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Abstract—By fabricating a resonant slot over a reflecting circuit applications, particularly for use as reflectors in planar
back plate and filling the resulting parallel-plate with an ap-  dipole antenna structures [5]-[10]. Recent numerical work

propriately designed artificial electromagnetic bandgap (EBG) i getermining theoretical bandgaps for planar microwave
structure, noticeable enhancements in both radiation pattern and

bandwidth are achieved using a significantly lower profile than ant_enna applications has been done by_ \_(zﬂ'ngal. [11],
traditional designs. This design uses a two-dimensional artificial While Leung et al. [12] measured the radiation patterns of
EBG substrate in conjunction with a reflecting plate to completely a slot antenna placed on a layer-by-layer PBG crystal. For
block radiation from the backside of the slot from propagating planar antennas operating at a frequency in the bandgap of
to the_ finite edges of the resulting parallel-plate cavity. Measured the three-dimensional PBG crystal, energy which would have
and simulated data for conductor-backed slots with homogeneous b diated into th bstrat L flected. H t th
substrates and with EBG substrates are compared. : een radiaied Into the substrate 1S re. ected. F)W_e\(er, at the
interface between the PBG and the air, the periodicity of the
PBG is broken and a parasitic mode (surface state) can exist.
These surface states decrease the efficiency by stripping power
away from the radiating element.

|. INTRODUCTION By fabricating the slot over a reflecting back plane and

LECTROMAGNETIC bandgap (EBG) materials ardilling the resulting waveguide with an appropriately designed
Efound to have unique properties that are advantaged%@e structure, noticeable enhancements in both radiation
in applications involving semiconductor integrated circuitPaltérn and bandwidth can be achieved while maintaining
Such materials offer the possibility of changing the physic§i€ low profile. Traditional designs typically place some type
properties of substrates used in fabricating planar circuits. % reflecting surface or cavity behind the slot in order to
number of applications for such materials can be imaginéﬁduce _baCkS|de rao_llat|on and increase the gain. Unfortunately,
including dielectric mirrors, resonant cavities, higep 'ncreasing the profile of the slot negates one advantage of
filters, and frequency-selective surfaces (FSS’s). Early wolle Planar radiating element. In addition, placing reflecting
by Yablonovitch [1] successfully demonstrated that "gl.ﬁ.u.rfaces behind th(_e slot redyces the efﬂuepcy by creating para-
propagation could be inhibited in certain frequency gaps FIC ques and using a cavity-backed design often necessitates
special photonic bandgap (PBG) crystals. Preliminary resuftfowing the bandwidth. If the slot antenna is backed by a
suggest that microwave and millimeter-wave frequencies cAlftal plate to increase the front-to-back ratio, parallel-plate
also be manipulated by carefully designing and fabricatirYﬁﬁvegu'de (PPW) modes will be excited, both decreasing the

EBG structures composed of regions of differing dielectrigiliciency and distorting the pattern. The theory and design of
constants. the EBG structure used in our application to minimize these

The seminal work that kindled excitement in recent PR@roblems is developed in Section Il. The folded-slot antenna
research can be found in [1]. Excellent reviews of ppéesign a_md fabrication is outlined in Section IIl. Observations
research carried out before 1994 can be found in specf@ncering the performance of the EBG structure (crystal) and
issues of [2] and [3]. Recently, a book by Joannopould§ use for backing _slot antennas is detglled in Section V. This
et al. outlining photonic band theory and covering a wid@aPer concludes Wlth _general observat|or_13 about Fhe usefulness
range of photonic crystal applications was published [4]. gnd po§S|bIe applications for these special materials presented
number of researchers have recently begun to design ellftSection V.
tromagnetic crystal structures for use in planar antenna and

Index Terms—Electromagnetic crystals, parallel-plate mode
reduction, photonic bandgaps, slot antennas.

Il. EBG THEORY AND DESIGN
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Fig. 2. Simulated (HFSS) transmission spectra FotX (left) and T'-M
(right) directions and calculated (MoM) band diagram (center) of a
two-dimensional EBG witha = 1.2 cm, b = 4.8 mm, ands, = 10.2

for TM polarization.

Fig. 1. Conductor-backed folded slot with EBG substrate.

characterize a finite EBG crystal, a finite number of periods

cutoff frequency will propagate. Since the propagation charagust be simulated accurately. The periodically dielectric-
teristics of the TEM mode of the resulting waveguide are vepgaded parallel-plate is simulated using Hewlett-Packard’s
similar to the propagation characteristics of a uniform plangmmercial FEM simulator HESS. From image theory, the
wave propagating normal to the axis of a two-dimensiongdds are imaged infinitely in height by using a perfect electric
structure, the EBG crystal can be modeled as a periodic ar@hductor (PEC) boundary and infinitely in width by using a
of infinite dielectric rods in free space [14] The die'eCtri(berfect magnetic conductor (PMC) boundary located one-half
rods are excited by a TEM wave propagating in a directiqinjt cell away from the center of the rods. A single TEM
transverse to the Cylinder axis with its electric field parallehode is produced by keeping the Separation distance between
to the cylinder axis, thus inducing an electric current witthe plates less than half the guide wavelength. To justify
an axial component only. The dielectric rods are replaced Byplacing the traditional circular rods by square rods in our
equivalent (polarization) volume currents and the total fielghplication, a variety of simulations were run. The simulations
is determined as the sum of a time-harmofit-*) incident take between four second&<X direction of the reduced
field due to radiation from a known source and a scattergflillioun zone for a square lattice) and eight seconbsi{
field that is due to radiation by the equivalent currents inducegtection) per frequency point for five periods on a 400-MHz
in the dielectric by the incident field. One can formulate apentium Il PC. Since the speed of the simulation is so rapid,
electric-field integral equation (EFIE) [13] to determine thgBG crystals for use in this application can be repetitively
equivalent currents, and the MoM is used to numerically sol¢signed and validated quickly. For our EBG material at
the resulting matrix equation [15]. The bandgaps determingsk center frequency of the bandgap, 3—-4 periods produce
from the code have been verified with similar gaps in thémnidirectional attenuations of at least 20 dB and upwards
published literature [16]. of 45-dB attenuation in specific directions (Fig. 2). For the

For a simple two-dimensional periodic array of dielecF—X direction configured with square rods/a = 0.4), the
tric square cylinders, the geometrical parameter combinatiagénter frequency of the lowest gap is 8.5 GHz. Forh&
(a,b) and electrical parameter combinatiofss.) of the di- direction configured with circular rodél/a = 0.4) whered
electric posts produce the desired passbands or stopbands [§7he diameter of the rod andis defined earlier, the center
Although some early two-dimensional PBG research focusg@quency of the lowest gap is 5% higher at 9.0 GHz. It is also
on using circular rods, square rods of commensurate size gfgerved that the 10-dB bandwidth of the square rod gap (4.0

chosen to simplify the formulation and fabrication. A squargHz) is 5% smaller than the circular rod gap (4.7 GHz).
lattice is chosen over traditional triangular or honeycomb

lattices—for parallel (TM) polarization, the square lattice of

dielectric columns in air produces a larger gap for relatively IIl. SLOT ANTENNA DESIGN AND FABRICATION

lower frequencies [18], [19]. At the frequencies of interest, A conductor-backed folded slot with a homogeneous sub-

where the rod spacings are fractions of a wavelength, tbgate was designed initially to provide an acceptable match

only bandgap of interest is the lowest band. The lower thehen center fed. Preliminary work using thig,/2 refer-

lowest frequency band, the more applicable the EBG structwrce slot revealed the difficulty in matching the high input

is for compact circuit applications. In order to achieve mmpedance of the slot to the coaxial feed. Consequently, the

useful stopband, a large (ideally, infinite) number of periodsngle \,/2 slot was replaced with a foldel, slot. Note that

are required. However, significant attenuations can still keesimilar impedance could also have been achieved using a

achieved using only a small number of periods by designirigll A, slot. Not only is the), slot easier to match to the

an appropriate EBG crystal. Our structure is designed to hawgut impedance of the coaxial feed than thg/2 slot, but it

a omnidirectional stopband between 7.5-10 GHz by using talso has increased bandwidth.

combination of unit cell sizez = 1.2 cm, dielectric cell size  For the EBG-backed folded slot, the EBG material designed

b = 4.8 mm, and relative dielectric constant = 10.2. in Section Il is placed between the slot and back plates. In
In parallel to the MoM solution for an infinite bandgapprder to design the slot antenna for optimal performance, the

finite-element simulations have been implemented to corradlet is designed to resonate inside the designed bandgap. When

orate the band structure of a realizable EBG structure. Tiee folded slot design is integrated with the EBG crystal,
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Fig. 4. Measured and simulated frequency response of conductor-backed slot

with EBG substrate.

unwanted modes or a shifting of the slot resonance. In the same
figure, the simulated EBG-backed folded slot determined by
a finite-element simulation finds a resonance slightly below
Fig. 3. Top view of conductor-backed folded slot design with EBG substra@ ) GHz. The 4% difference between the simulations and
(e = 1.2 cm, b = 4.8 mm, ands,, = 10.2) where slot dimensions in . . . e . . .
parentheses refer only to the reference slot design. the experiment is due to the simplifications introduced in the
structure analyzed by HFSS to reduce computer memory and

as shown in Fig. 1, the energy from the slot is couplegMulation time.

into the parallel-plate mode that is then stored in the EBG
crystal lattice, loading the slot inductively. Consequently, an
off-center feed is used to provide a better impedance match. Simulations of coaxially fed slots in a metal plate in free
A reference folded slot of length 14.3 mm and width o§pace have relatively large 10-dB bandwidths on the order
2.0 mm (shown in Fig. 3) was fabricated using wet etchingf 10%—-15%. However, since the slot radiates equally into
on a square copper clad RT/Duroid substrate with dielecteach half-space, the front-to-back ratio is 0 dB. Simulations
constant of 2.2, a 127-mm (5 in) edge length, and a thicknesfsa reflector-backed slot with a absorbing boundary condition
of 1.65 mm (65 mil). The “half-wave” reference slot wasat the edges of the resulting cavity, effectively modeling an
then center fed using a simple coaxial line [20]. Note thatfinite parallel-plate, yields a 10-dB bandwidth of 30%. The
the reference slot is simply a truncated conductor-backed dige bandwidth is the result of the slot radiating most of its
with a homogeneous dielectric substrate. The slight differenpewer into the infinite waveguide. If a finite metal plate is
in size of the two slots allows for resonances at equivalensed as a reflector, the front-to-back ratio is increased, but the
frequencies. energy trapped in parallel-plate modes radiates at the edges
An EBG-backed folded slot of length 18.0 mm and widtlof the finite ground degrading the pattern significantly. Notice
of 2.0 mm, similar to the reference folded slot was fabricatdte classic interference pattern (7—8 dB “dips” in the pattern),
using wet etching on a square copper clad RT/Duroid substragported earlier [21] to be caused by the radiation from the
with dielectric constant of 2.2, a 127-mm (5 in) edge lengtiedges of the finite ground, can be clearly seen in the pattern
but a thickness of only 127m (5 mil). The thin substrate for the reference in Fig. 5. Some suppression technique must
was then bonded to a square copper-clad RT/Duroid substriageimplemented to eliminate this parasitic radiation.
with dielectric constant of 10.2, a 127-mm (5 in) edge length, In order to reduce the effects of the finite ground, a number
and a thickness of 2.54 mm (100 mil), which had beeof suppression techniques are known, including integrating
previously milled as shown in Fig. 3. A small amount othe antenna on a substrate lens [22]. Although useful for
dielectric & 10 mil) was left on the lower plate in order toproviding unidirectional radiation patterns by suppressing sub-
provide some stability for mounting the slot plate. Simulationstrate surface-wave formation, the lenses are not low profile.
have shown that the remaining small amounts of dielectr@avity-backed slots are another effective method of increasing
(10%—-20% of the total substrate height) on the back platee front-to-back ratio. From a simulation of /4 cavity-
change the center frequency and attenuation per periodbaficked slot [20], the 10-dB bandwidth was found to be 7.5%.
the bandgap negligibly. To provide more support to moumtowever, this cavity-backed design, much like a lens, is not
the slot plate, material at the outer edge of the substrd¢ev profile. Recently, Leunget al. fabricated a slot on a
was not milled, as can be seen in Fig. 3. Simulations hasgnthesized three-dimensional metallic PBG crystal composed
shown that this supporting material does not significanthyf alternating layers of thin metallic rods. Unfortunately, the
affect the performance of the slot (see Section IV). Thesponse of the slot is very sensitive to the placement of
fabricated EBG-backed folded slot design resonates at 9.4 dhe slot over the rods. Gains of 2-3 dB were reported with
9.6 GHz (Fig. 4). Unfortunately, difficulty in bonding the slotiow cross-polarization levels for specific slot locations and
plate to the EBG substrate may have introduced additiorfat narrow frequency bands. The bandwidth and frequency

IV. RESULTS AND DISCUSSION
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Fig. 5. Measured normalized- and H-plane antenna patterns (co- and

x-pol) of reference slot at 9.7 GHz. Fig. 7. Measured normalized- and H-plane antenna patterns (co- and
x-pol) of conductor-backed slot with EBG substrate at 9.7 GHz.
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Fig. 6. (a) Evanescent field structure inside EBG-backed substrate and (b)
traveling-wave mode in homogeneously filled parallel plate.

response of the antenna was not reported. Although the three- 150 150
dimensional PBG crystal acts as a good reflector, it does not .
enhance the transmission signal as much as was expected ©— E planc (EBG)

. . .. . —v— E plane (reference)
[12]. As was mentioned earlier, parasitic surface states, which

reduce the radiated power, can exist when the periodicity 0f@. 8. Measured normalizeB-plane antenna patterns (co-pol) of the ref-
three-dimensional EBG is broken. The design presented herefignce slot and conductor-backed slot with EBG substrate at 9.7 GHz.
uses a two-dimensional EBG crystal in conjunction with a

reflecting plate to completely block radiation from the backside ) ]
of the slot. bandgap of the two-dimensional EBG, the parallel-plate TEM

The field distribution inside a slot-fed finite parallel plate i§"°de will be trapped in the EBG crystal lattice. An effective
similar to that of a slot-fed metallic cavity with PMC edgefavity is formed since the energy in the parallel-plate mode
boundaries. Reflections from the edges of the PPW effdg-reflected back to the radiating slot (Fig. 6). As mentioned
tively create an over-moded cavity. This parasitic radiatigpfeviously, the supporting material remaining at the edge of
from the edges is dependent on the mode that is formedtil¢ substrate does not affect the performance of the slot.
the cavity. Energy leakage from the substrate through tfh&e removed material was replaced with a metallic boundary
edges of the cavity manifests itself in unwanted effects sughndition and the simulations were repeated. No significant
as reduced front-to-back ratio, reduced efficiency, increaseiange in field strength or structure was observed. The EBG
cross-polarization level, and pattern distortion, as shown in thtfucture has two benefits over traditional metallic cavities.
reference antenna pattern of Fig. 5. This effect is eliminat®éthmely, the reflection from the cavity boundaries can be
when the specially designed periodic EBG crystal is addetbntrolled—adding more layers of EBG material around the
If the slot is designed to radiate at a frequency inside tlsot will increase the reflectivity of the boundaries—and the
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boundary conditions of the resulting effective EBG cavity arg7] E. R. Brown and O. B. McMahon, “High zenithal directivity from a
frequency dependent. dipole antenna on a photonic crystafppl. Phys. Letf.vol. 68, no. 9,
N pp. 1300-1302, Feb. 1996.
As can be clearly seen in Fig. 7, the EBG-backed slot ha@] M. P. Kesler, J. G. Maloney, B. L. Shirley, and G. S. Smith, “Antenna
a front-to-back ratio of over 15 dB. Low cross-polarization  design with the use of photonic band-gap materials as all-dielectric

levels were measured in both tfz and H-planes. The 10-dB E?;a{7ff'§|c‘°rsl'$ggrowa"e Opt. Technol. Leftvol. 11, no. 4, pp.
. . —. y ar. .
bandwidth is measured to be 7.5%—lower than that of th@) m. m. sigalas, R. Biswas, and K.-M. Ho, “Theoretical study of dipole

single planar slot. Notice the antenna patterns are similar to antennas on photonic band-gap materialjtrowave Opt. Technol.

that of a slot in an infinite ground plane; the significant 7§, Ih_Aeni\'AVosligg?ésnoﬁz4]3?3?&;;12305(320& Nov. 1995. Leung, R. Jacobs-

dB “dips” in the reference slot pattern are decreased to 2—3" woodbury, B. Laogh, S. Nielsen, S. McCalmont, G. Tuttle, and K.-M.
dB in the EBG-backed slot pattern (Fig. 8). The predicted Ho, “Dipole antennas on photonic band-gap crystals: Experiment and

directivity for a slot in infinite ground is approximately 1.1 jm‘é'altg’g% Microwave Opt. Technol. Leftvol. 15, no. 3, pp. 153-158,

(0.60 dB) [20]. For a slot mounted over a back plane, the1] H.-Y. D. Yang, N. G. Alexopolous, and E. Yablonovitch, “Photonic
directivity can be effectively doubled to approximately 2.3 bandgap materials for high-gain printed circuit antenn#sEE Trans.

. . . Antennas Propagatvol. 45, pp. 185-187, Jan. 1997.
(3.6 dB). The directivity of the EBG-backed folded slot i 12] W. Y. Leung, R. Biswas, S.-D. Cheng, M. M. Sigalas, J. S. McCalmont,

estimated to be 2.8 (4.5 dB) by numerical integration of a full = G. Tuttle, and K.-M. Ho, “Slot antennas on photonic bandgap crystals,”

-di i i IEEE Trans. Antennas Propagatol. 45, pp. 1569-1570, Oct. 1997.
two dlmen_5|onal pattern. The galn of the an_tenna Was. f.ound[ﬁ%] J. D. Shumpert, T. Ellis, G.nggebeiz, aﬁg L. P. B. Katehi, “Microwave
be approximately 3F¥0.2 dB, yielding an estimated efficiency and millimeter-wave propagation in photonic band-gap structures,”
of between 80%—90%. Univ. Michigan Ann Arbor, Ann Arbor, MI, Radiation Lab. Rep. RL-

953, Oct. 1997.

[14] A. A. Maradudin and A. R. McGurn, “Photonic band structure of a
truncated, two-dimensional, periodic dielectric mediurd,”Opt. Soc.
V. CONCLUSIONS Amer. B, Opt. Physvol. 10, no. 2, pp. 307-313, Feb. 1993.

i ; ; ] R. F. Harrington,Field Computation by Moment MethadsMalabar,
Although relatively large substrates were used in this papér FL: Kreiger, 1093,

to demonstrate the usefulness of the conductor-backed foldes] H.-v. yang, “Finite difference analysis of 2-D photonic crystalEEE

slot with EBG substrate, similar results can be 0btained7] Lra\\r;s.YMicrosfvzleveCTheorydTechlch}II.Névté pKl' 2688l—2695,AD¢C- 199|6-
. . g . . .-Y. Yang, J. A. Casteneda, and N. G. Alexopolous, “An integral equa-
using 5|gn|f|cantly thinner substrates. Consequently' very “tt[é tion analysis of an infinite array of rectangular dielectric waveguides,”

power is lost to substrate modes. This is very desirable for |EEE Trans. Microwave Theory Techvol. 38, pp. 873-879, July 1990.
applications involving packaging, such as layered circuits 68l P. R. Villeneuve and M. Pié “Photonic band gaps in two-dimensional

. . . . square lattices: Square and circular rod®¥s. Rev. B, Condens. Matter
vertical integration of components, particularly where ground- 5“5 10 "g pp. 4973-4975. Aug. 1992.

plane proximity is a concern. In addition, the cavity resultingt9] R. D. Meade, O. Alerhand, and J. D. Joannopouldandbook of

from the EBG crystal is frequency dependent and tunablg,, Photonic Band Gap Materials Belmont, MA: JahTex, 1993.
Above and below the bandgap, the EBG structure allowsi] s. v. Robertson, L. P. B. Katehi, and G. M. Rebeiz, “A planar quasi-

energy to propagate through Virtually unimpeded_ In the center optical mixer using a folded-slot antenndEEE Trans. Microwave

o ; ; Theory Tech.vol. 43, pp. 896-898, Apr. 1995.
of the gap, the EBG structure is virtually impassible. Near t'}EZ] D. F. Filipovic, S. S. Gearhart, and G. M. Rebeiz, “Double-slot antennas

band edges, proper design could further increase the bandwidth on extended hemispherical and elliptical silicon dielectric lend&EE
of this antenna by decreasing the attenuation per period or by Trans. Microwave Theory Techvol. 41, pp. 1738-1749, Oct. 1993.
allowing specific modes to propagate unattenuated. Research
and design using PBG and electromagnetic crystal materials
continues at a rapid pace and promises new microwave and

millimeter-wave designs and applications.
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