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B A recently developed artificial dielectric, called a photonic crystal, provides an
elegant and effective solution to the long-standing problem of fabricating high-
performance planar antennas on substrates having high dielectric constants. The
stop band of the photonic crystal rejects the majority of power radiated by an
antenna mounted on its surface, without shorting out the driving-point
impedance. This behavior makes the antenna more efficient than if it is
mounted on a homogeneous substrate consisting of the same dielectric material
as the photonic crystal. We experimentally measured antenna characteristics for
bow-tie and dipole antennas on two types of photonic crystal: (1) conventional
photonic crystals consisting of a periodic array of holes filled with air and
embedded in a high dielectric material, and (2) metallodielectric photonic
crystals (MDPCs) consisting of a periodic array of metallic spheres embedded in
a low dielectric material. In some cases, experiments show that the directive gain

can greatly exceed that of the same antenna suspended in free space.

ADIO-FREQUENCY ENGINEERS have long

prized the planar antenna for its ability to

couple incoming and outgoing radiation
from microwave integrated circuits. Besides being
more compact and less expensive than air-filled radia-
tors (e.g., feed horns), a planar antenna allows for the
integration of metallic radiators with transmit and re-
ceive electronics in the construction of phased arrays
and synthetic apertures. A drawback, however, is that
a planar antenna does not readily produce satisfactory
gain or directivity when mounted on semiconductor
substrates such as gallium arsenide or silicon. The
high dielectric constant of these common semicon-
ductors tends to trap radiation in the substrate, lead-
ing to degradation of the gain and directivity.

This article describes an approach for producing a
more effective planar antenna on semiconductors or
other substrates by transforming the substrate mate-
rial into what is called a photonic crystal. This ap-
proach, which originated at Lincoln Laboratory in
1992, continues to be developed at the Laboratory
and at other U.S. research institutions. The research
has spawned additional applications of photonic-

crystal substrates, such as band-rejection filters. In all
cases, the photonic crystal imparts to the substrate a
frequency and directional selectivity that is unique in
the microwave field. This selectivity is a hallmark for
a new branch of microwave engineering that we call
functional substrates. In this branch, we work with a
substrate that does much more than harbor radiation
within transmission lines defined on its surface. The
substrates can filter, tune, transform, match, and op-
erate on radiation in ways traditionally left to reactive
components and distributed circuits. Consequently,
microwave and millimeter-wave integrated circuits
can be made more compact and, we hope, can achieve
superior performance in many applications.

Fundamentals of Photonic Crystals

In general, photonic crystals are material structures
whose electric or magnetic susceptibility varies peri-
odically in one, two, or three dimensions. When such
structures are illuminated by a beam having a wave-
length comparable to the spatial period of the crystal,
two effects occur. First, the variation of susceptibility
within a period causes point-like electromagnetic
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scattering that can often be described by an angular-
dependent cross section. Second, the periodic varia-
tion causes distributed scattering usually described by
an electromagnetic dispersion relation (circular fre-
quency w versus wave vector 4) that is modified sub-
stantially from the typical linear relation for propaga-
tion through linear, isotropic, and homogeneous
materials. This modified form of scattering leads to
the nomenclature of photonic crystal because the dis-
tributed scattering and modified dispersion relations
that occur for photons are analogous to the distrib-
uted scattering and band dispersion that occur for
electrons in an atomic crystal.

The understanding of distributed scattering of ra-
diation goes back nearly a century to the seminal
work of Bragg, Brillouin, and others. Their work led
to numerous technological developments involving
periodic structures in one dimension, including high-
and low-reflectivity dielectric stacks for mirrors and
windows. In fact, the high-reflectivity stack, some-
times called the distributed Bragg reflector, is now
used in a variety of optoelectronic applications, in-
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cluding semiconductor diode lasers. Recent photo-
nic-crystal research has been directed largely at ex-
tending features of one-dimensional distributed scat-
tering, such as the electromagnetic stop band, to two
and three dimensions.

The stop band is the basis of most photonic-crystal
applications. It is characterized by a strong reflection
of radiation over a certain frequency range, and high
transmission outside this range. The center frequency,
depth, and, to a lesser extent, width of a stop band are
established by design. Hence we can tailor the stop
band to specific circuit and component requirements.

The stop band represents a conceptual basis for
comparing the properties of photonic crystals in dif-
ferent dimensions. By definition, the stop band is a
range of frequency over which no propagation of ra-
diation can occur, at least in the limit of an infinite
crystal. Figure 1 shows that the stop band along the
axis of periodicity of a one-dimensional photonic
crystal will generally move in center frequency and
degrade in reflection characteristic at angles away
from this axis. In contrast, the stop band of a two-di-
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FIGURE 1. Comparison of stop-band behavior for radiation incident on one-dimensional (1-D) and
three-dimensional (3-D) photonic crystals. (a) As the angle of incidence increases in a 1-D photonic
crystal, the stop band moves in center frequency and degrades in reflection characteristic. (b) As the
angle of incidence increases in a 3-D photonic crystal, the stop band maintains its frequency and re-
flection characteristic at all angles of incident propagation.
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mensional photonic crystal can maintain its fre-
quency and reflection characteristics with changing
propagation angles lying in the plane of periodicity.
The stop band of a three-dimensional photonic crys-
tal can maintain its frequency and reflection charac-
teristics at all angles of incident propagation.

In two- or three-dimensional photonic crystals, we
refer to the stop band as a photonic band gap if it is
maintained over the entire plane or sphere of period-
icity. The photonic band gap has been the primary
topic of debate on photonic crystals for more than
ten years [1]. Initially, theorists questioned whether a
photonic band gap could exist in dimensions higher
than one. After suitable structures were found in
three dimensions (diamond structure [2]) and two
dimensions (hexagonal structure [3]), the quest has
been to find other structures or material combina-
tions leading to superior photonic band-gap charac-
teristics and greater manufacturability.

In the context of photonic-crystal planar anten-
nas, the existence of a photonic band gap is impor-
tant because some antennas intrinsically emit or re-
ceive radiation over large solid angles, often a large
fraction of a sphere. However, because highly direc-
tional antennas and most other practical microwave
circuits and components operate over only a limited
range of angles, other features of the photonic crystal
become more important. For example, the width of
the stop band and the absolute reflectivity inside and
outside the stop band must be matched to other de-
vices, passive and active, to meet overall circuit-per-
formance requirements. In addition, the mechanical
properties of the photonic crystal become important
to achieve compatibility with the metallic antennas
or transmission lines fabricated on its surface.

Three-Dimensional Photonic Band-Gap Structures

The first photonic crystal to exhibit a three-dimen-
sional stop band, or photonic band gap, was a (111)-
axis-oriented face-centered-cubic (fcc) lattice with
nonspherical air atoms. The crystal was fabricated at
Bellcore from a cube of the synthetic dielectric mate-
rial Stycast, which has a dielectric constant of 12 and
a thickness of 8 cubic-lattice periods [4]. The photo-
nic crystal was formed by drilling holes through each
point on a triangular lattice on one facet of the cube.

Top Bottom
Middle

layer layer

FIGURE 2. Topological view of the Lincoln Laboratory pho-
tonic crystal. Shaded circles represent the cylindrical atoms
in three successive layers of the face-centered-cubic (fcc)
lattice. Each atom in the middle layer lies directly below the
center of a triangular unit cell consisting of atoms from the
top layer. Each atom in the bottom layer lies directly below
the centers of the remaining unit cells in the top layer.

The three holes were oriented at 54.7° from the nor-
mal direction and lay 120° apart in azimuth. About
80% of the Stycast was removed to produce a deep
stop band extending from approximately 13.0 to 16.0
GHz. The depth of the stop band along the (111) axis
was approximately 15 dB per cm of crystal thickness,
corresponding to 12 dB per lattice constant.

More recently, it has been shown theoretically
(5, 6] and experimentally [7] that a full photonic band
gap can be obtained with a diamond-lattice structure.
A microwave diamond photonic crystal was fabricated
by stacking aluminum-oxide rods in a woodpile fash-
ion. Transmission measurements through the stop
band of this photonic crystal displayed a maximum
stop-band attenuation of roughly 15 dB per lattice
constant, substantially greater than the specific
attenuation of the Bellcore Stycast fcc structure. The
woodpile arrangement was also shown to be adaptable
to downscaling achieved by using the technique of
silicon bulk micromachining to create stop bands up
to millimeter-wave frequencies [7].

At Lincoln Laboratory, we used a different tech-
nique to form an fcc photonic crystal from Stycast [8].
Figure 2 shows the vertical repeat unit of the fcc struc-
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ture as three layers. Each atom in the middle layer lies
directly below the center of a triangular unit cell con-
sisting of atoms from the top layer. Each atom in the
bottom layer lies directly below the centers of the re-
maining unit cells in the top layer. If the atoms were
spherical and there were no intervening dielectric ma-
terial, this stacking arrangement would result in the
(111)-oriented fec close-packed lattice [9]. This lat-
tice constrains the triangular lattice constant 7 to the
slab thickness s by the relation # = (3/2)1/25. The con-
ventional cubic lattice constant « is then 2" Be-
cause the atomic shape in this fcc structure is cylindri-
cal, we do not expect the stop-band properties (or the
band structure) to be the same at common symmetry
points (i.e., the 6X points in the fcc Brillouin zone)
[9]. Nevertheless, the structure displays a sizable stop
band along the axis normal to the top facet (corre-
sponding to one of the L-points [9] in the Brillouin
zone) and over a large angle about the normal. Fur-
thermore, the triangular lattice of the crystal is known
to have good two-dimensional stop-band properties
in the plane [3]. Hence this fcc structure is useful as a
substrate for planar antennas or transmission lines
operating at frequencies near the center of the first

stop band.

Metallodielectric Photonic Crystals

The stop band in the previously discussed photonic
crystals generally has a width less than 25% of the
center frequency and a maximum rejection less than
15 dB per lattice constant. The limited rejection fol-
lows partly from the fact that a significant fraction of
radiation penetrates through the dielectric cores, so
that backscattering from a given unit cell is expected
to be weaker than forward scattering. As a result, dis-
tributed scattering is effective only when several unit
cells exist along the direction of propagation.

To enhance rejection in the stop band, we can
implement a more impenetrable core consisting of a
metallic sphere. Because its dielectric constant has a
large imaginary component, a metallic, spherical core
can reflect radiation efficiently, at least at microwave
and millimeter-wave frequencies, even when it is sur-
rounded by high-permeability dielectric. For ex-
ample, a (111)-oriented fcc lattice was constructed by
stacking slabs of low-loss dielectric material of thick-
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FIGURE 3. Perspective view of an fcc metallodielectric pho-

tonic crystal (MDPC) consisting of metallic spheres, in this
case unsupported by a dielectric structure.

ness s, each slab containing a triangular lattice of
cylindrical air holes [8]. After the holes were fabri-
cated in each slab, chrome-plated steel spheres were
inserted, and the slabs were stacked in a close-packed
fashion, as shown in Figure 3.

This structure is called a metallodielectric photo-
nic crystal (MDPC) because the stop-band character-
istics depend strongly on the size of the metal spheres
as well as the dielectric constant of the supporting
structure. An important consideration in the MDPC
is that the metallic spheres in adjacent layers do not
touch. If they did touch, electromagnetic scattering
from the connected spheres would tend to differ from
that of a single sphere, and the sample would tend to
act like a three-dimensional metal-mesh structure
[10]. In a sense, the MDPC is the Babinet comple-
ment [11] of the metal-mesh crystal with the added
feature of having a support material that can be se-
lected over a large range of dielectric constant. More
important, however, is the fact that unconnected
atomic cores do not allow long-range conduction cur-
rents. Such currents contribute ohmic losses that in-
crease rapidly with frequency and make it difficult to
create effective stop bands in the infrared or visible
frequency bands.

Electromagnetic Characterization
of Photonic Crystals

Like any other passive microwave component, the
photonic crystal can be characterized by scattering



* BROWN, MCMAHON, AND PARKER
Photonic-Crystal Antenna Substrates

parameters S, particularly the transmission coeffi-
cient S, and reflection coefficient S;;, and by inser-
tion loss L, which are measured experimentally. These
parameters are defined specifically for a propagating
plane wave at incident angle 6 and for the specular
transmission and reflection angles, as shown in Figure
4. As such, these parameters are inherently a function
of frequency and, for two- or three-dimensional crys-
tals, of incident angle. At any given frequency and
angle of incidence, the scattering coefficients satisfy
Soil + ‘511‘ + L =1, as in all passive components.
For a sufficiently thick photonic crystal at frequen-
cies within the stop band, we expect the transmission
coefficient to be well below unity and the reflection
coefficient to be close to unity. At frequencies outside
the stop band, we expect the reflection coefficient to
be much lower, although not necessarily insignificant,
and the transmission coefficient to depend strongly
on the reflection and the bulk properties of the crys-
tal. We cannot be sure what the insertion loss will be
at any frequency because several factors influence it.
An obvious factor is bulk attenuation due to absorp-
tion in the dielectric material of the photonic crystal.
A less obvious factor is scattering of incident radiation
into nonspecular angles on reflection or transmission.
Such scattering can occur into free-space modes or
into confined modes in the photonic crystals, such as
evanescent modes at the air-crystal interfaces.
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FIGURE 4. Experimental setup used to measure the trans-
mission and reflection properties of photonic crystals. The
crystals are characterized by their scattering parameters,
which depend on beam frequency and scattering angle 6.
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FIGURE 5. (a) Normal-incidence transmission spectrum and
(b) reflection spectrum for the Bellcore Stycast fcc photonic
crystal. The stop band is the range of low transmission from
approximately 12 to 16 GHz.

The most important scattering characteristics of
photonic crystals used as substrates for planar anten-
nas are those along 6 = 0 because planar antennas
typically radiate most strongly along the zenith. In
this case the scattering parameters are adequately de-
termined experimentally by using feed horns in the
incident, reflected, and transmitted beams shown in
Figure 4. The feed horns create a beam larger than a
few unit cells but smaller than the lateral extent of the
sample. This experiment approximates a plane-wave
condition across a given unit cell of the crystal while
avoiding spillover effects around the edges.

Figure 5 shows the transmission coefficient 7 and
the reflection coefficient R from the Bellcore Stycast
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fcc photonic crystal at normal incidence. The stop
band is recognized as the range of low transmission
from approximately 12 to 16 GHz. Within the stop
band, the transmission is between —45 and —50 dB,
leaving the measurement just out of the instrument
noise. In the lower pass band (down to approximately
8 GHz) the transmission varies between 0 and —10
dB, and in the upper pass band it is considerably
lower.

Figure 5(b) shows that the reflection is consistent
with the expected relation R = 1 — 7. The reflection
coefficient in the stop band is unity, within the reso-
lution of the measurement. In the upper pass band,
the reflection shows a sequence of broad peaks and
sharp notches associated with longitudinal modes be-
tween the front and back facets of the sample [12].
The relatively strong reflection over these peaks
causes the reduced transmission in this pass band.

Figure 6 shows the transmission spectrum through
three lattice periods of the Lincoln Laboratory fec
photonic crystal for radiation at normal incidence.
The sample was made from nine Stycast slabs having
dimensions 0.64 X 15.2 X 15.2 cm (0.25 X 6.0 X 6.0
in). The cubic lattice constant of the sample was 1.10
cm. The stop band is readily recognized as the range
of low transmission from roughly 17.4 to 18.2 GHz.
Like most stop bands, it shows precipitous drops at
the low-frequency and high-frequency ends. Within
the stop band, two deep notches are centered between
17.5 and 18.0 GHz. The transmission associated with
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FIGURE 6. Normal-incidence transmission spectrum for the
Lincoln Laboratory fcc photonic crystal relative to transmis-
sion in free space. The stop band is the range of low trans-
mission from roughly 17.4 to 18.2 GHz.
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these notches is around —35 dB. Aside from this fea-
ture, the average transmission is about —25 dB, corre-
sponding to a bulk rejection of 7.5 dB per cubic lat-
tice constant.

The limited bulk rejection of this photonic crystal
is a practical drawback. At less than 10 dB per cm, it
takes too much material to meet the volumetric or
weight limitations of many modern microwave com-
ponents. This point is emphasized in Figure 7, which
compares the normal-incidence transmission through
a single period of the Stycast photonic crystal with
transmission through free space and through an fec
MDPC sample. In this case, the first stop band of the
Stycast crystal, centered around 17 GHz, is only
about 10 dB deep. Note, however, the strong second
stop band for the Stycast crystal centered around 23
GHz. Although this high-frequency stop band is at-
tractive for components at higher microwave and mil-
limeter-wave frequencies, most of the system applica-
tions tend to exist at Ku band and below, for which
the MDPC is an inherently superior structure.

To demonstrate this superiority, we fabricated and
measured an fcc MDPC by using the fcc Stycast crys-
tal of Figure 7 as a basis. We transformed the fcc
Stycast crystal into an fcc MDPC by inserting into
each air-atom site a chrome-plated metal sphere. Fig-
ure 7 shows a deep, wide stop band from approxi-
mately 5.5 GHz to 12.5 GHz in the resulting trans-
mission spectrum. Aside from undulations, the
average rejection across this band is approximately 20
dB, which corresponds to 11.5 dB per cubic lattice
constant. Above 13 GHz the MDPC returns to near-
complete transmission, displays some localized dips,
and then falls into another deep stop band starting at
about 19 GHz.

Two aspects of this MDPC transmission are re-
markable. First, the width Af= £, — f; of the first stop
band—approximately 74% about the center fre-
quency f. = f, + f;—represents at least a fourfold in-
crease over the stop-band width of any conventional
photonic crystal. This increase is important for mi-
crowave applications, which often require at least one
octave of instantaneous bandwidth (Af /£ = 0.67).
Second, the transmission through the MDPC sub-
strate in the first and second pass bands is near unity.
This result surprised us because the MDPC consists
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FIGURE 7. Comparison of normal-incidence transmission spectra for free space, the Lincoln Laboratory fcc
Stycast crystal, and an fcc MDPC. The Stycast crystal exhibits two stop bands, the first centered around 17 GHz
and the second centered around 23 GHz. The MDPC exhibits a deep, wide stop band from approximately 5.5 GHz
to 12.5 GHz and a second stop band centered around 21 GHz.

mostly of metal that, in the form of a slab having the
same lateral dimension, would reflect over 99% of the
incident radiation in the given frequency range.
After observing the transmission through this
MDPC, we hypothesized that the high dielectric con-
stant of Stycast may be ineffective because the scatter-
ing within a unit cell of the material is probably
dominated by the metal sphere. To test this hypoth-
esis, we fabricated a Teflon MDPC with a dielectric
constant € of 2.1 by using 1/4-in-thick slabs and
3/16-in-diameter spheres. Figure 8 shows the normal-
incidence transmission spectrum, which appears to
contain a broad stop band from approximately 14

Transmission (dB)

5 7 9 1" 13 15 17 19
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FIGURE 8. Normal-incidence transmission spectrum for a
Teflon MDPC containing 3/16-in-diameter spheres. The
spectrum shown is relative to the transmission of radiation
in free space. A broad stop band ranges from approximately
14 GHz to above 20 GHz.

GHz to above 20 GHz. This behavior corresponds to
the broad stop band in the Stycast MDPC from ap-
proximately 5.5 to 12.5 GHz. It is not surprising that
the center frequencies of the broad stop bands of the
two samples—roughly 8.7 and 18.0 GHz, respec-
tively—are in a proportion roughly equal to the ratio
of the refractive index of Stycast to Teflon, 3.45 to
1.45, respectively. Ignoring the oscillations in the
broad stop band of the Teflon MDPC, we find a
maximum rejection within the stop band of roughly
12 dB (7 dB per cubic lattice constant). This rejection
is comparable to that in conventional photonic crys-
tals, but it spans a far greater bandwidth.

Planar Antennas on Photonic-Crystal Substrates

When planar antennas are fabricated monolithically
on a semiconductor substrate such as silicon, the re-
sulting integrated circuit can be more compact and
functional than alternative hybrid circuits. High-re-
sistivity (approximately 10% Q-cm) silicon has weak
enough absorptivity (4 < 0.2 cm™) to be useful up to
millimeter-wave frequencies (>30 GHz) [13]. How-
ever, a silicon substrate has a high dielectric constant &
of 11.8, which makes the performance of a planar an-
tenna on its surface inferior to that of a similar an-
tenna in free space. The performance decrease is one
reason that air-filled antennas, such as feed horns and
helices, continue to be used in the majority of micro-
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wave and millimeter-wave applications requiring high
directive gain.

The problems associated with planar antennas on
semiconductor substrates originate in the fundamen-
tal electromagnetics of a conductor on a dielectric
surface. Figure 9(a) shows the conductor-substrate in-
terface for a generic metallic planar antenna on a ho-
mogeneous substrate having a purely real dielectric
function (i.e., no electromagnetic attenuation) repre-
sented by the dielectric constant €. The antenna has a
tendency independent of its shape to radiate more
power into the substrate than into the free space
above the substrate. The ratio of the power into the
substrate to the power into free space increases as the
dielectric constant € increases. For example, an infini-
tesimal planar dipole radiates approximately g
more power into the substrate than into free space
[14]. Thus a dipole on a silicon substrate with € of
11.7 radiates approximately forty times more power
into the substrate. A second problem is that the
power radiated into the substrate at angles greater
than the critical angle 6, = sin"'e "% is torally inter-
nally reflected at the top and bottom substrate-air in-
terfaces. For silicon, total internal reflection occurs at
6, = 17°, meaning that most of the radiated power in
many antenna structures is trapped in the substrate,
as shown in Figure 9(a).

In contrast, Figure 9(b) shows the behavior of a
planar antenna on a photonic-crystal substrate. If the
driving frequency of the antenna lies within the pho-
tonic band gap, we expect that no power will be radi-
ated into the substrate at any angle, since at every
point along the conductor-substrate interface no
propagation is allowed over the full hemisphere on
the substrate side. However, it is not clear what frac-
tion of the driving power will be radiated into the air
side, because evanescent modes still exist at the air-
substrate interface [15], and impedance mismatch
can reflect power back to the generator.

Fabrication and Measurement Techniques

We fabricated two types of planar antennas in early
studies: bow ties (i.e., long, tapered dipoles) and reso-
nant dipoles. These antennas were fabricated with ei-
ther thin copper tape attached directly to the surface
or freestanding metal shimstock abutted to the crys-
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tal. An amplitude-modulated generator with a coaxial
output port drove the antennas. Feed lines were
routed to the planar antenna with a line-stretcher-
type phase shifter added in one line to achieve a bal-
anced drive at the end. We determined the degree of
balance by adjusting the line stretcher to minimize
the power in the unused port of the hybrid.

The radiation patterns from these antennas were
measured with a compact antenna test range. The
photonic crystal was mounted on one end of the
range in a plastic mounting yoke designed to rotate in
elevation and azimuth by onboard metal gear assem-
blies. Microwave absorbing foam shielded the gears
from the photonic crystal. We measured the electric
E-plane pattern of a dipole by rotating the mounting
yoke through 180° in elevation. The mounting yoke
was then rotated 180° in azimuth to obtain the mag-
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FIGURE 9. Generic behavior of a planar antenna on sub-
strates. (a) For the homogenous substrate, the antenna
tends to radiate more power into the substrate than into the
free space above the substrate. Total internal reflection oc-
curs at angles greater than the critical angle 6,. (b) For the
photonic-crystal substrate, if the driving frequency of the
antenna is in the photonic band gap, no power will be radi-
ated into the substrate at any angle because at every point
along the conductor-substrate interface propagation does
not occur over the full hemisphere on the substrate side.
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netic H-plane pattern. The radiated power was col-
lected by a scalar receiver consisting of a pyramidal
feed horn connected to a rectangular waveguide; a
waveguide-to-coaxial transition; a distributed ampli-
fier; and a microwave detector diode. The separation
between the planar antenna and the mouth of the re-
ceiver feed horn was approximately 1.4 m. The out-
put of the diode was synchronously detected with a
lock-in amplifier tuned to the AM frequency of the
generator to enhance the measurement sensitivity.

First Planar Antenna on a Photonic-Crystal Substrate

We fabricated the bow-tie antenna as our first planar
antenna on a photonic crystal because of the
antenna’s inherently wideband behavior and non-
reactive impedance properties on homogeneous di-
electric substrates. A bow-tie antenna with a 45° flare
angle was mounted first on a homogeneous block of
Stycast that acted as the control sample, and then on
the Bellcore fcc photonic crystal. In this early experi-
ment, we paid little attention to how the driving
point of the bow-tie antenna was placed in a unit cell
or how the bow-tie antenna was oriented relative to
the crystallographic axes.

Figures 10 and 11 show the radiation patterns for
the homogeneous Stycast substrate and the photonic-
crystal substrate, respectively, in polar plots having
identical (linear) radial scales. The E-plane pattern of
the homogeneous-substrate antenna, shown in Figure
10(a), is roughly twenty times more intense along the
nadir than along the zenith. Similar behavior was ob-
served in the H-plane pattern of Figure 10(b). The
vast majority of the radiation was directed into the
substrate, as in the discussion of the previous section.

The same bow-tie antenna displayed radically dif-
ferent £- and H-plane patterns when mounted on the
Bellcore fcc photonic crystal. Figure 11(a) shows the
E-plane pattern dominated by two sidelobes, similar
to bow ties in free space, each sidelobe peaking ap-
proximately 35° down from the zenith. Figure 11(b)
shows the H-plane pattern dominated by a zenithal
lobe, also similar to a free-space bow tie. Although the
patterns are scalloped, the vast majority of the radi-
ated power is directed into the upper side of the crys-
tal. Only a small spur of radiation is seen in the pho-
tonic-crystal side, represented by the lone data point
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FIGURE 10. Far-field radiation patterns of a bow-tie antenna
on a homogeneous Stycast substrate having a dielectric
constant € of 12 for a driving frequency of 13.2 GHz. Normal-
ized power is displayed on a linear scale. (a) E-plane pattern
and (b) H-plane pattern. The E-plane pattern of the homoge-
neous-substrate antenna is roughly twenty times more in-
tense along the nadir than along the zenith. The H-plane pat-
tern shows the same behavior. Overall, the vast majority of
radiation is directed into the substrate.

in the E-plane pattern of Figure 11(a). Correspond-
ingly, the radiation along the zenith is approximately
thirty times more intense than the zenithal radiation
on the homogeneous crystal characterized in Figure
10. This experiment represents the first demonstra-
tion of a photonic crystal suppressing radiation into
the substrate and redirecting it into free space.
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FIGURE 11. (a) E-plane and (b) H-plane far-field radiation
patterns of a bow-tie antenna on a Bellcore fcc photonic
crystal having a dielectric constant of 12 for a driving fre-
quency of 13.2 GHz. Normalized power is displayed on a lin-
ear scale. The vast majority of radiated power is directed
into the upper side of the crystal. A small spur of radiation
is represented by the lone data point in the photonic-crystal
side of the E-plane pattern. The radiation along the zenith is
approximately thirty times more intense than the zenithal ra-
diation on the homogeneous crystal of Figure 10.

Further qualitative analysis of Figures 10 and 11
suggests that more total power was being radiated
into free space from the photonic-crystal substrate
than from the homogeneous substrate. We attribute
this difference in part to a better impedance match
(and hence higher gain) between the generator and
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antenna on the photonic crystal. We also attribute the
difference to the fact that a significant fraction of the
radiation directed into the homogeneous Stycast sub-
strate underwent multiple total internal reflections.
Such radiation could then have been absorbed over
the long path length or it could have been directed
into the lower-side hemisphere along angles not lying
in either the £- or H-planes and hence would not
have been measured.

Planar Dipole on Photonic Crystal Substrates

Although attractive in terms of bandwidth and im-
pedance match, the bow-tie antenna proved too frag-
ile to calibrate in free space and could not be easily
moved around on the substrate to investigate the ef-
fect of driving-point position or antenna crystallo-
graphic orientation. A better antenna for these pur-
poses, and one having a simpler intrinsic radiation
pattern, was the strip dipole. Figure 12 shows that the
overall length of the dipole equals one-half of a free-
space wavelength at the drive frequency of 17.4 GHz.
The dipole’s intrinsic patterns in the £- and H-planes,
shown in red in Figure 13, were measured while the
dipole was suspended in free space. The E-plane pat-
tern exhibits a peak intensity along the zenith (6 =
90° @=90°) and falls rapidly with 6 away from that
direction. In the H-plane the radiation intensity is
roughly constant out to an angle approximately 70°
down from the zenith, where the radiation intensity
exhibited a local peak followed by a rapid drop at
higher angles. Ignoring this effect in the H-plane,
which was most likely caused by interference with the
coaxial feed lines, we fitted the £~ and H-plane pat-
terns with the following well-known expressions for a
resonant half-wave dipole [16]:

2
For E-plane  S(6,¢9 = 90°) = §, M;
sin” 8

For H-plane S(6 =90%¢) =S, ,

where §is the radiation intensity (power per unit
solid angle) and §, is the peak value. Comparing these
expressions with the experimental curves at ¢ = 90°
leads to a value of S, = 1.89. The same expressions
yield a directivity of the free-space dipole in the
E- plane:
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FIGURE 12. Schematic diagram of a strip dipole on the top
facet of the Lincoln Laboratory fcc photonic crystal.
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which has a maximum of 1.64 at the zenith.

The dipole was then mounted on the surface of the
photonic crystal, and several different orientations
relative to the unit cell of the fcc lattice were investi-
gated. The best pattern with respect to intensity
around the zenith was obtained for the dipole
mounted with its driving point located directly over a
cylindrical air atom, and oriented along a line
through next-nearest neighbors of the surface trian-
gular lattice, as shown in Figure 12. The resulting E-
plane pattern in blue in Figure 13(a) is substantially
different in angular dependence and magnitude from
the free-space pattern displayed in the same figure.
The photonic-crystal dipole exhibits a strong central
lobe as well as secondary lobes at approximately 30°
down from the zenith and weaker tertiary lobes cen-
tered about 70° from the zenith on either side. Out-
side of the tertiary lobes, the power drops more than
10 dB below the main lobe.

With respect to radiation magnitude, the dipole on
the photonic crystal exhibited an intensity 5.5 times
greater than that of the free-space dipole at the zenith.
Because the drive conditions did not change in the
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crystal side
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in free space

-120° E-plane 120°
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FIGURE 13. (a) E-plane radiation pattern from a strip dipole
on the Lincoln Laboratory fcc photonic crystal and the same
dipole in free space for a driving frequency of 17.4 GHz. The
photonic-crystal dipole exhibits a strong central lobe as well
as secondary lobes at approximately 30° down from the ze-
nith and weaker tertiary lobes centered about 70° from the
zenith on either side. (b) H-plane radiation pattern. Al-
though roughly constant from the zenith out to approxi-
mately 20° on either side, the intensity of strip-dipole radia-
tion drops rapidly at larger angles at a rate comparable to
the intensity decay in the E-plane.

process, this intensity corresponded to a directivity D
of 9.0. Figure 13(b) shows the H-plane pattern of the
photonic-crystal dipole, which also differed substan-
tially from its free-space counterpart. Although
roughly constant from the zenith out to approxi-
mately 20° on either side, the intensity dropped rap-
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idly at larger angles at a rate comparable to the inten-
sity decay in the E-plane. The H-plane pattern also
exhibited the highest directivity observed for this
combination of dipole and photonic crystal: D =10.1
approximately 20° down from the zenith. We suspect
that feed-line interference caused the maximum di-
rectivity to occur away from the zenith.

To convert the directivity of the free-space and
photonic-crystal dipoles into radiative gain, we used
the relation

GO,9 =1-p0-A)DEO 9,

where p is the power reflectivity and A is the absorp-
tivity (the fraction of incident power that is either ab-
sorbed by the antenna element or feed lines, radiated
into a cross-polarized pattern, or radiated into surface
modes when the photonic crystal is present). We
measured the reflectivity of the antennas with a net-
work analyzer, and deduced the absorptivity from the
total radiated power. The reflectivity p was found to
be 0.16 (8.0 dB) and 0.13 (-9 dB) for the free-space
and photonic-crystal dipoles, respectively. Hence the
photonic crystal created a 1-dB improved impedance
match to the 50-Q generator.

We estimated the absorptivity A by comparing the
total radiated power to the incident generator power,
taking into account the finite reflectivity. For the free-
space dipole, we deduced the total radiated power
from the analytic expressions stated earlier in this sec-
tion and by using the measured zenithal intensity S,
to set the scale. This comparison led to 4 = 0.09 and
G(6 =90°) = 1.25. The absorptivity of the photonic-
crystal dipole was more difficult to determine because
we did not know the radiation intensity away from
the E- and H-planes. Consequently, we integrated
over the hemisphere by using the E-plane intensity
pattern in 6 for each cut in @ with a weighting factor
equal to the H-plane intensity at that gdivided by the
zenithal intensity. This technique gave us the result
A=0.08, with an uncertainty of approximately 20%
from the pattern integration. By using this absorptiv-
ity along with R = 0.13 and the values of directivity
noted above, we calculated a zenithal gain of 7.2,
which is 5.8 times that of the free-space dipole.

Similarly, we found a peak gain of 8.1 in the H-
plane 20° from the zenith. We determined by rough
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FIGURE 14. (a) E-plane radiation pattern from a strip dipole
on the Lincoln Laboratory fcc photonic crystal and the same
dipole in free space but one-quarter wavelength above a
ground plane. (b) H-plane radiation pattern for the same
configuration.

measurements that the major contribution to the
normal absorptivity was cross-polarized radiation.
Such cross-polarization was also found with the free-
space dipole. For both the photonic-crystal and free-
space cases, we attributed this effect to a slight devia-
tion from colinearity of the two dipole arms.
Realizing that a conventional photonic crystal
could enhance the zenithal intensity of a planar di-
pole in free space by as much as 5.8 times, we con-
ceived of separate experiments to validate this en-
hancement. First, a free-space dipole was combined
with a metallic ground plane, which was placed paral-
lel to the dipole strips and placed approximately one-
quarter wavelength behind the dipole. The separation
was fine tuned to maximize the zenithal intensity
measured in the antenna test range. The experimental



* BROWN, MCMAHON, AND PARKER
Photonic-Crystal Antenna Substrates

0°

-60° Ground

plane MDPC
substrate

Air side
\

—90° 90°
0 5 10 15
Magnitude (dB)
(a)
0°
Ground
plane
—60° 60°
MDPC
substrate
Air side
—90° ‘ 90°
0 5 10 15
Magnitude (dB)
(b)

FIGURE 15. (a) E-plane radiation pattern from a strip dipole
on an MDPC substrate and the same dipole in free space but
one-quarter wavelength above a ground plane. (b) H-plane
radiation pattern for the same configuration.

radiation patterns in the £- and H-planes are shown
in Figure 14. In both planes, the zenithal intensity is
approximately 5.1 times that of the dipole in free
space, which is shown in Figure 13. A fourfold in-
crease would be expected from the effect of construc-
tive interference off the ground plane. We attributed
the remaining increase to an improvement in imped-
ance match between the generator and the antenna in
the presence of the ground plane.

Superimposed in Figure 14 are the dipole patterns
with the conventional photonic crystal. In both
planes, we see that the crystal yields greater zenithal
intensity than the optimized ground plane by ap-
proximately 10%. This trend was the first indication
that something extraordinary might be occurring in
the substrate reflection process. Our hypothesis was

that the photonic crystal focuses the radiation some-
what like a curved mirror through the constructive
scattering from multiple, nonparallel Bragg planes.
The secondary and tertiary lobes in Figure 14(a) are
consistent with this hypothesis.

Next, we investigated the same strip dipole de-
picted in Figure 12 with the Teflon MDPC described
in the section “Metallodielectric Photonic Crystals.”
We wanted to determine the impact of the superior
reflectivity of the MDPC per unit length; Figure 15
shows the F- and H-plane patterns of this antenna.
Remarkably, the zenithal intensity was approximately
40% higher than that of the optimized free-space
dipole above the ground plane, meaning that the
zenithal gain was approximately 8.8, or 9.4 dB.

Another interesting feature of the strip dipole on
an MDPC substrate was the reduction in sidelobe in-
tensity, particularly in the E-plane patterns of Figure
15(a), compared to the patterns on the conventional
photonic crystal shown in Figure 14. Although theo-
retical work is still under way to explain this reduc-
tion, it is plausible that the sidelobes are small because
Bragg scattering plays a much weaker role in the
MDPC substrate. Instead, most of the scattering am-
plitude, and hence the attenuation per unit length,
arises from scattering within a unit cell. As we discuss
next, at least part of the unit cell scattering is Mie
scattering from the atomic core (i.e., metal spheres).

We intuitively expect that the superior gain of the
MDPC substrate must be related to the fundamental
differences in electromagnetic scattering between di-
electric and metallic materials. In the simple case of
spherical geometry, research earlier in this century
demonstrated that dielectric and metallic spheres
both exhibit little effect on electromagnetic radiation
at wavelengths much greater than the diameter of the
sphere. As the wavelength decreases, both types of
spheres begin to scatter much more efficiently. In fact,
the scattering cross section o varies with wavelength A
as 1/2%, according to Rayleigh’s well-known relation.
What distinguishes dielectric from metallic spheres is
the strength and direction of the scattering. For a di-
electric sphere, the total amount of scattering at a
given wavelength is always much weaker than for a
metal sphere of the same diameter. Furthermore,
Mie’s work showed that at wavelengths slightly
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greater than the sphere diameter, most of the radia-
tion scattered from dielectric spheres goes into the
forward hemisphere [17]. In contrast, at the same
wavelength condition on metallic spheres most of the
scattering occurs into the reverse hemisphere, even
though there is a small Mie effect.

Another relevant result of Mie’s work was that the
scattering cross section o approaches a maximum
when the wavelength satisfies the condition nd/A = 1,
where A = A /n is the wavelength in the dielectric me-
dium (for refractive index 7) immediately surround-
ing the sphere of diameter 4, and A is the wavelength
in free space. For example, we consider the Teflon
MDPC substrate used for the above antenna experi-
ments in which @ = 3/16 in, and # = (2.1)""%. In this
case, we find a Mie frequency of ¢/ndn = 13.8 GHz,
where ¢ is the speed of light. This prediction agrees
with the low-frequency edge of the experimental stop
band discussed earlier.

Summary

The existence of a three-dimensional stop band in
photonic crystals enables the unique application of a
photonic crystal as a planar-antenna substrate because
antennas naturally behave like three-dimensional ra-
diators. In addition, the fact that the reflection is dis-
tributed means that the antenna does not short out at
the driving point, as do planar antennas mounted di-
rectly on metal. Two types of photonic crystals have
been shown to work in this way: (1) conventional
(all-dielectric) crystals and (2) metallodielectric pho-
tonic crystals.

We demonstrated that a strip dipole on both types
of crystals radiated far more intensely at the zenith
than in free space, with only 10% of the radiation at-
tributable to a better impedance match to the genera-
tor. Clearly, this enhancement is attributable to con-
structive specular reflection from the photonic crystal
in the same fashion that a roughly fourfold enhance-
ment occurs for a filamentary dipole placed at a quar-
ter-wavelength distance above a ground plane. How-
ever, our work has shown that different photonic
crystals carry out this reflection in different ways. The
conventional photonic crystals appear to rely more on
distributed scattering from Bragg planes. In contrast,
the metallodielectric structures rely more on local
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scattering within a unit cell of the crystal. Detailed
understanding of these reflection processes must wait
for thorough theoretical and analytical efforts. We
can already say that the performance in terms of ze-
nithal substrate gain is good enough to warrant con-
sideration in microwave and millimeter-wave applica-
tions, particularly those which require or profit from
the implementation of planar antennas on substrates
with high dielectric constants such as gallium ars-
enide or silicon.
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