Optimized dipole antennas on photonic band gap crystals
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Photonic band gap crystals have been used as a perfectly reflecting substrate for planar dipole
antennas in the 12—-15 GHz regime. The position, orientation, and driving frequency of the dipole
antenna on the photonic band gap crystal surface, have been optimized for antenna performance and
directionality. Virtually no radiated power is lost to the photonic crystal resulting in gains and
radiation efficiencies larger than antennas on other conventional dielectric substral®950©
American Institute of Physics.

Photonic band gap crystals have emerged as a new clapattern confined to free-space. Subsequently, they improved
of periodic dielectric structures where propagation of electhe directionality of a dipole antenna by placing it on high-
tromagnetic(EM) waves is forbidden for all frequencies in and low-dielectric surfaces of their PBG crystal.
the photonic band gapThe diamond structure was theoreti- In this letter we demonstrate several advantages of a
cally predicted to have a full three-dimensional photonic dipole antenna on the surface of our layer-by-layer PBG
band gap(PBG). A three-cylinder structure with diamond crystal, constructed with stacked alumina rédbat has a
symmetry fabricated by drilling techniques first full three-dimensional photonic band gap between 12 and 14
demonstratetithe photonic band gap at microwave frequen-GHz—a frequency range offering ease of measurement.
cies. The lowa State group desigfea alternative layer-by- A thin copper dipole antenna was patterned on a 0.031
layer crystal structure that is easy to fabricate and has a fuin. thick Duroid/5880 sheetef =2.2) by standard photolitho-
three-dimensional PBG. This new structure has bee@raphic techniques. The experimental setfig. 1), similar
fabricated~’ over a variety of length scales with three- to Ref. 9, consisted of Ku-band synthesizer generating the
dimensional photonic band gaps ranging from 13 to 506ignal that was splitypa 3 dBhybrid coupler into two com-
GHz. ponents 180° out of phase. Each component was routed

This letter demonstrates a simple application of thethrough adjustable phase shifters and B(coaxial cables

layer-by-layer PBG crystal; an efficient directional antennahat were soldered to center feed points of the dipkie.
Conventional integrated circuit antennas on a semi-infinitd®@nd measurements were performed with an HP8510B net-
semiconductor substrateith dielectric constant) have the ~WOrk analyzer, with the dipole as a rotating source and a

drawback that the power radiated into the substrate is a factGtationary pyramidal feedhorn as a receiving antenna.
€32 larger than the power into free-spatelence, antennas The radiation of the dipole on a 0.25 in thick lexan di-

on GaAs or Sie~12), radiate only about 2% of their power electric(e=2.56) sheet was first characterized, since the low

into free-space. Of the power radiated into the substrate, gmakes it similar to a dipole in free-space. The dipole length

large fraction is in the form of trapped waves propagating at
angles larger than the critical andi®y fabricating the an-

tenna on a PBG crystal with a driving frequency in the stop 180° Shifers P

band, no power should be transmitted into the photonic crys-___ L ool o E Substrates
tal and all power should be radiated in free-space—if there gk —— o e

are no evanescent surface modes. Brogiral® demon- 1°
strated this concept by fabricating a bow-tie antenna on their <V &%BF*

three-cylinder PBG crystal and found a complex radiation

Rotation Stage

3E|ectronic mail: shan@iastate.edu FIG. 1. Schematic experimental setup for antenna measurements.

Appl. Phys. Lett. 67 (23), 4 December 1995 0003-6951/95/67(23)/3399/3/$6.00 © 1995 American Institute of Physics 3399



—— E-plane @)
--------- E-pl calculated 90 ——E-plane @ 1
12

Intensity
o
o

210 330

240 300
270

~——H-plane (b)

- H-pl calculated g

——E-plane (b) 1
......... H-plane x3 90

120 60

Intensity

270

FIG. 2. E- andH-plane radiation patterns for the dipole antenna on a 0.25

in. lexan dielectric sheefsolid) compared with calculationglashed FIG. 3. Radiation patterns for the dipole antenna on the photonic band gap

crystal for two different surface positiorta) and (b). The insets shows the

. . dipole position relative to the firgtl) and second?2) layer rods.
(1.1 cm was designed for a good impedance match to the

coaxial feed and the reflection coefficiels;{) was small in

magnitude<15 dB). Measured radiation patterns at 13 GHz orientation, and the driving frequen¢$2—15 GHz to opti-

(Fig. 2 displayed an approximately equal division of power mize the radiation pattern.

between the front and back sides of the dielectric similartoa The most directional patterfFig. 3@)] was found for
free-space dipole. A large surface wave near the slab edgese dipole parallel to the second layer rod and placed above
(Fig. 2), is caused by the trapped radiation in the dielectricthe intersection of the first two layer rods. BoE and
slab emerging near the edges of the dielectric. Fif@ane is  H-planes have central lobes over a broad 0.6 GHz frequency
more noisy since the trapped waves in the dielectric ar§and(~12.5-13.1 GHg The measured-plane pattern is
much larger in thed-plane and can produce interference ef-narrower than théi-plane radiation.

fects. . o _ o The dipole was then rotated by 90°, so that it is parallel
~ The far-field radiation of the dipole placed above a finitey, e first layer rods, with its center at the same position as
dielectric slab was calculattdby expanding the spherical in Fig. 3a). The measured radiatidiFig. 3b)] is concen-

d|p(;)le f|elds_ in plane \f/fv_a\_/es anghutllmlnglFr_esnel reflection 1aq in theE-plane in very strong, narrow peaks-as0°—
and transmission coefficients. The calculation assumes theyo ¢ 0 1o normal. The weakét-plane radiation consists

slab is infinite in the two lateral directions and hence doesof a broad central lobe in addition to weaker side lobes.

not permit the trapped wave in t.he dielectric to emerge fro.mbther dipole positions in the surface unit cell led to all the
the slab. This accounts for the difference between calculation

and measuremeriEig. 1) for the surface radiation. The re- power radiated to the front air side in two strong side peaks

mainder of the pattern, exhibits good agreement betweel! the H-plane, and a central lobe in tieplane, similar to a

measurement and theory, especially for Eaplane, indicat-  '€versal of thee- andH-planes in Fig. ). _
ing that the fabricated dipole is close to the expected half- Ve have qualitatively modeled these results by assuming
wavelength design. the top two surface layers of the PBG crystal scatter as dis-
This dipole was then mounted on the stacking surface ofrete alumina rods, whereas the interior of the crystal be-
our PBG crystal. For driving frequencies within the PBG, wehaves as a highly reflecting bulk. Hence, the radiation pat-
found virtually no radiation propagating through the PBGterns on the PBG are similar to a dipole placed a distance
crystal; as expected the radiation is confined to the air sideabove a dielectric substrate, accounting for the angular de-
However, the angular distribution of the radiated powerpendence of the patterns. Frequency dependence arises since
strongly depended on the driving frequency and the dipoléghe phase of reflected plane waves from the PBG crystal
position. Accordingly, we systematically varied the position,varies with frequency in the band gap. More detailed solu-
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TABLE I. The gains and radiation efficiencies for the dipole antenna on different substrates at 13 GHz. These
are either referencedig. 1) to point ¢ which includes components, or to the dipole feed points a,b taking out
the losses in the system components.

With coupler Without coupler
Directivity Gain Efficiency Gain Efficiency

Substrate Position D G, UR Gap Nab
Lexan 0.5 in. 15 -8.4dB 10% -3.0dB 33%
Stycast 2 in. ~15 -11.8dB 4% -5.6dB 18%
Microstrip Metal back ~3.0 —-5.3dB 10% 0.1 dB 34%
PBG Fig. 39) 3.2 -4.8dB 10% 0.6 dB 36%
PBG Fig. 3b) 3.4 -1.4dB 21% 4.0 dB 74%

tions of EM wave scattering and surface states are needed finequency millimeter-wave PBG crystals that have the same
a guantitative comparison. layer-by-layer structure.
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