IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 6, JUNE 2003 1221

Surface-Wave Suppression of Resonance-Type
Periodic Structures

Ruey Bing HwangMember, IEEEand Song Tsuen Pengellow, IEEE

Abstract—Periodic structures of the resonance type are inves- factors affecting their guiding characteristics: the basic disper-
tigated with a focus on the utilization of structure dispersion to  sjon and the period of the structure. Since a cavity may be in

achieve a wide-band operation for the surface-wave suppression. rasonance at different frequencies, a periodic structure of the
Both approximate and exact formulations are presented to illus- t ill exhibit st di .

trate wave processes involved in the resonant structure and to de- resonancg yPe will:exhiit strong dispersion.

velop useful criteria for design purpose. In addition, experiments ~ 1Ne excitation of surface waves may degrade the performance

are performed to verify the phenomena with stopband and leakage of microwave or millimeter wave circuits and antennas; such as
associated with the resonance-type periodic structures. the mutual coupling between antenna elements resulting in the
Index Terms—Corrugated metal surface, periodic structures, alteration of the radiation pattern and the reduction of radiation
resonance-type periodic structures, surface-wave suppression.  efficiency of antennas. Several methods had been developed for
the surface-wave suppression in the literatures, such as: the con-
cept of artificial soft and hard surfaces has been introduced to
generally characterize the interaction between the load surface
E present here an investigation of the guiding charagnd surface waves. In particular, various soft surfaces were pro-
teristics of resonance-type periodic structures that gsesed by Kildal to suppress the lateral lobe in monopole an-
composed of infinitely many identical cavities filled with dielectennas [11]-[13]. The partial removal of the substrate under-
tric medium. For example, a corrugated metal surface may heath the circuitry or antenna is used to reduce the excitation of
viewed as a structure consisting of infinitely many identical cagurface wave [14]-[16] and the utilization of the Bragg reflec-
ities, each having an aperture that is open to the air half-spagen on periodic structures [17]-[21]. Recently, a planar periodic
In fact, such a class of corrugated metal surface had been ggucture fabricated by the printed-circuit technology had been
orously analyzed and was published in numerous papers side®eloped for the application as a high impedance surface that
the mid-20th century [1]-[13]. For instance, the propagaticsuppresses surface waves with a complete stopband [17]-[19].
of surface waves along a uniform planar corrugated structuhe physical mechanism of the high-impedance surface may be
under TM mode operation, has been investigated in the 1950sdyyplained on a basis of the distribute@-resonance circuit in a
Rotman [1], Elliott [2], Hurd [3], and Vainshtein [4]. Although unit cell, but the validity and generality of the model of periodic
the surface wave behaviors associated with the corrugated metalctures remains to be better understood.
surface are well known, we revisit, in this paper, the structure The class of corrugated structures can be formulated rigor-
and would like to present some interesting phenomena that agly by the method of mode matching as an electromagnetic
not been observed previously. boundary-value problem. The total fields above the corrugated
The main purpose of this paper is to investigate the effeslirface can be expressed in the form of Fourier series, while
of such strong dispersion on the propagation characteristicstiobse within the corrugated region can be expressed as a super-
the type of periodic structures. Our interest here is to build y@sition of the complete set of parallel-plate waveguide modes.
the fundamental understanding of waves guided by the res@ith an incident plane wave, the continuity of the tangential
nance-type periodic structures and to explore new and intebmponents of the total fields leads to a set of linear equations
esting phenomena that are not realized in the case of weak disdetermine the amplitudes of the Fourier components in the air
persion. region. The condition for the existence of a nontrivial solution in
For low frequency applications, the theoretical analyzes tife absence of the incident wave yields the dispersion relation
such a structure had been mostly based on the model of unifasfithe waveguiding structure; thus, this problem is considered
impedance surface, neglecting the effect of the periodicity. Asmpletely solved.
far as a periodic structure is concerned, there are two importanBased on the exact approach described above, we have carried
out extensive numerical results to identify and explain physical
phenomena associated with the structures. The dispersion char-
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nontrivial solution in the absence of any incident wave leads to
the transverse-resonance condition:

det | P (k}) ZinP(ky) + Zo| = 0 )

Such an equation defines the dispersion relation to determine
the guided modes of the corrugated structure. Hérés the
coupling matrix with its elements obtainable analytically from
the overlap integrals of the waveguide modes in the corrugated
region and the space harmonics in the air regiop.is a diag-

onal matrix with the input impedance of the!® parallel-plate
waveguide mode as ita'" diagonal element, as given by:

([

X,

Fig. 1. Scattering of plane waves by corrugated metal surface. . we
ijl") = jﬁ—otannmh? form=20,1,2,... )

m

impedance surface, 2) to provide a clear physical picture of t grallel-plate waveguide mode, and can be given as:
wave processes involved in the resonance-type periodic strlic- '

tures, and 3) to develop useful criteria for the design of the A\ 2
Rm = ko Es — ( >

to evaluate the validity of modeling a periodic structure as %Qneremm is the propagation constant indirection of them!™

periodic structures by utilizing the structural resonance for the od
broadband operation of the Bragg reflection.

4)

Finally, Z, is also a diagonal matrix with the wave impedance

[l. STATEMENT OF PROBLEM of the n'" space harmonic in the air region as-it$' diagonal
Fig. 1 shows the configuration of a periodic structure that fi€MeNt. as given by:
composed of infinitely many identical cavities, each with an Eon
opening to the air half-space. With the coordinate system at- Zn = we, ®)

tached, the corrugated structure has a pefiocthex direction ) i i .
dwherekm is the propagation constant in thedirection of the

and is uniform in they direction. Each cavity may be viewed™' h ic Th Il th in (2 defined
as a parallel-plate waveguide that is completely short-circuitdd_SP3c€ armonic. Thus, all the parameters in (2) are defined.

at one end and partially short-circuited at the other end. TheThe disper;ion re_lation in_(2) Is a determinanta_l _equation of
opening of each cavity has the widihand is centrally located |nf|n|te orde_r; it requires a swtable_ truncation to a finite order to
on the top cover. Furthermore, the structure has an infinite lengftff/d numerical results. We have implemented a computer code
and has a height. Such a structure had been modeled as Joly the basis of the exact formulation described above to deter-

impedance surface to explain Wood’s anomaly in the scatteri ne the d|sper§|on roots 9f the structure. The res.ult§ are ob-
Jained systematically for various structure as well as incident pa-

of light. Assuming that both the structure and the incident wa ) . . . o
are invariant in they direction, we may treat the guiding of ej.fameters, in order to identify the physical mechanism involved

ther TE or TM wave separately as a boundary-value probleﬁﬂd their physical implications.
For practical interest, we try to keep the height of the corru-
gated structure sufficiently small, so that we may consider the
TM polarized wave only, although our theory applies to the other Base on the exact formulation described in the preceding sec-
polarization as well. tion, we are now in a good position to carry out both qualita-
tive and quantitative analyzes of the guiding characteristics of
[ll. METHOD OF ANALYSIS the corrugated metal surface. Before embarking on an elaborate
Htémerical analysis, it is instructive to consider first the approx-

Since the structure under consideration is periodic along t : . .
Imation by only one single mode in the parallel-plate waveg-

z direction, a set of Fourier components or space harmonics la . L
. . . ) L . uldes. In doing so, the periodic structure may then be replaced
generated in the air region, with the longitudinal propagatigh

constant of thest™ harmonic given by: y a uniform surface impedance that is determined by the input
g y: impedance as given in (3) for any waveguide mode of interest.

IV. NUMERICAL RESULTS AND DISCUSSIONS

2 The propagation constant of a surface wave guided by such an
kan = ko + T forn =0,+1,%2,... @) impedance surface can be obtained explicitly as:
where k, is the propagation constant of the fundamental E(m) — \/kz + k2 tan?k,,d (6)

harmonic. In the air region, the general field solutions can
be expressed as a superposition of the complete set of spacaphically, such a simple expression can be plotted into curves
harmonics, each of which propagates independently as a plamthe form of the Brillouin diagram, and the results are shown
wave. On the other hand, in the corrugated region, the genendheavy solid lines in colors in Fig. 2 for the lowest four modes,
field solutions can be easily represented as a superpositiomof= 0, 1, 2, and 3. As far as the periodic structure is concerned,
the parallel-plate waveguide modes. By imposing the bounddhese four curves and their reflection-symmetric ones with re-
conditions at the structure-air interface= 0, the existence of spect to the vertical axis may be regarded as the basic dispersion
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Fig. 2. Unperturbed dispersion curves for the cask ef 0.21d anda = d.

curves. For the overall structure, the Brillouin diagram can kmarts ofk,.. It is noted that the shaded area is the bound-wave
constructed approximately by periodic translations of the basigion; otherwise, itis the radiating or leaky-wave region. When
dispersion curves along the horizontal axis to form the set thfe frequency is increased from a small value, the real part of
unperturbed ones. It is well known that strong interactions &lls first in the bound-wave region and the imaginary patt,of
waves may take place in the vicinities of the intersection poinggays zero until the occurrence of the stopband. Thereatfter, the
among the unperturbed dispersion curves, as marked by the sided wave enters into the leaky-wave region, and the value of
B’s, and C’s in Fig. 2. This allows us to identify easily possiblé, stays complex, with nonzero imaginary part in general.
physical effects associated with the structure and will be partic-Returning back to Fig. 2, if we start again from the low fre-
ularly useful for an initial design in practice. quency range, the dispersion curve should follow closely that of

It is well known that the Bragg phenomenon will occur athe fundamental mode up to the vicinity of the intersection point
k.d/2m = 0.5n, wheren is an integer running from negative toA, where a stopband occurs; this is indeed the case, as is evident
positive infinity. For example, in Fig. 2, the first-order interacin Fig. 3. It is striking to observe that when the frequency is in-
tion takes place between the fundamental harmenie 0) and creased further above the first stopband, the actual dispersion
the first higher harmoni¢n = —1) in the vicinity of the inter- curve does not follow that of the fundamental mode any longer;
section point A. Similarly for the next two higher-order modest jumps to that of the next high-order mode. Such a phenomenon
the intersection points are marked by B fer= 1 and C for of jumping from one mode to the next higher mode seems to be
m = 2. It is interesting to note that at the point marked by A always the case, as is evidently seen in the vicinities of the points
two physical processes take place: one is the onset of propagarked by B and C. This means physically thatin a different fre-
tion of the first higher order moden = 1) and the other is quency range, the model of the impedance surface has to take the
the intersection point of two harmonics,= 0 andn = —1, inputimpedance of a different waveguide mode. Thus, we may
of the same mode. Similar explanation may be given for tlwnjecture that the fields inside the corrugated regions are dom-
points marked by Band C for the higher-order modes. Thus,inated by a single mode that may change from one to another,
we should expect stopbands to arise in the vicinities of not ondgpending on the operating frequency. Furthermore, comparing
the points marked by A, B, and C, but also those marked'hy Aigs. 2 and 3, we observe that the first stopband exists over the
B’ and C. range of frequency between the pair of points A andwother

Based on the exact dispersion relation in (2), we have carriedrds, contrary to our original expectation, we do not have two
out a systematic evaluation of the guiding characteristics of tetopbands separately around the points marked by A and A
corrugated structure, and the results are displayed in the fopimysical interpretation may be given as follows. When the fun-
of the Brillouin diagram in Fig. 3 for both real and imaginarydamental mode reaches the stopband region, the real piart of
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Fig. 3. Brillouin diagram of a corrugated metal surface for the cage &f0.21d anda = d.

Amplitudes of parallel-plate waveguide modes
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Fig. 4. Variation of amplitudes of parallel-plate waveguide modes against normalized freduelj@yr for the corrugated metal surface with the parameters:
h = 0.21d anda = d.

in the air region matches with the transverse propagation cahe valuet,.d/27 = 0.5. With such a phase matching condition,
stant of the first higher mode of the parallel-plate waveguides,tae fundamental and the first-order modes are strongly coupled,
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Fourier Amplitudes of Space Harmonics

Fig. 5. Variation of amplitudes of space harmonics against normalized freqéeti¢g for the corrugated metal surface with the parameters: 0.21dand
a = d.
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Fig. 6. Variation of the width of stopband with respect to the structure heights for the case of.

resulting in a single stopband, instead of two separate onespdéints B and C in Fig. 3 and they can be related back to the pair
similar explanation may be given to the stopbands around tBeand B and the pair C and ‘Crespectively.
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Fig. 7. The behavior of stopbands for various thickness of corrugates; (a) normalized propagation Baristaht27] and (b) normalized attenuation constant
Im[k.d/2x].

To substantiate the explanations described above, we pla@veguides in Fig. 4. In the low frequency range, the funda-
the amplitudes of the first four modes of the parallel-platmental mode is obviously dominant, but the contribution from
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i il TR frequency,d/ )\, of a stop bandN Fy; and N Fy, are the upper

‘ 1 and lower band edges of the stop band. Since the upper edge of
the stop band is around 0.5 for each case, the relative bandwidth
can be written aBW = 0.5/N F. After using the technique
of the curve fitting in a least-squares sense for the locations of
1 - ‘ ‘ band edges for each case, as shown in the Fig. 6, the relation
: ‘-‘ = i ‘ - between theV F;, and the height of corrugation, can be ex-
‘ ‘ plicitly written as:

<

h = (1.1563 — 2.0187TN F},)d @

1 | i < In doing so, we can achieve a rule of thumb to design a struc-
r—— X ture of desired. For example, if we would like to have a structure

@) having the relative bandwidth X, the lower band edge of nor-

malized frequency i&V F;, = 0.5/X. Since the start frequency
17‘ { TR I R —‘ \ (wave!ength) of stop _band is usually given by a certain design
‘ :‘ ’ ‘ ’ ‘ ‘ ‘ ‘ ; ‘ | | ‘ | | ’ ‘ i specification, the period can be obtained by = 0.5)\/X,
: where\ is the start wavelength. Substitution &fF, and the
(b) periodd into (7), we can determine the height of the corruga-
Fig. 8. Structural configuration of experiment setup. tion to build up the corrugated metal surface of desired.

In addition to the corrugated metal surface in the previous ex-

] ) o ample, we have also investigated the same metal structure that is
the next higher-order mode, = 1, increases significantly fjjjed with a dielectric medium, with the relative dielectric con-
with increasing frequency. Toward. the norma}llzgd frequeng(amES — 4.0 in the parallel-plate region. Fig. (7a) shows the
kod/2m = 0.5, we see a sudden switch of domination from the, ation of the stopbands for various thicknesses of the corru-
fundamental mode to the next higher mode. A similar behavighiion. we observe that the behavior of the dispersion curves is
occurs also around the frequenciesl/2r = 1.0 and 1.5. getiing flatter and the stopband is getting wider as the thickness
This demonstrates the effect of the structural resonance, 3id increased. To put it differently, the increasehofiill lead to
suggests the utilization of the mode switching for the design gfe increase of input impedance, so that the stopband will begin
the dispersion characteristics of a periodic structure. at a low frequency. This permits us to achieve a design of com-

For both surface-wave and leaky-wave applications, the agkct periodic structure by using the phenomena of strong struc-
plitudes of the space harmonics are very important, because g dispersion. Fig. (7b) shows the variation of the normalized
determine the efficiency of excitation for surface waves. Fig. gtenuation constaritn [k, d/2x] vs. the normalized frequency
shows the variation of the harmonic amplitudés;, V_», V1 yith the corrugation thickness, as a parameter. The stopband
andVy vs. the normalized frequency. We recall thatn is the - pehavior is very important for the operation of surface wave sup-
amplitude of—nth space harmonic at the air-corrugate inteisression and the maximum value of attenuation constant deter-
face,z = h. Itis noted that these curves have rapid variatiofigines the minimum length required for eliminating most of the
close to the stopband edges. Due to the contra-flow interactigfirface waves. Since the maximum of the attenuation constant
the interchange of energy between two space harmonics willig& |arge for the case of strong structure dispersion, we do not
taken place around the stopbands, as marked by A, B andrged many periods of the structure to achieve the desired degree
Also noted is that theV_.| = [Vo| within the stopband A in of syrface wave suppression. This again proves the possibility
the bound-wave region. However, beyond the bound-wave ¢ 3 compact size of a resonance-type periodic structure.
angular, one or more higher space harmoticsZ 0) may be
propagating in the air region and carry away energy from the
structure, the two interacting space harmonics may no Iong\ér'\AEASURE'\"E'\lT FOR THETRANSMISSION OFSURFACEWAVE
have equal amplitudes within the stopbands B and C. In order to verify the dispersion characteristics obtained by

In Fig. 3, the first stopband is in the bound-wave region antle numerical computation, we have setup an experiment to
it will be good for the application to the suppression of surfagaeasure the transmission characteristics of the surface wave
waves. In an attempt to increase the width of the stopband in e the resonance type periodic structure. Fig. 8 shows the ex-
bound-wave region, we try to evaluate the effect of the struperimental setup with the top and side views of a corrugated
ture height on the width of the first stopband and the results aucture that is periodic in the direction and is uniform in
shown in Fig. 6. Here, we can achieve a bandwidth of over 208e y direction. Each cavity may be viewed as a parallel-plate
of the operating frequency, while still keeping the operation witlvaveguide that is completely short-circuited at one end, open at
a single mode. the other end and filled with a uniform dielectric medium. The

Based on the definition of the relative bandwidth for stofhickness and relative dielectric constant of the substrate is 1.54
band referring to [13], we designate the relative bandwiglti mm and 4.0, respectively. The period of the metal fins along the
as the ratio of upper band edge to lower band edge, that:sdirection is 3.5 mm. The length of each metal fin algngj-
BW = NFy/NFL, whereNF is defined as the normalizedrection is 100 mm. We have utilized the horn-type antennas that
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Fig. 9. Measurement data for the transmission of surface wave on a resonance-type periodic structure; for tde-ca@sé ofm, 2~ = 1.54 mm,e = 4.0.

are printed on two opposite ends of the periodic structure to eke three curves are close to one another. As the operation fre-
cite and receive the surface wave. Here, the tapered microstipency is increased to enter into Region (2), stopband region,
will provide a smooth transition for the quasi-TEM mode fronthe transmission drops drastically. This is due to the effect of
the narrow end to the wide end, so that we can excite effectivdlyagg reflection in bound-wave region. Because the large value
a TM surface wave with flat wave front. of the attenuation constant is in the range close to the upper
Due to the finite size of the structure, the surface wave maylge of the stopband, the drops in transmission are strong there.
be reflected and diffracted by the edges of the structure; it mBgyond Region 2, the attenuation constant returns to zero and
cause the multipath interference and result in the variation thien enters into the passband region, where the transmission
the measured transmission data. To distinguish the dispersstrould increase; though not very pronounced, it is verifiable
characteristics from the effect of multipath, we had fabricatedoy the results in Region 3. Beyond Region 3, the dispersion
uniform structure that has the same geometric and material parve enters into the leaky-wave region where the surface wave
rameters but without corrugates to act as a reference in ordestart to leak into the air region, and then the transmission start
characterize accurately the wave phenomena in periodic strte-drop. Near the edge of Region 4, the attenuation constant
ture. Moreover, to reduce the effect multipath interference, weturns to zero again. This can be verified by the increase
had taper the edges of the substrate to make a smooth transitibthe transmission in Region 4. As the operation frequency
of surface wave to radiate away from the structure. continues to increase to enter into Region 5, the attenuation
Fig. 9 shows the measured TM surface-wave transmissioonstant become so large that the transmission data drop
data. Here, the curve in the dashed line is for the surface-waansistently over the entire range of frequency investigated.
transmission through the uniform structure. The curves in blaEkirthermore, the increase of the number of periods does reduce
and blue are those for the structure with 14 and 19 periodke transmission, and this can be easily seen from our measured
respectively. Also shown in Fig. 7 is the normalized attenu&ransmission data as shown.
tion constantad/27 against the normalized frequency from
theoretical computation. Inside the bound-wave region where
it is highlighted, we have a stopband marked by Region (2)
that is sandwiched between two passbands marked by Regiol/e have presented a systematical treatment of guided waves
(1) and (3), respectively. In the higher frequency range, vem a corrugated metal surface. Numerical results are carried
have the leaky-wave region that is divided into two subregionsyt and are displayed in the form of the Brillouin diagram. In
as marked by Region (4) and (5), respectively. In the loarder to identify the wave interactions and to show the stop-
frequency range, the effect of periodicity is insignificant antdand structure of the dispersion curves, the amplitude distribu-
the periodic structure behave like a uniform one; thereforégn of the waveguide modes are also presented. The approxi-

VI. CONCLUSION
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