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Abstract—A resonator antenna made from a complex artificial
surface and a metallic ground plane is described. The complex
surface is realized using a woodpile electromagnetic bandgap
(EBG) material, which is shown to have a frequency dependent
reflection plane location. A highly directive radiation pattern is
created due to the angle-dependent attenuation of the resonator
antenna coupling to free space. The antenna has the advantages
of low height, low loss, and low sidelobes. It is shown that
the directivity can be varied over a fixed range by changing
the aperture size of the device, with the maximum directivity
determined by both the feed element and EBG material properties.
The complete bandgap for the woodpile EBG material is confirmed
from a band diagram, and its properties as a complex surface are
investigated through transmission calculation and measurement.
The design of the antenna is described, and two means of
exciting the resonator, a microstrip patch and a double slot,
are investigated. Theoretical results for these two antennas are
calculated the using finite-difference time-domain and are shown
to be in good agreement with measured results.

Index Terms—Electromagnetic bandgap (EBG) material, finite-
difference time-domain (FDTD), high gain antenna, resonator an-
tenna, three dimensional (3-D) photonic crystal.

I. INTRODUCTION

E LECTROMAGNETIC bandgap (EBG) materials, also
known as photonic crystals, are creating new possibilities

for controlling and manipulating the flow of electromagnetic
waves. They are formed from dielectric structures that are
periodic in one or more dimensions [1]. Within the EBG
material there is a range of frequencies where propagating
modes can be fully suppressed in one or more dimensions. This
range of frequencies is known as the EBG. A complete EBG
suppresses propagating modes in all three dimensions, and
can only be obtained from a three-dimensional (3-D) photonic
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Fig. 1. Unit cell for the woodpile EBG material.

crystal. EBG materials can provide significant advantages for
suppressing and directing radiation when used in antennas.
Thus far, most research has focused on one-dimensional (1-D)
and two-dimensional (2-D) EBG materials because they are
easier to construct, but due to their complete bandgap 3-D
EBG materials have the potential to give greater control of the
radiation properties of antennas.

Many novel antennas based on EBG technology are already
finding useful applications [2]. The operating mechanism of
these devices can be broadly grouped into the following five
classes: 1) EBG substrates and high impedance ground planes
that reduce surface waves and increase radiation efficiency
[3]–[13], or lower the profile of the design [14], [15]; 2) re-
flector antennas made from all-dielectric EBG materials or
high impedance ground planes [16]–[19]; 3) defect resonator
antennas that create high directivity over a narrow bandwidth
[20]–[25]; 4) sources embedded in EBG materials that have
high directivity due to the limited angular propagation allowed
within the material [26]–[28]; and 5) directive EBG horn
antennas and arrays that allow efficient coupling from a defect
waveguide to free space [29].

In this paper we describe theory and measured results for an
antenna made from a woodpile EBG material and a metallic
ground plane. The woodpile EBG material is a dielectric struc-
ture that is periodic in all three dimensions [30]. This periodicity
gives it a wide complete EBG: no propagating modes exist in
any direction within the material for frequencies in the bandgap.
The woodpile is also referred to as a layer-by-layer photonic
crystal in the physics literature. A unit cell of this material is
shown in Fig. 1. Through the use of the ground plane with the
EBG material the overall height of our prototype is reduced by
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more than 70% compared with earlier reported woodpile res-
onator antennas [24] and this leads to a considerable decrease
in the overall volume and weight of the antenna. We provide
detailed results on the EBG of the woodpile material and its use
as a complex surface for creating a defect resonant cavity.

After discussing the antenna’s principle of operation we de-
scribe two different configurations of the device: the first uses a
microstrip patch feed element to couple energy to and from the
resonator, while the second uses a double slot arrangement. Ex-
perimental and computed results are presented for the reflection
coefficient, radiation patterns, gain and half power beam widths
(HPBWs) for both structures.

II. WOODPILE EBG MATERIAL

This section provides some background information on the
woodpile EBG material, before examining its use in two dif-
ferent planar resonator antenna configurations. The woodpile
EBG material (Fig. 1) is defined by the lattice constant or re-
peat distance in the horizontal plane, , the rod width , the
rod height , and the total height of the unit cell . Notice in
Fig. 1 that consecutive layers are orthogonal to each other, and
the parallel rods are offset from the rods two layers below by
half a lattice constant, to obtain a four layer stacking sequence.
The lattice symmetry of this material is face-centered tetragonal
(FCT) from solid state physics theory. The cross section of the
rods used may be circular or square, and the inverse structure
made of air rods in dielectric background also has a complete
bandgap.

To implement the woodpile we have used alumina rods (
, ) that have a rectangular cross section, with

lattice parameters of , , and
. We have calculated the EBG for this woodpile

using RSOFT’s BandSOLVE commercial software, which im-
plements the plane-wave expansion method [31]. For a numer-
ical grid size of 32 points in each direction, analysis of the unit
cell yields a bandgap that extends in normalized frequency from

to 0.479. The gap width to mid-gap ratio is
12.4%. Converting normalized values to real frequency for a lat-
tice constant of 11.2 mm shows that the bandgap of our alumina
prototype extends from 11.33 to 12.83 GHz.

The band diagram or dispersion relation computed using
BandSOLVE is illustrated in Fig. 2(a), which depicts the first
six bands or frequency eigenvalues of the woodpile plotted as
a function of the wavevector . The horizontal axis represents
3-D wavevectors, the value of which traces a path around
the boundary of the irreducible Brillouin zone of the FCT
lattice. We show the irreducible Brillouin zone in Fig. 2(b)
to clarify this path. The letters that appear on the horizontal
axis of Fig. 2(a) correspond to the vertices of the irreducible
Brillouin zone shown in Fig. 2(b). The normalized values of
the vertices in ( , , ) format are: ;

; ; ;
; and . Due to the pe-

riodicity of both the EBG and its eigenvalues, we only need
to analyze the bands for the wavevectors in the first Brillouin
zone: solutions for wavevectors outside this zone can be related

Fig. 2. (a) Band diagram for the woodpile EBG material. The shaded region
corresponds to the bandgap of the material, since there are no modes present.
(b) Brillouin zone for the fct lattice. The irreducible Brillouin zone is the
polyhedron with corners labeled �, X, W, K, L, U.

to those within it by integer multiples of the reciprocal lattice
vector of the EBG material [1]. There is further redundancy in
the first Brillouin zone due to the mirror symmetries of the EBG
material, which are removed in the irreducible Brillouin zone.
This zone represents the smallest region within the first Bril-
louin zone where the eigenvalues are unrelated by symmetry.

To confirm the existence of the predicted bandgap in our alu-
mina prototype, we have measured the transmission through it
for normal incidence. The experimental setup used in the mea-
surement is shown in Fig. 3. Two microwave horn antennas are
placed on either side of the EBG material and the transmission
measured from 10 GHz to 15 GHz using a vector network an-
alyzer. The total length of the alumina lattice was 152 mm or
13.6 lattice constants. Measured results presented in Fig. 4 con-
firm the existence of an EBG from 11.5 to 13.6 GHz. Here we
have defined the band edges as the frequencies where the trans-
mission crosses 10 dB. These results are in good agreement
with theoretical results of 11.5 to 13.45 GHz obtained using the
waveguide simulator method in HFSS [32], which is only valid
for normal incidence transmission.
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Fig. 3. Experimental setup used to measure normal incidence transmission
through the woodpile EBG material.

Fig. 4. Measured and computed normal incidence transmission through the
woodpile EBG material.

We have also investigated the EBG material’s properties as a
complex artificial surface, by analyzing a defect resonator that
has a resonant frequency within the bandgap. By computing the
resonant frequency we can estimate the reflection plane location
of the EBG material. The configuration of the defect resonator
is shown in Fig. 5(a), and its resonant frequency is obtained by
calculating the transmission at normal incidence using HFSS. At
the resonant frequency of the defect, the transmission through
the structure is 100%, even though the frequency is located in
the bandgap. Fig. 5(b) shows the defect resonant frequency as a
function of the cavity size, . Also plotted for reference in this
figure is the free-space frequency versus free-space wavelength,
which shows when the free-space wavelength is equal to the
defect size, . This occurs at 12.31 GHz, when
and can be interpreted as the frequency when the EBG material
acts as either a perfect magnetic or perfect electric conductor.
Examination of the field plots confirms it to be a perfect electric
conductor.

For defect sizes less than 24.37 mm, the free-space wave-
length is greater than . This can be interpreted as either a re-
flection plane that occurs inside the woodpile material, or a re-
flection coefficient at the air/woodpile interface with a negative
phase change with respect to a perfect electric conductor. This
negative phase change accounts for the additional path length

Fig. 5. (a) Configuration of a defect resonator in a woodpile EBG material,
showing the defect size, d. (b) Computed resonant frequency for normal
incidence transmission through the defect resonator as a function of defect size.

required in the resonator. Conversely, when the defect size is
greater than 24.37 mm, the free-space wavelength is less than

and it appears that the reflection plane is located outside the
EBG material, or the reflection coefficient at the air/woodpile
interface gives a positive phase change with respect to a per-
fect electric conductor. Fig. 5(b) is also used to obtain a good
approximation of the operating frequency for the resonator an-
tennas that are discussed in Section III.

III. WOODPILE EBG RESONATOR ANTENNAS

Having confirmed the complete EBG of the woodpile mate-
rial and examined its properties as a complex artificial surface in
Section II, we now turn our attention to two resonator antennas
that exploit these material characteristics to create thin high-gain
low-loss antennas. Referring to Fig. 5(a), we can create an an-
tenna by placing a metallic ground plane at the center plane of
the device. Only half of the entire structure is then required, and
the peak radiation will occur in a direction normal to the EBG
material and away from the ground plane. For normally inci-
dent waves there is 100% transmission from the resonator to
free space, whereas obliquely incident waves undergo angle-de-
pendent attenuation. The nature of this coupling to free space
creates a highly directional radiation pattern. The operating fre-
quency of the antenna will be determined by the separation be-
tween the EBG material and the ground plane, and is close to a
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Fig. 6. Cutaway drawing of the woodpile EBG resonator antenna with
microstrip patch antenna feed.

half wavelength. The separation for a given operating frequency
within the bandgap may be determined from Fig. 5. Since the
reflection plane location within the EBG material is frequency
dependent, the separation is either slightly smaller or slightly
larger than a half wavelength. To couple energy into the res-
onator formed by the ground plane and EBG material, we have
studied two different types of feed antenna: a microstrip patch,
and a double slot.

A. Microstrip Patch Antenna Feed

The configuration of the EBG resonator antenna with a mi-
crostrip patch feed is shown in Fig. 6. In this figure, one-quarter
of the EBG material has been removed to reveal the details of
the structure more clearly. The patch antenna is fed from below
by a coaxial probe, and mounted on an aluminum ground plane
that has an area of 300 mm 300 mm. The dimensions of the
patch are 7.6 mm 7.6 mm, and it is printed on a 0.787 mm
thick Rogers RT/Duroid 5880 substrate. The feed point, where
the probe is attached to the patch, is located at the centre of the
outside edge of the patch. With the EBG material in place, vari-
ation of the feed location does not improve the match of the
antenna, as normally is the case for unloaded patch antennas.

Located 11.7 mm above the ground plane is a single cell
woodpile EBG material that was analyzed in Section II. As
previously mentioned, the cross section of the alumina rods is
3.2 mm 3.2 mm, and their length is 152 mm. From Fig. 5(b),
a half-wavelength separation of 11.7 mm with the metallic
image plane corresponds to a full wavelength defect resonant
frequency of 12.485 GHz. This is quite close to the measured
operating frequency of 12.47 GHz; the difference may be
attributed to the loading effect of the patch antenna.

We have analyzed the resonator antenna using in-house
FDTD codes that implement Berenger’s perfectly matched
layer absorbing boundary conditions [33]. The simulation
used a discretization value of 0.4 mm in all three dimensions,
which corresponds to 60 cells per wavelength at the operating
frequency of the antenna. A comparison of the measured and
computed reflection coefficient for the EBG resonator antenna
is given in Fig. 7. The wide low-reflection bandwidth shown
is most likely due to a traveling wave effect created by the
EBG material and ground plane. Although the impedance
bandwidth is wide, the practical operating frequency range for

Fig. 7. Measured versus computed reflection coefficient for the woodpile EBG
resonator antenna with microstrip patch antenna feed.

Fig. 8. Measured and computed (a) H-plane and (b) E-plane radiation patterns
at 12.47 GHz for the woodpile EBG resonator antenna fed by a microstrip patch.

high directivity is in fact extremely narrow with a value of ap-
proximately 1%. Above the operating frequency of 12.47 GHz
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TABLE I
MEASURED AND COMPUTED HPBW AND GAIN FOR THE EBG RESONATOR ANTENNA WITH MICROSTRIP PATCH FEED

Fig. 9. Computed directivity versus aperture width in wavelengths for the EBG
resonator antenna with microstrip patch feed.

the directivity falls in response to dramatic radiation pattern
changes with frequency.

Radiation characteristics for the antenna were measured in
the 12 m indoor anechoic chamber at CSIRO. Fig. 8 shows the
measured versus computed E- and H-plane radiation patterns.
There is good agreement between the two patterns, particularly
in the depth and location of the sidelobes in the H-plane. In both
principal planes, the boresight cross-polarization level is lower
than 32 dB. The measured and computed HPBW’s for the two
principal planes as well as the gain of the antenna are listed in
Table I. The directivity of the antenna has been computed from
the measured co- and cross-polarized radiation patterns by nu-
merical integration giving 21.7 dB at 12.47 GHz. From the scat-
tering coefficient of 5.75 dB at 12.47 GHz, the antenna
mismatch efficiency is 1.34 dB. The conduction/dielectric ef-
ficiency (or ohmic loss) is estimated from the directivity, mea-
sured gain and mismatch efficiency to be 1.46 dB or 71%. This
is lower than the FDTD computed value of 92%, which neglects
the connector and the ground plane losses.

The woodpile resonator antenna has the useful property
that changing the area of the aperture modifies its directivity.
We have investigated this characteristic numerically using the
FDTD method. For the configuration of Fig. 6, we modified the
width of the woodpile material and ground plane equally in the

and directions. The results of this analysis are plotted in
Fig. 9. This shows that the directivity varies in a linear manner
with aperture width from to . Above the
directivity begins to reduce slightly, and converges to a value
just below the maximum. For the smaller aperture size the level
of the sidelobes increase, staying below 10 dB for aperture
widths greater than .

Fig. 10. Cutaway drawing of the woodpile EBG resonator antenna with double
slot antenna feed. The slots are fed by a rectangular waveguide at the back of
the ground plane.

Fig. 11. Measured versus computed reflection coefficient for the woodpile
EBG resonator antenna with double slot antenna feed.

B. Double Slot Antenna Feed

The second feed type that has been examined is the double
slot antenna; a drawing showing the configuration of the EBG
resonator antenna with this type of feed element is shown in
Fig. 10. Two rectangular slots have been cut into an aluminum
ground plane that is 1 mm thick, with an area of 300 mm
300 mm. The slots are fed from below the ground plane by
a waveguide with a square cross-section that is 19.2 mm
19.2 mm, which is connected to a waveguide-to-coaxial tran-
sition. The dimensions of the slots are 4 mm 9.6 mm, and the
center axis of each slot are separated by 13.6 mm. In this config-
uration, the woodpile EBG material is placed 11.6 mm above the
ground plane to give an operating frequency of 12.5 GHz. From
Fig. 5(b) the estimated operating frequency of the antenna is
12.52 GHz. A comparison of the measured reflection coefficient
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TABLE II
MEASURED AND COMPUTED HPBW AND GAIN FOR THE EBG RESONATOR ANTENNA WITH DOUBLE SLOT FEED

Fig. 12. Measured and computed (a) H-plane and (b) E-plane radiation
patterns at 12.565 GHz for the woodpile EBG resonator antenna fed by a
double slot.

versus FDTD computed results is presented in Fig. 11. This
shows a much clearer, high resonance than the microstrip feed
and is well matched at the operating frequency. The measured
impedance bandwidth extends from 12.435 to 12.565 GHz. This
is in good agreement with the FDTD computed bandwidth of
12.426 to 12.607 GHz.

The radiation patterns for this antenna were measured at
12.565 GHz, which is the frequency where the peak gain
occurred. The measured E- and H-plane radiation patterns
are plotted in Fig. 12 along with the FDTD computed values.
The patterns show the directive nature of the antenna, and its
low sidelobes. There is a slight discrepancy in the computed
sidelobe levels for angles greater than . This is most likely

due to diffraction effects from the edges of the ground plane
that were not included in the FDTD model. This effect is worse
for the E-plane pattern than for the H-plane pattern. Table II
lists the measured and computed gain and HPBW’s for the two
principal planes of the antenna. The measured efficiency of
the antenna at 12.565 GHz is 87%, while the FDTD computed
value is 93%.

IV. CONCLUSION

A new resonator antenna has been developed from a wood-
pile EBG material and a metallic ground plane. The antenna
has the advantages of high-gain, high efficiency, low sidelobes
and a low height. This device exploits the bandgap of the EBG
material to create highly directional radiation by virtue of the
resonator’s angle-dependent transmission properties. Use of
the ground plane reduces the overall height of the structure by
more than 70% compared to other reported woodpile resonator
antennas, leading to a significant decrease in its volume and
weight. We demonstrated that the directivity of the antenna can
be easily modified, over a given range, by changing the area
of the woodpile aperture, and that there is an upper limit on its
value. A band diagram was used to confirm the woodpile EBG
material’s complete bandgap, and its properties as a complex
surface were investigated.

Two different methods for feeding the resonator antenna were
examined; the microstrip patch element had the advantage of
simplicity and compactness while the double slot feed gave the
best overall performance. In particular, the reflection coefficient
for the double slot is lower at the design frequency, which corre-
sponds to a sharp resonance, and the radiation patterns are sim-
ilar in the two principal planes. The main disadvantages of the
microstrip feed are the poor reflection coefficient at the oper-
ating frequency of the antenna and lower measured efficiency
due to the additional losses of the probe and microstrip patch.
For the double slot feed the main disadvantage is the additional
complexity resulting from the waveguide used to deliver energy
to the slots. The measured gain, radiation patterns, reflection co-
efficient and efficiency were predicted reasonably accurately for
both feed configurations using the FDTD method. Future work
will concentrate on combining the advantages of both the patch
and double slot through the use of stripline slot feeds.
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