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Abstract—A technique is described for creating linear array an-
tennas that conform to the natural stacking sequence of the wood-
pile electromagnetic bandgap (EBG) material. Each element in the
linear array consists of a woodpile EBG sectoral horn antenna.
The electromagnetic confinement mechanism within each horn an-
tenna relies wholly on the 3-D EBG of the woodpile material. The
array element has a typical sectoral horn pattern with a directional
beam in one principal plane and a broader beam in the other. The
bandwidth of the sectoral horn is almost equal to that of the de-
fect EBG waveguide. Measured and theoretical results for radia-
tion patterns, impedance bandwidth and gain of a sectoral horn
antenna made from alumina are described, and theoretical results
for a design made from silicon are presented. It is shown that the
layer-by-layer nature of the woodpile EBG material enables sec-
toral horn antennas to be easily stacked together in the E-plane
to create linear arrays. Analysis of the mutual coupling as a func-
tion of element separation and its effect on reflection coefficient
are presented for a two-element linear array in silicon. Theoret-
ical analyses for fixed and scanned beam linear arrays of silicon
woodpile EBG sectoral horns are described and finite-difference
time-domain results are compared with array theory. The fixed
beam arrays are designed for high directivity while the scanned
beam array enables wide angle beam steering through the use of
parasitic array elements.

Index Terms—Array antenna, electromagnetic bandgap (EBG)
antenna, electromagnetic bandgap (EBG) waveguide, electro-
magnetic bandgap (EBG) material, finite-difference time-domain
(FDTD), horn antenna, terahertz, three-dimensional (3-D) pho-
tonic crystal.

I. INTRODUCTION

ANTENNAS and components formed from electromagnetic
bandgap (EBG) materials are showing promise in a range

of applications, from microwaves to optical wavelengths [1].
The woodpile EBG material is one such material that is pe-
riodic in all three dimensions and has a corresponding three
dimensional (3-D) EBG [2], [3]. The woodpile material has
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found applications as: an all-dielectric reflector [4]; a substrate
or backing to improve radiation efficiency and reduce surface
waves for dipole and slot antennas [5]–[8]; a resonator antenna
with high directivity over a narrow bandwidth [9], [10]; an EBG
sectoral horn antenna [11], [12]; a passive waveguide and in
waveguide components [13]–[17]; and EBG mixers and sub-
systems [18]–[21]. Many of these devices operate at submil-
limeter-wave or terahertz frequencies, one region of the elec-
tromagnetic spectrum where the woodpile EBG material is par-
ticularly attractive, since it may be accurately fabricated from
silicon using deep reactive ion etching (RIE) [22]. We note that
other groups have proposed the concept of horn antennas in
EBG materials as well [23], [24].

In this paper we present a method for creating linear array
antennas that exploits the periodic nature or stacking sequence
of the woodpile EBG material, thus creating a periodic antenna
structure within a periodic material. The array elements used
in this structure are woodpile EBG sectoral horn antennas (see
Fig. 1). In each element a woodpile EBG defect waveguide is
tapered in the H-plane to create a horn antenna that has a direc-
tional radiation pattern in this plane. We present experimental
and computed results for the reflection coefficient, radiation pat-
terns, gain and half-power beamwidths (HPBWs) for an alumina
woodpile EBG sectoral horn antenna, and theoretical results for
a silicon design.

We then examine the effect of element separation on mutual
coupling for a two-element array using the silicon design, and its
effect on the element reflection coefficient. Three configurations
of linear arrays using silicon woodpile EBG sectoral horns are
presented. The first and second are fixed beam arrays designed
for high directivity, while the third is designed for wide angle
beam steering. Radiation patterns calculated with the finite-dif-
ference time-domain (FDTD) method are described, and the role
of the parasitic elements on the performance of the scanned
beam array is discussed.

Since the operating frequency of EBG devices may be scaled
to operate at different regions of the electromagnetic spectrum,
both the sectoral horn antenna and linear array concept pre-
sented here could prove very useful in millimeter wave and ter-
ahertz applications [25], [26].

II. WOODPILE EBG MATERIAL AND SECTORAL HORN

ANTENNA

This section provides background on the woodpile EBG ma-
terial and the sectoral horn antenna. Two sectoral horn designs
are examined: the first uses alumina, while the second uses sil-
icon. The woodpile material was chosen because it has a broad,
3-D EBG and is straightforward to fabricate.

0018-926X/$20.00 © 2006 IEEE
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Fig. 1. Exploded perspective view of the woodpile EBG sectoral horn antenna.

A. Alumina Design

The first design is made from alumina rods ( ,
) with a material lattice constant , rod width ,

rod height and vertical repeat distance .
The unit cell for the material that describes these parameters is
shown in Fig. 2. The EBG for this material has been calculated
using the plane-wave expansion method with RSOFT’s Band-
SOLVE [27] and extends from to 0.477. A defect
waveguide may be created in the woodpile EBG material by re-
moving a single rod from the structure. For frequencies in the
EBG, electromagnetic energy is guided along the void created
by removing the rod. FDTD has been used to calculate the dis-
persion relation of the defect waveguide shown in Fig. 3 using
a supercell analysis and periodic boundary conditions [28]. The
supercell is created by repeating the unit cell along the two axes
transverse to the direction of propagation. The defect or missing
rod is located at the center of this structure to create the wave-
guide. The supercell is also analyzed as a periodic structure
through the use of periodic boundary conditions. Eigenmodes of
the structure are calculated for different wavevectors along the
direction of the waveguide axis. Our calculations use a
supercell comprising 9 unit cells in the and directions, and
1 unit cell in the direction.

We use the FDTD method because it is more efficient for the
analysis of large supercells such as the structure used
here, and only the eigenmodes within the frequency range of the
EBG need be calculated. If the plane wave expansion method
had been used a large number of radiation modes below the
EBG frequency range would have to be calculated as well, and
the supercell size would be smaller due to high computational
burden, leading to reduced accuracy. The FDTD supercell anal-

Fig. 2. Unit cell for the woodpile EBG material.

Fig. 3. Computed dispersion relation for the alumina woodpile EBG defect
waveguide.

ysis of Fig. 3 shows that the single mode non-dispersive oper-
ating range for the defect waveguide extends from
to 0.456 (i.e., about 6.4%). Above there are two
modes present, while below the slope of the dis-
persion relation changes rapidly leading to variations in group
velocity and high levels of dispersion in the waveguide, since
the group velocity in a periodic waveguide is proportional to
the slope of the tangent to the dispersion curve [29].

The configuration of the H-plane woodpile EBG sectoral horn
antenna is shown in the exploded perspective view of Fig. 1. It
consists of 32 layers of alumina rods arranged to form a wood-
pile EBG material. A single rod is removed from the center of
layer 17 to form a defect waveguide. Fig. 4 shows cross sec-
tions through the two principal planes (horizontal and vertical)
of the device to further clarify its structure. A metal walled rect-
angular waveguide can be seen protruding a distance of
into the side of the EBG material, where it couples to the defect
waveguide. This is the rectangular waveguide-to-EBG wave-
guide transition that allows the performance of the sectoral horn
antenna to be measured [16], [17]. The transverse electric field
component of the fundamental mode of the defect waveguide
is similar to that of the mode of the rectangular wave-
guide, so the two modes couple reasonably well. Careful selec-
tion of the rectangular waveguide inner dimensions and depth
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Fig. 4. Cross-sections of the woodpile EBG sectoral horn antenna taken
through planes AA and BB . Note the dark shading (gray) denotes objects
sliced by the cut-planes.

of protrusion are critical to achieve good coupling between the
mode of the rectangular waveguide and the mode of the

defect waveguide. These inner dimensions were obtained from
a parametric analysis of the transition using FDTD, and were
calculated to be by (i.e., 13.9 mm by 9.6 mm).
A sensitivity analysis showed that a variation of 5% in these
dimensions did not greatly affect the performance of the tran-
sition. To enable the rectangular waveguide to be attached to a
vector network analyzer, we use a coaxial-to-rectangular wave-
guide transition, also shown in Fig. 4.

Referring to horizontal section of Fig. 4, at a distance
of from the edge of the lattice, the rods on layer 17 are
flared apart at an angle of to create the side walls of the
sectoral horn antenna. This gives the horn a total flare angle
of 22.6 in the H-plane. The width of the radiating aperture is

and the height is . Keeping the flare angle small cre-
ates a smooth transition between the defect waveguide and free
space, without changing the overall properties of the EBG ma-
terial too greatly. A comparison of the measured versus com-
puted reflection coefficient for the H-plane woodpile EBG sec-
toral horn antenna is presented in Fig. 5 at microwave frequen-
cies for . The sectoral horn antenna and rectan-
gular waveguide feed were modeled with an in-house FDTD
code that uses Berenger’s perfectly matched layer [28], while
the coaxial-to-rectangular waveguide transition was modeled
using HFSS [30]. Overall computed results were obtained by
cascading the S-parameters from the two analyses. The com-
puted 10 dB reflection coefficient bandwidth extends from
12.3 to 13.1 GHz, while the measured value extends from 12.4
to 13.0 GHz (i.e., about 4.7%). This reduction in bandwidth is
most likely due to dimensional tolerances of both the transitions

Fig. 5. Measured versus computed reflection coefficient for the woodpile EBG
sectoral horn antenna.

and antenna. We note that the usable bandwidth for the EBG
horn antenna is less than the gap width of the EBG material.

Radiation characteristics for the alumina sectoral horn an-
tenna were measured in the 12 m indoor anechoic chamber at
CSIRO. Measured and computed H- and E-plane radiation pat-
terns at 12.4, 12.7, and 13.0 GHz, are presented in Fig. 6 and
Fig. 7, respectively. These frequencies were chosen to corre-
spond to the lower, center, and upper operating frequencies of
the device. There is excellent agreement between the measured
and computed patterns. The E-plane pattern is broader than the
H-plane pattern as the latter is flared. Also, there is a slight notch
in the E-plane pattern at 30 for both 12.4 and 12.7 GHz. This
notch is due to the asymmetry of the device in the E-plane as
well as diffraction effects from the ends of the EBG material,
and its properties depend on the woodpile material parameters

and , and the dielectric contrast of the material. We will ob-
serve in Section II-B that the notch almost disappears for the
silicon EBG sectoral horn. Table I lists the measured and com-
puted gain and HPBWs for the two principal planes of the an-
tenna at 12.4, 12.7, and 13.0 GHz. Photographs of the prototype
sectoral horn antenna and rectangular waveguide-to-EBG wave-
guide transition are shown in Fig. 8.

B. Silicon Design

The second design uses silicon rods to create a woodpile EBG
material ( , at 250 GHz [31]) and
has a rod width , rod height and ver-
tical repeat distance . Silicon has the advantage that
it may be accurately processed using deep RIE for fabrication
at millimeter and terahertz frequencies [22]. The EBG for the
silicon woodpile material has been calculated to extend from

to 0.487 [27]. By changing the height of the rods,
the normalized mid-band EBG frequency stays the same as the
alumina design, even though the permittivity of the rods has in-
creased. Use of silicon also increases the value of the gapwidth.
The configuration used for the sectoral horn antenna is the same
as that described for the alumina design in the previous sec-
tion, except the different rod height of the woodpile EBG ma-
terial changes the height of the radiating aperture to . The
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Fig. 6. Measured and computed H-plane radiation patterns at: (a) 12.4 GHz,
(b) 12.7 GHz, and (c) 13.0 GHz.

inner dimensions of the rectangular waveguide used in the rect-
angular waveguide-to-EBG waveguide transition were
by , while the thickness of the metal walls was . The
normalized center frequency and operating bandwidth remain
very close to those calculated for the alumina design. Computed

Fig. 7. Measured and computed E-plane radiation patterns at: (a) 12.4 GHz,
(b) 12.7 GHz, and (c) 13.0 GHz.

E- and H-plane radiation patterns at are presented
in Fig. 9. The computed gain and HPBWs for the two principal
planes of the antenna are listed in Table II.

The silicon design is more suitable for linear array applica-
tions because it allows the elements to be placed closer together
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TABLE I
MEASURED AND COMPUTED HPBW AND GAIN FOR THE ALUMINA WOODPILE

EBG SECTORAL HORN ANTENNA

Fig. 8. Photographs of the alumina woodpile EBG sectoral horn antenna
prototype: (a) front view showing horn aperture, and (b) rectangular wave-
guide-to-EBG waveguide transition with upper alumina layers removed.

than the alumina prototype, thus avoiding grating lobes and en-
abling wide-angle beam steering. The silicon EBG material also
has a higher dielectric contrast, which leads to lower mutual
coupling between array elements compared to the alumina de-
sign. For these reasons the following sections on linear arrays
use the silicon woodpile EBG sectoral horn antenna design as
array elements.

III. TWO-ELEMENT LINEAR ARRAY ANTENNA

In this section we present a theoretical analysis of the cou-
pling between a two-element linear array formed from the sil-
icon sectoral horn antenna described in Section II-B. We also
examine the effect of coupling on reflection coefficient. The
layer-by-layer nature of the woodpile EBG material makes it
straightforward to stack the sectoral horn antennas on top of one
another in the E-plane to create a linear array, allowing the di-
rectionality of the antenna to be increased significantly in the

Fig. 9. Computed H- and E-plane radiation patterns at a=� = 0:449 for a
woodpile EBG sectoral horn antenna made from silicon.

TABLE II
COMPUTED HPBW AND GAIN FOR THE SILICON WOODPILE EBG SECTORAL

HORN ANTENNA

same plane, which can be tailored for a specific application. For
appropriate element separations it is also possible to steer the
beam of the array over a wide angular range.

The aperture configuration of a typical two-element linear
array is shown in Fig. 10. Due to the stacking sequence of the
woodpile material, linear array elements can only be placed on
layers where rods are parallel and directly above each other.
This limits the element separation in the -direction to
(where ) due to the four layer stacking sequence
of the woodpile. It is also possible to separate elements by
(where ) in the -direction, but an offset of

is then required in the -direction to conform to the wood-
pile stacking structure, and the array becomes staggered and not
linear. The minimum element separation for the silicon wood-
pile material used here is , while the separation illustrated in
the configuration of Fig. 10 is . When the spacing is less than

the coupling between elements through the woodpile mate-
rial itself increases because there are fewer layers of the EBG
material for the periodic scattering to create a strong EBG.

We have analyzed coupling and its effect on reflection coef-
ficient for the configuration of Fig. 10 with element separations
of , , , , and . In each configuration 12 layers
of the woodpile material are used both below the first element
and above the second element. The effect of the mutual coupling
between the two elements on the reflection coefficient has been
calculated using FDTD and is shown in Fig. 11. At the minimum
element spacing of there is a dramatic effect on the reflection
coefficient due to the increased couping, while the effect of the
other element separations is fairly minimal.

Mutual coupling between the two elements in the E-plane has
also been computed using FDTD for element separations of ,
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Fig. 10. Aperture configuration of the two-element linear array made of wood-
pile EBG sectoral horn antennas. In this diagram the element separation is 8h.

Fig. 11. Effect of mutual coupling on the reflection coefficient for the linear
array in Fig. 10 for several different element separations.

, , , and and the results are plotted in Fig. 12. The
mutual coupling was calculated using a typical FDTD S-param-
eter method by exciting the first sectoral EBG horn and sam-
pling the fields at the port of the second horn. Modal orthogo-
nality was used to sample the fields of the fundamental mode
at both ports and the incident and scattered modal amplitudes
determined from the time domain samples and the propagation
coefficient of the waveguide [32]. The mutual coupling shows a
strong frequency dependence for element separations of and

, which are characterized by deep nulls at and
0.45, respectively. Around the null frequency of
the mutual coupling for element separation is actually lower
than for , and . This null is in fact an interference
phenomenon since the coupling between waveguides is actually
quite high which is typical for coupled dielectric waveguides.
At the null frequency of the mutual coupling for
element separation is lower than for and . For ele-
ment separations greater than the mutual coupling decreases
monotonically with both frequency and separation.

The E-plane coupling between two parallel metallic sectoral
horn antennas in a ground plane has been computed as a function
of separation and is shown in Fig. 13. The metallic horns use

Fig. 12. Mutual coupling between elements of the linear array in Fig. 10 for
several different element separations.

Fig. 13. E-plane coupling between two parallel metallic sectoral horns in a
ground plane as a function of horn separation.

equivalent dimensions to the sectoral EBG horn antennas for
comparison purposes. The first thing to note about Fig. 13 is that
for a given horn separation , the coupling is almost constant
with frequency. This is because in a narrow metallic sectoral
horn the aperture fields are dominated by the mode, the
mode input to the horn. In the E-plane the field of this mode
varies very little over the frequency band, in contrast to the field
in the EBG horns. The dip in the coupling near is
due to the onset of the mode in the aperture.

Second, the coupling in Fig. 13 varies approximately as
where is the separation in the E-plane. This is because the aper-
tures are very long and thin and also they are in echelon. There-
fore, the apertures are good approximations to line sources and
the fields in the E-plane are nearly cylindrical waves. This com-
pares with the situation when the aperture height is comparable
with the width where the coupling reduces as [33]. In order
to explain the coupling in Fig. 12, we need to consider the fol-
lowing points.
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1. The physical aperture size of the EBG horn is greater than
the EBG waveguide dimensions because the field pene-
trates into the dielectric rods and into other layers albeit
as a decaying field. This compares with the metallic horns
where the field is confined to the aperture.

2. The field in the E-plane of the EBG horn is tapered (com-
pared with being uniform in the metallic horn) as shown
by the tapered radiation patterns in Fig. 7. The radiation
pattern at wide angles (near 90 ) varies significantly with
frequency.

3. The huge variation in coupling with frequency for separa-
tions of and is a combination of coupling through
radiation (the only mechanism for metallic horns) and di-
rect coupling through the walls of the EBG horns.

4. Coupling through the radiation field is dominated by the
direct radiation from the aperture in the 90 plane. If this
field varies significantly over the frequency band, as it does
for the EBG horn, so does the coupling.

The wider effective extent of the radiating aperture for the EBG
horns means that the coupling varies more nearly as for suf-
ficiently large separation between waveguides. However, the ac-
tual dependence will be more complicated than for the metallic
horns because the field confinement varies with frequency.

IV. LINEAR ARRAY ANTENNA EXAMPLES

In this section we present three examples of linear arrays
using the woodpile EBG sectoral horn antenna. These examples
are classified into fixed beam or scanned beam arrays depending
on their element separation. The fixed beam arrays use a rela-
tively large element separation, and so give higher gain com-
pared to the scanned beam array, which uses a closer element
separation to enable wide angle beam steering.

A. Eight- and Sixteen Element Fixed Beam Linear Arrays

The aperture configuration of the eight-element linear array is
depicted in Fig. 14. This woodpile structure consists of 81 layers
of silicon rods and uses the woodpile and horn antenna parame-
ters given in Section II-B. Sectoral horn antennas have been po-
sitioned at layers 13, 21, 29, 37, 45, 53, 61, and 69 of the struc-
ture. Each element is fed using a rectangular waveguide-to-EBG
waveguide transition, and the horn element numbers are labeled
in Fig. 14. The element separation for the linear array is ,
which is equivalent to a spacing of at the normalized fre-
quency of . From Section III (see Fig. 12) the mu-
tual coupling at for an element separation of is

31.5 dB.
To analyze the radiation patterns of the linear array in the

FDTD simulation all eight ports of the device are excited at the
same time with the same amplitude and phase. The FDTD com-
puted E-plane radiation pattern at for the linear
array is presented in Fig. 15. Sidelobe levels are 13.6 dB or
lower. Since the H-plane radiation patterns for the linear array
remain very similar to those presented in Fig. 9 they have not
been included here. We have also included the radiation pat-
terns calculated from array theory in Fig. 15 for comparison. To
obtain these patterns we multiply the computed E-plane radia-
tion pattern for the woodpile EBG sectoral horn antenna from
Fig. 9 with the array factor as described in standard texts [34].

Fig. 14. Configuration of the front face of the eight-element linear array (el-
ement separation 8h), where each element is a woodpile EBG sectoral horn
antenna.

The agreement between array theory and FDTD is quite good.
Though we do not have measured results for the linear array,
the good agreement between measured and simulated radiation
patterns in Section II-A for the alumina sectoral horn gives us
confidence that the FDTD results for the array are also accurate.

To confirm the radiation pattern scales as expected with an in-
creased number of array elements, we also analyze a 16-element
linear array. The configuration of this array is similar to that
of the eight-element array shown in Fig. 14. It consists of 145
layers of silicon rods with 16 separate horn antennas positioned
on layers 13, 21, 29, 37, 45, 53, 61, 69, 77, 85, 93, 101, 109, 117,
125, and 133. The E-plane radiation pattern computed using
FDTD is compared with array theory results for
in Fig. 16. Sidelobe levels are below 13.1 dB and the agree-
ment between FDTD and array theory is quite close. Computed
HPBW and gain for the eight- and 16-element linear arrays are
given in Table III.

B. Sixteen-Element Scanned Beam Linear Array

To enable a wide scanning range and avoid grating lobes the
elements of the linear array should be placed closer together
than in the previous examples, however, this increases the mu-
tual coupling as discussed in Section III. To enable an element
separation of to be used effectively while keeping mutual
coupling low ( 27.7 dB from Fig. 12), we change to the normal-
ized operating frequency of . This gives an equiv-
alent element separation of at the operating frequency of
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Fig. 15. Array theory and FDTD computed E-plane radiation patterns for the
eight-element linear array at a=� = 0:449 with an element separation of 8h.
The patterns obtained from array theory use the computed E-plane patterns from
Fig. 9.

Fig. 16. Array theory and FDTD computed E-plane radiation patterns for the
16-element linear array at a=� = 0:449with an element separation of 8h. The
patterns obtained from array theory use the computed E-plane patterns from
Fig. 9.

TABLE III
COMPUTED HPBW AND GAIN FOR THE LINEAR ARRAY ANTENNAS

(Note for the 16-element array with element separation of 4h the gain refers
to a scan angle of 0 .)

and leads to a theoretical scanning range of
[35].

The configuration of the 16-element array is shown in Fig. 17.
It has 101 layers of silicon rods and uses the woodpile and horn
antenna parameters given in Section II-B. The driven horn an-

Fig. 17. Configuration of the front face of the 16-element linear array (element
separation 4h), where each element is a woodpile EBG sectoral horn antenna.
Note that there are eight parasitic EBG horns in total.

tennas are positioned on layers 21, 25, 29, 33, 37, 41, 45, 49,
53, 57, 61, 65, 69, 73, 77, and 81. Eight parasitic EBG horn an-
tennas with the same configuration as the other horns are placed
on layers 5, 9, 13, 17, 85, 89, 93, and 97. Each parasitic horn
is terminated with a matched load. The E-plane radiation pat-
terns for a scan angle of 0 computed using FDTD and array
theory are plotted in Fig. 18(a). The computed HPBW and gain
for the 16-element linear array for this scan angle are given in
Table III. The beam is scanned to angles of , , ,
and at using progressive phase shifts be-
tween elements of , , , and , re-
spectively. The resulting E-plane radiation patterns calculated
using FDTD and array theory for these scan angles are shown
in Fig. 18(b)–(d). Sidelobe levels remain below 10 dB when
scanning from to , and there is reasonable agreement
between the FDTD results and array theory.

The effect of the parasitic elements on the aperture efficiency
of the array has also been analyzed. The aperture efficiency
was calculated from the ratio of directivity of the EBG horn
array to the directivity of a uniformly illuminated aperture of
the same physical size. The addition of the eight parasitic ele-
ments reduces the aperture efficiency of the 16-element array
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Fig. 18. Array theory and FDTD computed E-plane radiation patterns for the
16-element linear array (element separation 4h) with eight parasitic elements at
a=� = 0:442 for scan angles of: (a) 0 , (b)�60 , (c)�30 ;(d) +30 , and (e)
+60 .

from 20.4% to 17.2%. The effect of the number of EBG layers
placed after the parasitic horns has only a minor effect on the
aperture efficiency. The aperture efficiency of the array is low

due to the necessity of having several lattice constants of EBG
material to create the walls of the EBG antennas, which enlarges
the physical aperture of the device.

If the parasitic elements are not used in the array then an in-
teresting phenomenon is observed when scanning the beam. For
example, take the case of a 16-element array with an element
separation of , where a twelve-layer pure woodpile EBG sec-
tion is placed above and below the first and last driven elements
of the array, respectively. When scanning the beam for this con-
figuration an image beam also appears at an angle opposite to
that of the scan angle, but with a lower level than the main beam.
This is illustrated in the logarithmic scale E-plane field plot of
the array in Fig. 19 for a scan angle of 45 . In Fig. 19(a) where
there are no parasitic elements there is a strong image beam at

. The image beam has almost disappeared in Fig. 19(b)
when the parasitic elements are added.

The image beam is created due to the close spacing of the
linear array elements. A small amount of energy couples be-
tween the adjacent waveguides and flared sections of the EBG
horn antenna elements and travels through the array in the di-
rection of the scan angle. When it reaches the last element of
the array, the twelve-layer pure woodpile EBG section acts like
a mirror and reflects the energy back at an angle equal to the
angle of incidence thus creating the image beam. This behavior
has been confirmed for several different scan angles and its ef-
fect is more dramatic for larger angles. Reducing the amount of
layers of pure woodpile at the top and bottom of the array can
reduce the level of the image beam, but a better solution is to
use parasitic elements. The leaky energy couples to the para-
sitic horns and then radiates in the direction of the scan angle.
Examination of the computed fields for the array at a scan angle
of in Fig. 19(b) shows that most of the energy delivered to
the first four driven horns actually couples to the horns above.
This is offset by the fact that the last four driven horns deliver
their energy to the adjacent top four parasitic horns. Thus we
still get the performance of a 16-element array as confirmed by
the radiation pattern agreement with array theory in Fig. 18.

The appearance of the image beam is further illustrated in the
E-plane radiation pattern of Fig. 20 for a scan angle of 45 , and
is compared with the results for an array containing eight para-
sitic elements (the configuration of Fig. 17). This clearly shows
that the image beam at is reduced to a level of 19 dB by
the parasitic elements. Also note that there is a broadening of
the main beam for the configuration with no parasitic elements.
The use of a different number of parasitic horns was also inves-
tigated, but eight gave the best compromise between the perfor-
mance and increased size of the array. With only four parasitic
horns at a scan angle of 45 the level of the image beam is re-
duced to 14.5 dB, while with eight parasitic horns it reduces
to 19 dB. Very little improvement in the radiation patterns was
observed by using more than eight parasitic horns.

V. CONCLUSION

A technique has been demonstrated for creating linear arrays
of EBG sectoral horn antennas by exploiting the natural stacking
sequence of the woodpile EBG material. The innovation of such
an array is that the EBG mechanism is used to confine and direct
the radiation of the array elements. It was shown that the array
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Fig. 19. Logarithmic scale E-plane field plot at a=� = 0:442 for the 16-ele-
ment array with (a) no parasitic elements and (b) eight parasitic elements. The
array scan angle is 45 and the element separation is 4h. The axis units are given
in terms of lattice constant, a.

element stacking procedure should adhere to multiples of the
four layer stacking sequence of the woodpile EBG material and
that EBG horn elements made using silicon are more suitable
for array applications than alumina designs because they allow
closer element spacing. Mutual coupling between elements as a
function of separation showed a strong frequency dependence
for closely spaced elements. This frequency dependence was
used in the design of the linear arrays to minimize the mutual
coupling. A comparison with the mutual coupling performance
of an equivalent sized metallic sectoral horn in a ground plane
showed that for separations greater than , mutual coupling
was significantly reduced for EBG sectoral horn antennas.

Both fixed beam and scanned beam linear arrays of silicon
EBG sectoral horn antennas have been presented. For the
scanned beam array, which used closer element spacing, we

Fig. 20. Effect of the eight parasitic elements on the computed E-plane radia-
tion pattern at a=� = 0:442 for the 16-element array. The array scan angle is
45 and the element separation is 4h.

have shown that the use of parasitic elements is crucial for
reducing the level of an image beam inherent to this type of
array. The linear array and sectoral horn antenna concepts
presented here have the potential to be used in millimeter wave
and terahertz applications through scaling the operating fre-
quency of the woodpile EBG material. It may also be possible
to integrate both the antenna array and receiver/transmitter
circuitry to create a single compact EBG device.
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