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the present equivalence can be intended as a way to reduce AI into
a line integration.

Finally, we recall that PO is a constitutive part of incremental
theories such as the physical theory of diffraction (PTD) [4] and
the incremental theory of diffraction [5]. Therefore, the above equiv-
alence allows to complement either AI or PO by the same fringe
contributions [6], [7].
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Photonic Band-Gap Materials for
High-Gain Printed Circuit Antennas

Hung-Yu David Yang, Nicolaos G. Alexopoulos,
and Eli Yablonovitch

Abstract—It is found through a vector integral-equation analysis and
the reciprocity theorem that the gain of a microstrip antenna can be
greatly enhanced with a photonic band-gap (PBG) material layer either as
the substrate or the superstrate. The beam angle is found to coincide with
that of a leaky-wave mode of a planar-grating structure. This observation
suggests that high gain is due to the excitation of strong leaky-wave fields.

Index Terms—Photonic band-gap, printed antennas.

I. INTRODUCTION

In recent years, photonic band-gap (PBG) materials [1] have drawn
significant attention in physics and engineering for their analogy
to a semiconductor crystal where there exist electron band gaps.
A PBG material or photonic crystal is an artificial material made
of periodic implants within a surrounding medium. Electromagnetic
wave propagation through such a medium is affected by the scattering
and diffraction properties of the periodic elements. Planar periodic
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Fig. 1. An elementary printed antenna on a PBG substrate.

Fig. 2. An elementary printed antenna with a PBG overlay.

printed conducting strips or patches on materials have already had
important applications in frequency selective surfaces. Since electro-
magnetic waves can be highly directional with the PBG materials, it is
conceivable that antennas with PBG materials will have many unique
characteristics [2], [3]. One of the disadvantages of printed circuit
antennas is low gain—typically about 6 dB. It had been demonstrated
that the use of multiple periodic layers on top of a microstrip antenna
results in significant gain enhancement [4], [5]. This phenomenon
was later explained with a leaky-wave theory [6]. The geometry can
be treated as a printed antenna structure with a one-dimensional PBG
material overlay. This observation leads us to believe that the use
of planar PBG materials may enhance printed-antenna gain. Periodic
implants placed along the vertical direction of a microstrip structure
may result in a device too thick for practical microstrip applications.
Planar periodic implants on layered structures are preferred.

The aim of this letter is to demonstrate a gain enhancement
method for printed antennas through the use of a PBG material
made of planar arrays of rectangular blocks within dielectric layers.
A three-dimensional full-wave integral-equation method [7]–[9] in
conjunction with a reciprocity theorem is used to determine the far-
zone fields due to an elementary current source (a Hertzian dipole)
within such structures. Although we consider only the radiation due
to an infinitesimal current source, the resulting radiation patterns
describe the general features of radiation from printed antennas.

II. A NALYSIS AND RESULTS

General radiation characteristics of printed antennas can be ob-
tained by investigating the far-zone fields from an elementary current
source. In this letter, we consider two microstrip structures: a Hertzian
dipole on a PBG substrate as in Fig. 1, or on a dielectric substrate
with a PBG overlay, as shown in Fig. 2. The PBG material layer
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Fig. 3. Directivity pattern of an elementary dipole on a square-lattice PBG
substrate.F = 28 GHz, h = 1 mm, a = 5 mm, L = 3 mm, "1 = 10, and
the block depth is 1 mm.

considered is made of a dielectric slab with planar square gratings
(square air implants). A complete photonic band gap exists when both
sides of the layer are coated with conductors, and only a partial band
gap exists when conductor is on only one side of the layer. To obtain
the far-zone fields for the structures in either Fig. 1 or 2, we may use
reciprocity to avoid obtaining the complete field solutions. According
to the reciprocity theorem, the far-zone fields of the structures in
Fig. 1 or 2 are the same as the fields at the dipole location due to
a plane wave incidence. If the dipole is in thex̂ direction, thenE�

at the far zone is the same as theEx at the dipole location due to
a �̂ polarized (TM) incident plane wave. Also,E� field at the far
zone is the same as theEx field at the dipole location due to â�
polarized (TE) incident plane wave. The analysis of a plane-wave
incident on a layered structure with planar material gratings was
developed recently with a three-dimensional integral-equation and
moment-method approach [7]–[9]. In the analysis, the displacement
currents within the material blocks are discretized into sets of pulse
functions and are treated as secondary sources for the scattered fields.
This analysis is readily applied to find the far-zone fields due to an
Hertzian dipole.

The complete field expression for the microstrip structure is in
terms of a continuous plane-wave spectrum. With planar mate-
rial gratings, there may exist three different propagating waves.
Space waves and surface waves are similar to those in conventional
microstrip structures and can be found from the method of steepest-
descent and a pole-extraction method, respectively. Leaky waves
are due to the periodic nature of the planar grating structure. The
surface wave (bound wave) is a slow wave with normalized phase
constant�=k0(k0—the free-space wave number) that increases with
frequency. When frequency increases (wave length� decreases) to
a point that the condition�=k0 � �=a� 1 holds, this bound wave
becomes a leaky wave which is a fast wave for�1 space harmonic
with a complex propagation constant. The far-zone radiated fields
are due to the combination of space wave and leaky waves. The
energy carried by bounded surface waves that propagate laterally
is considered a loss. Antenna directivity, gain, and efficiency are
determined by the energy distribution among these three propagating
waves. Antenna efficiency can be maximized by partial elimination
of the bound surface wave within certain directions (partial band-
gap). For high-efficiency antennas, directivity and gain are about the
same and are determined by the energy distribution between the space
and leaky waves. Leaky-wave radiation pattern is highly directive
in contrast to the low directivity of the space wave. To achieve
high-antenna gain, it is necessary to excite a strong leaky wave.

An example of the results for radiation from the PBG substrate
(Fig. 1) is shown in Fig. 3. Significant gain enhancement is found

Fig. 4. Directivity pattern of an elementary dipole on a square-lattice PBG
overlay.F = 28 GHz,h = 1 mm,a = 5 mm,L = 3 mm,"1 = 10; b = 1:5

mm, "s = 2:2, and the block depth is 1 mm.

(14.5 dB at 37�) in the E plane. The beam angle coincides with that
of a leaky-wave mode [7], [8]. It is observed that the gain decreases
and the beam angle increases with increasing� angle (up to 90�, from
E to H plane). As the� angle approaches 90�, the leaky-wave field is
much weaker than the space-wave field and no gain improvement is
observed (the H-plane pattern is shown in Fig. 3). This observation
is generally true for antennas on a thin PBG substrate. In contrast,
for a microstrip antenna with a PBG overlay it is possible to have
significant gain enhancement in the H plane (15-dB gain at a 27�

beam angle), but not the E plane. The results of the directivity patterns
are shown in Fig. 4. A particular plane (� cut) with the strongest
leaky-wave fields is determined by the arrangement of substrate and
superstrate configuration. The antenna location relative to the air
blocks has a significant effect on the antenna gain. Fig. 3 shows the
radiation patterns for the dipole at the center of the dielectric veins
and Fig. 4 for the dipole at the center of an air block. Several design
guidelines can be drawn from the analysis. The thicker the air blocks
are, the stronger the leaky wave and the higher the gain is. For a
given frequency and material with a fixed-unit cell, larger air blocks
correspond to a larger beam angle (measured from the broadside). It
was observed in [8] that there may exist partial band-gaps for leaky
waves. In other words, there may exist a range of directions where
a leaky-wave is prohibited. This implies that the gain enhancement
can be designed for a particular range of� angle.

III. CONCLUSION

In this letter, we demonstrated that the gain of a printed circuit
antenna can be greatly enhanced with a PBG materials either as
a substrate or superstrate. Three-dimensional integral-equation so-
lutions for a scattering problem in conjunction with the reciprocity
theorem were used to determine the antenna directivity patterns. It
was found that significant gain enhancement is achieved by exciting
strong leaky waves through proper designs of the planar periodic
material structure. It was also found that the high-gain patterns (or
strong leaky waves) occur only at certain� angles.
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The Tab Monopole

J. Michael Johnson and Yahya Rahmat-Samii

Abstract—A new, compact, broadband printed antenna called the tab
monopole is described. The tab monopole is a small antenna designed pri-
marily for applications requiring antennas that can be readily integrated
with printed circuit boards. The tab monopole is smaller than a quarter
wavelength in size but provides a 2 : 1 VSWR bandwidth of greater than
50%. MeasuredS11 and gain patterns are provided.

Index Terms—Printed antennas.

I. INTRODUCTION

The recent, unprecedented increase in wireless mobile telephone
usage and the subsequent explosive proliferation of related wireless
mobile telecommunication systems has necessarily created a strong
interest in compact, easily manufactured antennas to support these
systems. The standard monopole is probably the most widely used
antenna on existing mobile telecommunication applications, with
the axial-mode helix coming in a close second. These two antenna
types are simple to manufacture but they are not particularly easy
to integrate into handset or mobile terminal cases, and they have
relatively narrow operational bandwidths. Therefore, planar antennas,
particularly printed circuit antennas, are of considerable interest for
modern applications. While1=4� and1=2� patch antennas [1] have
been used in a wide variety of systems, their size relative to the
mobile terminal and handsets often makes these antennas undesirable
for modern mobile applications. Attempts to produce antennas that
are more compact than these standard patch designs have produced
antennas such as the planar inverted F antenna (PIFA) [2], [3]
and patch designs utilizing high-dielectric constant substrates. While
smaller than the traditional patch antennas, these antennas generally
offer no more bandwidth and can be difficult to manufacture in
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Fig. 1. Photograph of a printed tab monopole with a grounded coplanar
waveguide line feed.

Fig. 2. Dimensions of the prototype tab monopole with dimension given in
inches.

production. This paper reports on a newly developed planar antenna
called thetab monopolefeaturing broadband operation that can be
readily manufactured in a printed-circuit configuration.

II. TAB MONOPOLE DESIGN

The tab monopole consists of a subwavelength tapered radiating
element fed by a suitable transmission line feeding structure and
situated above a planar ground plane. A photograph of a printed-
circuit version of a prototype tab monopole is provided in Fig. 1.
The nametab monopolewas chosen to distinguish this new antenna
from existing printed-monopole designs.

The tab monopole evolved from attempts to reduce the size
and increase the bandwidth provided by existing printed monopole
designs. The size of the tab monopole element is approximately
0.12-� high and 0.22-� wide, with a 20–40� taper where� is the
free-space wavelength at the design-center frequency of 2.6 GHz.
Exact dimensions of a prototype 2.6-GHz tab monopole are given in
inches in Fig. 2. The prototype element is fed by a grounded coplanar
waveguide line. A variety of other feeding configurations are possible
including microstrip, stripline, and coax. Numerous metalized vias
connecting the front and back ground planes are used in the prototype
tab monopole (shown in Fig. 1) to suppress spurious parallel plate
modes that are known to occur in the grounded coplanar waveguide.
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