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A Photonic Bandgap (PBG) Structure for Guiding
and Suppressing Surface Waves In
Millimeter-Wave Antennas

Young-Jin ParkStudent Member, IEERlexander Herschlein, and Werner Wiesbgeillow, IEEE

Abstract—Periodic and regular metal posts, a photonic bandgap waveguide and shows an application to the design of an
(PBG) structure for guiding surface waves in a parallel-plate  asymmetric parallel-plate waveguide Luneburg lens (APWLL).
waveguide is proposed. The isotropic PBG structure is applied to The relation between surface impedances and post dimen-

the design of an asymmetric parallel-plate waveguide Luneburg . . - L .
lens (APWLL). The relation between the dimensions of the metal sions is calculated with the transmission-line theory and the

posts and the required refraction index in the lens is derived with transverse resonance method (TRM). For the design of an
the transmission-line theory and the transverse resonance method. APWLL, the radiation pattern of the APWLL is predicted with
Diff_e_ren_t lattices for the entire lens are also _investigated. For geometrical optics (GO) and the aperture integral method.
verification, an antenna for a 76.5 GHz adaptive-cruise-control g the proper lattices for the APWLL, several lattices are
radar is fabricated, consisting of an APWLL, a primary feed, . . . ) . .
and symmetric corrugated flares to improve the property of the investigated with the aid of HFSlS_FInaIIy, with the APWLL,
antenna in elevation. Measured results verify the PBG structure an antenna for a 76.5-GHz adaptive cruise control (ACC) radar
design in the APWLL. is manufactured to verify the simulation and design procedure.
Index Terms—Adaptive cruise control radar, electromagnetic Th_e complgte antenna sys.tem is composed of an APWLL’ a
bandgap, Luneburg lens antennas, millimeter-wave antennas, Pair of rotationally symmetric corrugated flares, and a primary
photonic bandgap. feed. The APWLL forms the beams in azimuth. To satisfy
the requirements for the ACC radar in elevation [10], a pair
of rotationally symmetric corrugated flares are added. As a
primary feed, aH-plane sectoral horn is chosen. Measured
N ANTENNA designs, photonic bandgap (PBG) structuregsults verify the PBG structure’s property to substitute the
[1] are often used for suppressing surface waves and higbnction of a Luneburg lens and the design procedure of the
impedance ground plane for electrically thin antennas. As aaitenna.
well known, for the above applications, PBG structures makeln Section Il, characteristics of dielectrics in a Luneburg lens
use of their property of high-impedance near resonance fege outlined. In Section I, the PBG structure is discussed. In
quency fo [2], [3]. Sometimes, the frequency band néaris  Sections IV and V, the design and fabrication procedures of an
called electromagnetic bandgap (EBG) for microwave or mikPWLL, a pair of rotationally symmetric corrugated flares and
limeter (mm)-wave frequencies [4]. a primary feed are presented. Several measured results and con-
In addition to the high-impedance ne#y, PBG structures clusions close the paper.
have the interesting property of supporting arbitrary surface im-
pedances in lower and higher frequencies thiaf2], [3]. For Il. PARALLEL -PLATE WAVEGUIDE LUNEBURG LENS
antenna applications, this proper_ty can_be yvell applied to guldeIn Fig. 1(a), a cross-sectional view of a parallel-plate wave-
surface waves and to replace dielectrics in lens antennas 5Jide Luneburd lens. called a TEM flat-olate Lunebura lens is
Certainly, these facts of PBG structures are not new or surprisi 9 ' plate g len:
. - . | astrated. As is well known, the lens requires the refraction
since periodic structures like corrugated surfaces and artificia fil Ny
dielectrics have already been used for those applications [5]—[".9Jc.jex profile ("), i.e.,

. INTRODUCTION

In recent years, while investigating and applying many PBG n(r'y =2 =2, 0<¢ <1
structures, little interest in the property of PBG structures has ) ) -
been shown despite their good applications for antennas. How- n(r') =1, rm21 1)

ever, there is no _dOUbt that cgltlvatmg the att_rac’gve prope_rty \9\/fhere7” is the normalized radius [11]. With the refraction index
PBG structures in lower or higher frequencies is a very inter- R : .
esting subject, in (1), a cylindrical wave from a primary feed is transformed

This paper presents a PBG structure for guiding surfa'é?eto a plane wave as shown in Fig. 1(b). In the TEM flat-plate

S . uneburg lens, the thickness of isotropic homogeneous dielec-
waves by regular and periodic metal posts in a parallel-plate

ric is varied in a radial direction to satisfy the index profile.
This lens is considered as a promising device for use in wide
Manuscript received January 5, 2001; revised May 25, 2001. angle scanning applications which require a thin lens [12]. How-
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raywbe 1. case(2m + 1)A/4 < t < (2m + 2)\/4, called forbidden band

metal plate ”f“': for transverse magnetic (TM) surface waves, the structure has a

feid o capacitive surface impedance regardlesd/gftherefore it will
=0 suppress TM surface waves. On the contrary, at lower frequen-

———— cies wher€m/4 < t < (2m+ 1)A/4, the surface impedance

S becomes inductive, so that the structure is used to guide TM sur-
isotropic homogeneous ‘“*‘4‘ face waves. Conclusively, the PBG structure can generate arbi-
dielectric -1" real aperture trary surface impedances and suppress or guide surface waves.
(@) (b) The relation between surface impedance and post dimensions
Fig. 1. TEM flat-plate Luneburg lens. (a) Cross-sectional view. (b) Top vie\|/§ obtained using the TRM. Frorlthe transvgse resonance con-

and ray tube in the lens. dition, the sum of two impedances ,_,+ and Z ,_,- in Fig. 2

. g —
should be zero onthe resonanceline,i#,,_+ + Z ,.—,- = 0.

E Z o has been already given a&-5;. Also, the transmis-
etal plates . . -
N sion-line theory leads t& ,_;+ as
H iy : . i
! . 2
s . rotc Zm:t+ =7 i tan(kwg(h — t)) (3)

WEPEr2

with kzo = /k3 — k2, andky = w,/figoe,2. Now consider

the PBG structure as a dielectric whose dielectric constant is

so thatk, is written askg\/e.2 — &, = kover2 — n? Where

n is a refraction index andy = w,/jgeg. With £,2 > n?,

the PBG structure cannot support surface waves any more.
Therefore, for the goal of guiding surface wavds, =
adjkov/n? — e,5 is putinto (3) and ther?xzﬁ +7w:r =0

() is written as

Fig. 2. Geometry of the PBG structure. (a) Periodic and regular metal posts in,2 _ £,2 tanh (koq /n2 — €0 (h _ t)) - L2 Wtan(klt).
a parallel-plate waveguide. (b) Cross-sectional view and transverse resonance erl

equivalent circuit of the structure. (4)

the stability and interface between dielectric and metal in miFhis equation is numerically solved for the desired post heights
limeter frequencies. To overcome the problems, a metallic PBGAs a simple example, if air is filled in the entire structure and
structure which supports arbitrary surface impedances like thejoes to infinity, that is, without the upper plate, becomes
dielectric in the lens is introduced. ko\/1+ (W tan(kot))? as given in [14] and [15].

I1l. PERIODIC, REGULAR METAL POSTS IV. SIMULATION AND DESIGN

Fig. 2(a) shows regular and periodic metal posts in a parall@l: APWLL
plate waveguide. In [5], [13], and [14], it has been demonstratedr. apove PBG design is applied to an APWLL for a

that periodic metal posts have arbitrary surface impedances %%%-GHZ ACC radar. To calculate the post heights which

guide surface waves. _ _ satisfy the required refraction index in (1), the index is simply
In Fig. 2(b), the cross-sectional view of the PBG structure a tin (4) and air is filled in the parallel-plate waveguide, i.e.,

its transverse resonance equivalent circuit are presented. At fi $t1, =g =11in(4)
for the surface impedance, it is assumed that only a TEM mod ! '

i " ) 8n Fig. 3, three normalized post profileare plotted as func-
exists between the posts_ under the conditib(gseriod) < A _tions of spacings of the waveguide With largerh, the profile
(a wavelength in the medium between the posts) and post-wi

. i i %@comes higher. But with larger than\/2, the post height is
D < P/2. Using the transmission-line theory and consideringyq changed. It means that with larger small deviation of:
post dimensions, the surface impedance is derived as in fabrication and measurement will have little influence on the
Zen = jWoin tan(kyt) ) Igns performance. However.,lif> A/2, higher modes near the
rim of the lens may be excited. Therefore, by considering the
wheren, = Vo /(g0er1), k1 = 27 /A, andW = (P — D)/P  above effects; should be determined in a APWLL design. Ad-
is the ratio of the length unfilled by the post to the periodditionally, it is necessary to note that at millimeter frequencies,
Note that the equation of the surface impedance is consistérdand the entire profile of the posts are very low.
with that of the corrugated surface in [15]. However, since the To obtain the goal of a wide beam scanning, an isotropic prop-
PBG structure has an isotropic property, it is distinguished froemty of the PBG structure is strongly required. The performance
the corrugated surfaces. With post heights neat (2m + of an isotropic property of the PBG structure is closely related
DA/4(m = 0, 1, 2, ...), the structure has a high impedanc#o lattices. Several lattices such as a hexagonal lattice, a square
regardless of¥ and then is used to suppress surface waves.l#ttice, and a triangular lattice are investigated with the aid of
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Fig. 5. Cross-sectional view of the rotationally symmetric corrugated flare.

Fig. 3. Normalized post profiles as functions of spacings of the waveguide

P =0.2A andD = 0.07A. diameter, aH -plane sectoral horn with an aperture of 3.6 mm
x 1.27 mm is determined by the proper dimension. The simula-
tion result with the feed horn and the 50 mm APWLL is shown
in Fig. 8.

C. Rotationally Symmetric Corrugated Flares

A pair of rotationally symmetric corrugated flares are added
to the APWLL to achieve a desired HPBW and low sidelobe
» levels in elevation. As illustrated in Figs. 5 and 7, the flares and
I | v s the APWLL can be separated. Since they are rotationally sym-
T I A S T A AN metric, the entire antenna retains the property of the APWLL,
-10 0 'Od 10 _90%0 30 like a wide scan angle and multiple beam. Also, to suppress

in degrees (¢ =90°) higher modes near the rim of the APWLL, a cutoff ring is placed
Fig. 4. H-plane radiation patterns calculated by HFSS in case of thrgf"tween the end of the APWLL and the throat of the flares.
different lattices. In the simulation of the flares, it is assumed that the field dis-
tribution at the flares is the same cosine distribution as that of
Ig&rrugated pyramidal horns #-plane. Now, theZ-plane radi-
ation patterns are calculated by the aperture integration method
without considering the edge diffraction [17]. For the HPBW of

sideration of computation time, the APWLL's diametersof A ¥ 221 475 h th i f lenath
is chosen. Also by considering the mechanical stability in fabr‘?r- ; £<.1 MM an are chosen as the optimum fare fengin
nd flare angle, respectively. The simulation result is shown in

cation and the conditions for only the TEM mode given in Se¢-.

tion 11, the proper parameters are determine®te- 0.78 mm '?:' 1%h desi fth tion. the desi d f
andrmD = 0.28 mm. The parallel-plate spaciig= 1.9 mm orthe design ot the corrugation, the design procedure ot cor-

is chosen to reduce the sensitivity by the deviation of the Spacirr@atedtﬂorgs I?h[l?]tﬁ f(t)llo;/;/]edr.] F':Zt’bto t? ut[\)l\rt)éess T(Ijvl)\s;rface
h and suppress higher modes near the rim of the APWLL. waves, the depth ol the teeth should be bet .)ééhan /2. .
Fig. 4 illustrates theH-plane radiation patterns (at= 90°) Second, by considering the mechanical stability and electronic

of three cases: square lattice with square posts, hexagonal ¥ pperties such as low power Ioss_ and low reflection, the width
au ce with squ b *ag éthe teeth 0.2 mm and the period 0.9 mm are selected. As

tice with square posts, and square lattice with hexagonal posts. ™~ .~ .
To grant the arbitrariness of a scan angle, they are simulatedag/" !N Fig. 5, the depth near the throat o_ftheflare is abpt
a random scan angle 6f= 6°. The simulation shows that theand that near the end of the flare abaytl in order to reduce

) ttl?grreflection at the transition of the flare throat. In other words,

square lattice with square posts or hexagonal posts are be ) . ;
than the hexagonal lattice with square posts. However, the 88-”“9&“0”5 with depth o4/2 near the flare throat act like a

termination is to fabricate an APWLL with the square lattic onducting surface while corrugations witji4 depth present a

with square posts due to its simpler fabrication in lab. In ter gNh |tm[iﬁdtance. tion i N dicular to the ci
of E-plane radiation patterns (&t = 0°) of the three cases, ote that wave propagation IS not perpendicuiar o the cir-

the patterns are nearly the same, so that for comparison Withj_l‘lj(l,‘ar corrugations in case thaty 0° with a scan angleUsee

measurement, only the pattern in case of the square lattice i f2s- 5and 7). However, the cc_)r_rugatlons W'” suppress_surface
lustrated in Fig. 9. waves well because the capacitive surface impedance is depen-

dent on only the depth of the teeth regardlesBof

relative power in dB

HFSS. In simulation, the operating frequency is 76.5 GHz a
a H-plane sectoral horn 3.6 mm 1.9 mm is used. With con-

B. Primary Feed
y V. FABRICATION

To decide the feed dimension, the relations between feed di- o
mensions and both the desired half power beam width (HPBWY) Fabrication of an APWLL
and the sidelobe levels are investigated by calculating the radiaThe APWLL is composed of two aluminum plates. One
tion patterns of the APWLL in azimuth. To get the pattern, firsplate is a plain aluminum plate, and the other is provided with
the field on the real aperture of the APWLL is calculated witthe PBG structure on the surface. As determined in Section IV,
GO. Second, the aperture integration method leads to a radie width of square post® = 0.28 mm and the period
tion pattern applying the real aperture field calculated by GB = 0.78 mm. The spacing of the parallel-plate waveguide
previously [16]. In this paper, for a HPBW of about&nd the is 1.9 mm. The lattice is square. The APWLL's diameter is
first sidelobe< —18 dB in case of the APWLL with a 50-mm 50 mm.
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Fig. 8. H-plane radiation patterns for three different scan angles without the
corrugated flares and simulation result. Cross polarization at a scan angle of 0
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The fabrication of the plate with the PBG structure is divided
into three steps. First, the metal surface curvature is fabrica{%
on a computer numeric control (CNC) revolving machine with
the data of the post height obtained using (4). The machine has
the tolerance of Lm. Second, a CNC milling machine produces VI. EXPERIMENTAL SETUP AND MEASUREMENTS
the posts by machining the curve. In the end, it is etched by anas jjjustrated in Fig. 7, the entire antenna is composed of the
acid to get away the metal wastes between the posts and arogfgnm APWLL, a pair of rotationally symmetric corrugated
the posts. It consists of about 3000 square posts. In Fig. Gjdes, and the-plan sectional horn for a primary feed. Since
picture of some part of the APWLL taken is presented to ShQe antenna is rotationally symmetric, the performance of the

the appearance of posts. As illustrated in Fig. 6, square pOgfienna is independent of the position of the feed. That is, the
are arranged periodically and regularly. Also, the APWLL hasgytenna has a wide scan angle. Also electronic beam switching
square lattice. In contrast, the plain aluminum plate for the othgpy|d pe possible.

plate is produced by the CNC revolving machine with diamond riq g jllustrates radiation patterns measured with three dif-

cutter. The plate looks like a plain metal mirror. ferent scan angles’01Cf, and 20 in the H-plane without the
flares (with only the APWLL). By simply turning the APWLL
B. Fabrication of a Primary Feed only, measurements of beam scan are taken. They verify that
Using an end-fire WR-10 waveguide, ti&-plane sectoral the APWLL antenna has a wide scan angle in azimuth and the
horn with an aperture of 3.6 mm 1.27 mm is implemented PBG structure has negrly an iso.tropi_c proper_ty, as expe.cted. The
(the outside dimension is 4.6 mm 1.9 mm). Both, upper and HPBW of the antenna is 5. 2he first sidelobe is-17 dB. Fig. 8
lower outer copper walls are machined carefully to make tﬁéso shows the simulation result. Compared with the simulation
entire height of the horn become the same as the plate spa(,rﬁ%“"z the measurements have a minimal increase of the HPBW
h = 1.9 mm, due to the region of the cutoff ring (see Fig. 5)§m sidelobes. The reason is that edge diffractions by the front

Thus, in measurement, the aperture of the horn is placed in FftS vx(/jhere the vr\]/avesd !?fave the APWhLL disturb wa\;]e propaga- J
middle of the parallel-plate waveguide. tion and cause phase differences on the aperture. The measure

cross polarization is very low.

In Fig. 9, two E-plane radiation patterns are illustrated. The
simulation of the APWLL with5.1A diameter by HFSS is very

In Figs. 5 and 7, the rotationally symmetric corrugated flan@ell consistent with the measurement.
is presented. The fabrication of the flares is divided into two The antenna is also measured with the symmetric corrugated
steps. First, the CNC revolving machine fabricates the pldilares. The measurements in Fig. 10 show that the antenna has
flares which look like a biconical antenna, and then the circulatso a wide scan angle in azimuth like the APWLL antenna
corrugations are engraved on the flares. A cutoff ring 2.2 mmugthout the flares. The HPBW is 4.@&nd the first sidelobe is
placed at the rim of the APWLL. Each flare has 17 corrugations.20 dB. However, if compared with the antenna without

9. Simulation and measurementfofplane radiation patterns without the
ugated flares.

C. Fabrication of Symmetric Corrugated Flares
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) and also show that the simulation results are in good agree-
-,‘/ ment with measurements. Due to the metallic fabrication of the
‘ APWLL, the entire antenna is mechanically stable and has no di-
! electric losses. Since the APWLL is implemented with the PBG
". in a parallel-plate waveguide, the antenna has very low profile
! in azimuth. It is expected that the antenna in this paper will be

. \ ?“: ! “. also applied to point-to-multipoint communications due to mul-
25§ v \ {f\\ ¥y K‘\“ tiple beam’s property. Lenses of different diameters, from 25 to
.30k 26 — 3(‘)' : y 85 mm have been developed. All show comparable features.

6 in degrees ($=90°)

Fig. 10. H-plane radiation patterns for three different scan angles with the 1]
corrugated flares (see Fig. 7).
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Fig. 11. Simulation and measurement with the corrugated flarésphane. 8]

the flares, the antenna with the flares has about Gedrower
HPBW and—2.5-dB lower first sidelobe. The reason is that [10]
the symmetric corrugated flares remove the edge diffractions in

both elevation and azimuth. [11]

In Fig. 11, both simulation and measuremengbplane ra-
diation pattern are illustrated. Sidelobe levels are lower thaht?!
—27 dB due to the corrugated flares. The HPBW is 1918  [13]
terms of the HPBW, both the measurement and the simulation
are in good agreement. Since the aperture becomes larger an
the HPBW becomes narrower by adding the flares, the direc-
tivity of the entire antenna is about 6 dB higher than that of thd15]
APWLL without the flares. [16]

By measuringss; of the entire antenna, the coupling between
two feeds is investigated. As a port 2, a open WR-10 wave-
guide is used. Thé&,; measurements are taken at different an-17]
gles 150, 120, and 90 with the feed horn as a port 1 fixed at
6 = 180°. S5, is lower than—30 dB. Also, aS;; of —13 dB for
the APWLL antenna is measured, but because of the corrugatéjc?]
flares, S, for the complete antennais14 dB.

The gain of the antenna is measured by comparing the max-
imum value with that of the reference horn. The gains of the
entire antenna and the APWLL are 23.5 and 17.5 dBi, resp
tively.

VIl. CONCLUSION

A PBG structure for guiding surface waves in a parallel-pla;
waveguide is proposed. The design and fabrication procedi
of the antenna with the 50-mm APWLL for a 76.5-GHz ACC
radar are described in details. Measurements verify thatthe Po
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