobe.

In summary, the EBG surface whose surface-wave frequency
bandgap and input-match frequency band have similar fre-
quency regions is a good ground plane for low profile wire
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(a) (b)

Fig. 12. EBG parameters analysis: patch width effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure versus patch width. When
the patch widthW is increased from 0.04� to 0.20� , the frequency band position and bandwidth decrease.

antennas, whereas the thin grounded slab is not because its
surface-wave frequency bandgap at the low frequency region
does not overlap its input-match frequency band.

III. PARAMETRIC STUDY OF THE EBG SURFACE

It has been revealed that the input-match frequency band of
an EBG surface for low profile wire antenna applications is
the frequency region where the EBG surface has a reflection
phase in the range . The reflection phase of the mush-
room-like EBG surface is mainly determined by four parameters
(see Fig. 1): patch width ( ), gap width ( ), substrate permit-
tivity ( ), and substrate thickness (). In this section, the effects
of these parameters are discussed one by one in order to obtain
some engineering design guidelines for EBG surfaces. Since the
FDTD method takes into account complete electrodynamics in
the EBG structures, it is more accurate than other lumped ele-
ment models. In addition, the FDTD method can deal with gen-
eral topologies such as a complex slot loaded EBG structure de-
scribed in the next section. The frequency band discussed in this
section refers to the input-match frequency band. In conjunction
with the surface-wave bandgap, it can provide a useful opera-
tional frequency band for low profile wire antenna designs.

A. Patch Width Effect

Patch width plays an important role in determining the fre-
quency band. To study the effect of the EBG patch width, other
parameters such as the gap width, substrate permittivity, and
substrate thickness are kept the same as in (1). The patch width
is changed from 0.04 to 0.20 .

Fig. 12(a) shows the reflection phases of plane waves
illuminating the EBG surfaces with different patch widths.
In addition, Fig. 12(b) presents the frequency band versus
the patch width, and Table I lists the frequency band data at
different patch widths. reflection phases are used as
the criterion to determine the frequency band. It is observed
that when the patch width is increased, the frequency band
position and its bandwidth decrease. For example, when the
patch width is 0.04 , the frequency band ranges from
15.49 to 27.72 GHz, resulting in a 56.6% bandwidth. When the

TABLE I
PARAMETER ANALYSIS OF THEEBG STRUCTURE: PATCH WIDTH EFFECT

patch width is increased to 0.20 , the frequency band
decreases and ranges from 9.07 to 11.61 GHz. The bandwidth
also becomes narrower, lowering to 24.6%.

B. Gap Width Effect

The gap width is the distance between adjacent patches. It
controls the coupling of EBG patch units. Variation of the gap
width affects the frequency band of the EBG surface. During
this investigation, the patch width, substrate permittivity, and
substrate thickness are kept the same as in (1). The gap width
is increased from 0.01 to 0.12 . When the gap
width is increased to 0.12 , the gap width becomes the
same as the patch width.

Fig. 13(a) displays the reflection phases with different gap
widths, and Fig. 13(b) presents the frequency band versus the
gap width. Table II lists the frequency band data at different
gap widths. When the gap width is only 0.01 , the fre-
quency band of the EBG surface is from 10.08 to 13.45 GHz and
the bandwidth is 28.6%. The frequency band increases to cover
14.64–22.85 GHz with a 43.8% bandwidth when the gap width
is increased to 0.12 . Therefore, the variation in the gap
width has the opposite effect to the variation in the patch width:
as the gap width increases, both the frequency band position and
the bandwidth increase.

C. Substrate Permittivity Effect

Relative permittivity ( ), also called the dielectric constant
of a substrate, is another effective parameter used to control the
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(a) (b)

Fig. 13. EBG parameters analysis: gap width effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure versus gap width. When the
gap widthg is increased from 0.01� to 0.12� , both the frequency band position and its bandwidth increase.

(a) (b)

Fig. 14. EBG parameters analysis: permittivity effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure versus substrate permittivity.
When the substrate permittivity� is increased, the frequency band position and bandwidth decreases.

TABLE II
PARAMETER ANALYSIS OF THEEBG STRUCTURE: GAP WIDTH EFFECT

frequency band. Some commonly used commercial materials
such as RT/duroid substrates and TMM substrates are investi-
gated, as well as air. The EBG structure analyzed here has the
same parameters as (1), except that the permittivity is changed.

The reflection phases and frequency band positions of
various permittivities are plotted in Fig. 14, and some repre-
sentative data are listed in Table III. It is observed that when
air is used as the substrate, the EBG surface has the highest
frequency band (13.06–20.14 GHz) and largest bandwidth
(42.7%). When the permittivity is increased, the frequency

TABLE III
PARAMETER ANALYSIS OF THEEBG STRUCTURE: PERMITTIVITY EFFECT

band decreases, as does the bandwidth. Therefore, when the
RT/Duroid 6010 substrate ( ) is used, the frequency
band lowers to 7.20–8.63 GHz, and the bandwidth decreases
to 18.1%.

D. Substrate Thickness and Vias Effect

The substrate thickness is always kept small because a thin
EBG surface is desired. In the following simulations the patch
width, gap width, and substrate permittivity are the same as in
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(a) (b)

Fig. 15. EBG parameters analysis: substrate thickness effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure versus substrate
thickness. When the substrate thicknessh is increased from 0.01� to 0.08� , the frequency band position decreases while its bandwidth increases.

TABLE IV
PARAMETER ANALYSIS OF THE EBG STRUCTURE: SUBSTRATE

THICKNESSEFFECT

(1). The substrate thickness is changed from 0.01 to
0.09 .

The reflection phases with different substrate thicknesses
are shown in Fig. 15(a), and the frequency band position
versus substrate thickness is shown in Fig. 15(b). It is observed
that if the substrate thickness is increased, the frequency
band will decrease. For instance, the frequency band of the

case is from 23.21 to 26.30 GHz. When the
substrate thickness is increased to 0.09 , the frequency
band decreases to 6.12–9.88 GHz. This is similar to the
effect of patch width and permittivity. However, in contrast to
those parameters, the bandwidth increases with the substrate
thickness. As listed in Table IV, the bandwidth is only 12.5%
for the case, while it is 47.0% for the

case.
When the substrate thickness is increased, the length of the

vias also increases. According to the LC model [10], the fre-
quency band will decrease. This is consistent with the FDTD
simulation results. In addition, the radius effect of the vias was
considered. EBG cases with vias’ radius varying from 0.001

to 0.009 were simulated, and it was noticed
that the radius has little effect on the frequency band due to the
thin vias used.

IV. NOVEL EBG SURFACE DESIGNS

Having obtained design guidelines, one can create novel EBG
configurations. For example, previous research focuses on EBG

Fig. 16. Polarization dependent EBG surface using rectangular patches with
central vias. The lengthL of the patch is 0.20� and the widthW is
0.08� . The gap width is 0.02� . The substrate thickness is 0.04
� and its permittivity is 2.20.

surfaces with square patch units. If the EBG patch unit is mod-
ified, different functionalities can be realized. This section ana-
lyzes two novel EBG structures. One is a rectangular patch EBG
surface whose reflection phase is dependent on the polarization
of the incident plane wave. The other is a slotted patch EBG
structure that has a compact unit size.

A. Rectangular Patch EBG Surface

Since the normal EBG structure uses a square patch as its
element, it is symmetric in the and direction, as shown in
Fig. 16. Thus, the reflection phase is independent of the po-
larization direction of the normally incident plane wave. When
rectangular patches are implemented in the EBG surface, the re-
flection phase feature changes. Fig. 16 plots a rectangular patch
element of the EBG surface. Along theaxis, the patch length is

, and along the axis, the patch width is , such that .
Therefore, the reflection phase of the plane wave is different de-
pending on the - or -polarization direction.

The rectangular patch EBG structure has the following pa-
rameters:

(4)
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Fig. 17. Reflection phase of the polarization dependent EBG surface. The
EBG surface shows two different frequency bands corresponding to the
x-polarized andy-polarized plane waves.

Fig. 17 shows the reflection phases of- and -polarized plane
waves. When the incident plane wave is-polarized, the patch
length ( ) has a dominant effect. Sinceis large, the frequency
band is low according to the previous parametric study on the
patch width. The frequency band for an-polarized wave is
9.14–11.7 GHz. When the incident plane wave is-polarized,
the patch width ( ) plays an important role. The frequency
frequency band becomes higher due to the smaller width. The
frequency band for a -polarized wave ranges from 12.93 to
19.82 GHz. Therefore, this EBG structure can obtain two dif-
ferent frequency bands corresponding to two different polarized
plane waves.

This EBG structure can be implemented to various antenna
designs. One potential application is to use this EBG surface to
change antenna polarizations. Such a design can be utilized in
space and personal communication systems.

B. Slotted Patch EBG Surface

Compactness is always of importance in wireless communi-
cations. There are various methods to reduce the EBG size, such
as multilayer EBG structures. In this section a novel compact de-
sign is suggested, called slotted patch EBG design. It is known
that slots on microstrip patch antennas help reduce the antenna
size because they change the current distribution on the patch
[23]. This idea is also applied in the EBG design.

A slotted patch element is displayed in Fig. 18, with a square
patch being used in this design. The parameters of the EBG
structure are

(5)

Four identical slots are cut on the patch for miniaturization.
The slot length is 0.09 , and its width is 0.01 .
The distance between the slot and patch edge is 0.01 .
These dimensions are selected from many FDTD simulations to
achieve the optimum miniaturization effect.

Fig. 18. Compact EBG surface using slotted patches with central vias. Four
0.09� long slots are cut onto a square patch. The slot width is 0.01
� , and the distance between slot and patch edge is 0.01� .

Fig. 19. Reflection phase of the compact slotted patch EBG surface. When the
slots are cut onto the patch, the frequency band position decreases. A second
frequency band is also observed at around 25 GHz.

The reflection phase of this EBG structure is depicted in
Fig. 19, and it is compared to a normal EBG surface without
the four slots. In the latter case, the frequency frequency ranges
from 11.34–15.97 GHz. When the slots are incorporated, the
frequency band decreases to 10.75–13.56 GHz. The similar
frequency band position can be obtained using a normal EBG
structure without slots, which has the same gap width and
substrate properties, but a larger patch size of 0.14 .
Thus, a 14% size reduction is achieved using this slotted patch
design. This design can be combined with other approaches for
further compact EBG designs.

Another interesting observation of the slotted patch EBG sur-
face is that a second frequency band is noted. When using a
normal EBG structure, only one band can be observed below
30 GHz. Once the slots are cut, they reduce the reflection phase
frequency. Not only does the basic frequency band decrease,
the frequency band of the higher mode is also reduced. Thus,
a second band appears around 25 GHz.
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V. CONCLUSION

This paper presents a detailed study on the reflection phase
feature of a mushroom-like EBG surface. It is revealed that the
EBG ground plane requires a reflection phase in the range of

for a low profile wire antenna to obtain a good return
loss. Thus, one could use the reflection phase curve to identify
the input-match frequency band. It is also observed that the sur-
face-wave frequency bandgap of the mushroom-like surface is
very close to its input-match frequency band, resulting in an ef-
fective operational frequency band. Thus, a low profile wire an-
tenna radiates efficiently near the EBG surface with a good re-
turn loss and radiation patterns. In contrast, a thin grounded slab
whose surface-wave frequency bandgap and input-match fre-
quency band do not overlap cannot work efficiently as a ground
plane for low profile wire antennas.

The EBG parameters, namely, patch width, gap width, sub-
strate permittivity, and substrate thickness, are evaluated respec-
tively, and some design guidelines have been developed for an
EBG surface. Two EBG surfaces with novel electromagnetic
features are also proposed: the polarization dependent reflection
phase is realized using rectangular patch units, and the compact
unit size is achieved by cutting slots on the EBG patches.
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