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Characteristics of Guided and Leaky Waves
on Multilayer Thin-Film Structures
with Planar Material Gratings

Hung Yu David Yang,Senior Member, IEEE

Abstract—This paper presents the characteristics of guided materials in integrated circuit and antenna structures may open
(surface) waves and leaky waves on multilayer structures with yp many possibilities of useful devices. The properties of
planar implanted periodic dielectric blocks. A three-dimensional surface and leaky waves on a layered structure with planar

(3-D) integral-equation formulation in conjunction with the - . . .
method of moments (MoM's) is used to find the propagation material gratings provide the explanation of many fundamental

constants of the surface-wave and leaky-wave modes. ThePhysical phenomena of the associated devices.

analysis deals with layered structures with irregular implants. In this paper, a three-dimensional (3—-D) integral-equation
Photonic band-gaps of both guided waves and leaky waves for formulation in conjunction with the method of moments
rectangular air-implants are identified. Anisotropic properties (MoM’s) is applied to the electromagnetic boundary value

of the surface waves and leaky waves are investigated. The . . - .
design of leaky-wave antennas with the information of mode problems of dielectric-layered structures with planar periodic

characteristics is discussed. The analysis is validated through the Mmaterial implants. The integral equation and the associated
comparison with a low-frequency effective-medium approach dyadic Green’s function for layered periodic structures are

and results for linear gratings. described in Section Il and the Appendix. The MoM and
Index Terms—DPielectric fi|ms’ gratingsy |eaky waves, photonicsl numerical ConSideration are described in SeCtion 1. ResultS
surface waves. for surface-wave (bounded) and leaky-wave characteristics as

a function of material and geometric parameters including the
planar-direction angle are discussed in Section IV. Photonic

band structures for selected examples of planar grating
UE TO THE RECENT advances of material technologystructures are also illustrated.

there are growing research activities on the electromag-
netic applications of advanced (artificial) materials. Many ||

technologies will benefit if the electric or optical properties ) )
of materials can be properly controlled. Photonic crystals Although the analysis can be easily extended to more layers

where wave propagation is prohibited within a certain barfdith multiple implants, the f(_)rmulation in thi_s work ?s Iimit(_ad_
are examples of such applications [1]. In addition, thid© athree-layer structure_ Wlth planar material grat_lngs within
film structures containing periodic material implants (gratingdj® middle layer shown in Fig. 1. The geometry is assumed
have been of considerable interest in integrated optics [g?' consist of infinite planar arrays .of n_1ater|al blocks W|th|n_a
leaky-wave antennas [3], frequency-selective surfaces [4], [§Hrround!ng layer. The top region is air and the bottom region
and absorbing materials [6], [7]. In the past, there has beEf" be either a _sub_strate or a conductor ground. Although the
considerable work on material-layered structures with mater|giPlants shown in Fig. 1 are rectangular blocks, the developed
gratings, mostly for two-dimensional (2-D) structures Witﬁnalyas is gene.ral enough for most irregular implants. If the
gratings in one direction. References [8]-[11] are some BpPlanted material has a dielectric constantMaxwell’s curl

the examples. Layer structures with 2-D gratings had al§guations for time-harmonic f|eIQS within the supporting layer
been investigated, but mostly for scattering applications, su{€ectric constant,) can be written as

as for frequency-selective surfaces [4], [5] and at_nsorbers Vx B = —jwuoﬁ (1)

[6], [7]- In recent years, due to the advances of microma- d
chining technology, layered thin-film structures with plana?n - . L .
material gratings are becoming applicable and have many V X H = — jweg(ee —2)((7)E + jweseok.  (2)

potential millimeter-wave and optical applications, such I?;;) is a unity function within the material implants and

planar-distributed Bragg reflection devices and planar lea 510 elsewhere. The first term at the right-hand side (RHS)

8P(2) is treated as the displacement current and is noteti as

Manuscript received July 22, 1996; revised November 21, 1996. This watkat exists only within the implants. The electric-field integral

was supported in part by a contract from Phraxos Research and Developméefuation for the pertinent problem is
Inc.

The author is with the Department of Electrical Engineering and Computer N N ,
E:///[G]-Jedv
v

. INTRODUCTION

PERIODIC DYADIC GREEN'S FUNCTION FORMULATION

wave antennas. The implementation of photonic band-g

(3)

Science, University of lllinois at Chicago 60607-7053 USA.
Publisher Item Identifier S 0018-9480(97)01711-0.

0018-9480/97$10.001 1997 IEEE



YANG: CHARACTERISTICS OF GUIDED AND LEAKY WAVES ON MULTILAYER THIN-FILM STRUCTURES 429

!
|
i
A , (@2, b/2, h/2)

/@ @ (-a/2, -b/2, h/2)I )L!I(
T & N =

N
X
A
LA PANNNY;| PANNNY| 'y (a/2, b/2, -hf2)
@ |
(-a/2, -b/2, -h/2) | ] '
‘ I
|
I
| : | |
Fig. 1. Geometry of infinite planar arrays of dielectric blocks in a multilayer '
structure. Fig. 2. A unit cell of 2-D periodic material blocks within layered media.

which is established to express electric fields in terms @‘ done first by discretizing the material implants into many

displacement currents. The volume integral is over only e, cells within which the fields are assumed constants, but
region of implanted material blocks centered at the OrgiRith unknown coefficients

of the Cartesian coordinates. The electric fields within the
. : . M, M, M,

material block at a unit cell are the unknowns in the MoM P Z Z Z i £ ) (6)

analysis. Since all three components of the fields are involved, o mamymeJ Mz My, T

it is necessary to deal with a full dyadic Green’s function for

me=1 my=1 m.=1

layered media expressed as where within the cell fu., my, m.), f(m., mym.) =1 and
Gow Gow Gas f =0, elsewhere. There argf,, M,, and M. divisions in
[G] = |Gya G,y G, |. @) each side of the material blocks (the %, and z directions,

sz GZ GZZ respectively). If the field representation in (6) is used in the

_ ) - ) _vector integral equation and the resulting fields are evaluated
Since the structure is periodic, Floguet's theorem is appliedl the cell at indicesn., my, andm., respectively, for ther,

to simplify the problem to the modeling of electromagnetig and » directions, the integral equations are converted into

waves within an |nf|n|te|y |0ng Cylinder shown in F|g 2.a set Of |inear equations (a matrix equation):
The boundary conditions at the surface of the unit cell are

determined by the Floquet's theorem. The cross section of the 1 _ . T

rectangular cylinder extends withira/2 < = < a/2 and A zJ: Z Z S ) %
—b/2 <y < b/2. A material block is at the center of the cell . . _ _

with length L (along thes axis), width W (along theg axis), where eachi or j rgpresents a parfucular f|_eld component
and the thicknesd’ (along thez axis). The supporting layer @t @ cell and[glmy, is @ 3 x 3 matrix resulting from two
with thicknessh extends from-h/2 to h/2. A is the distance Volume integrals over the cells associated witland j in
measured from the bottom of the block to the layer interfadB® MOM procedure. The center of the rectangular cell for
(see Fig. 2). For planar periodic structures, the componeff3 xpansion mode i8; and for a testing mode i§; with

of the dyadic Green’s function in terms of Floquet mode§ = %i# +%if + 22 and7; = x;& +y;§ + z;2, and the cell

m=—oC N=—0o0

(plane-wave expansion) [12] may be expressed as size isAx, Ay, andAz in each of the three directiong]ijimn
Lo - can be expressed as
Coo = — Gy ¢ e (@2 =ik (y=1) 5 JWED ik (o) o (s
@ 2 2 I )
wherek, = 2mr/a + 3, andk, = 2n7/b+ By. u Or v is sin? <kmAa:> sin? <kyAy>
eitherz, y, or z. 3, andg, are the propagation constants in the ) 2 Ol ®)
z andy directions, respectivelyG,,,, is the spectral Green’s N kyAy\? R
function component and is a function of spectral varialigs < 2 ) <T>
andk,, z,2, and the material parameters. This spectral Green,sq
function for a multilayer structure is derived with a spectral 2022 pritdz/2
matrix method [13] and is described in the Appendix. [Qlijmn = / / (G(ky, ky, 2, )] dzdZ'.
z;—Az[2 Jz—Az/2
Ill. THE MOM AND NUMERICAL CONSIDERATION (9)

A finite-element MoM procedure is applied numerically tarhe integration in (9) can be done analytically according to
determine the electric fields within the material implants. Thikie procedures described in the Appendix. Analytic effort is
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Fig. 3. Comparison of fullwave and transmission-ine methods fqfig 4. | eaky-wave attenuation constant versus grating thickness for a 1-D
guided-wave modes of a 1-D grating structuré: = 15 GHz, grating structure.

e = 10,h = 3.18 mm,d = 3.25 mm, ¢ = 1.58 mm.

a
i ———-

required to ensure that there is no exponentially growing terms '

(asm or n becomes large) in the formulation. If both indices a

¢ andj run from 1 toP = 3 x M, x M, x M., (7) represents /

a matrix equation with ordeP. A nontrivial solution for the /

fields requires the matrix determinant to be zero, which results

in a characteristic equation. The eigenvalues (propagation

constants) are obtained from the roots of this equation.

For a lossless structure, the propagation constant of a guided, £ Z

(surface) wave is a real number, and a bisection method fd’rt ar/// ///////

finding the roots of nonlinear functions is used. However,

leaky-wave propagation constants are complex-valued and Ground

the Newton method is used for two real nonlinear equationgy. 5. The geometry of a grounded dielectric slab with planar periodic air

with two unknowns (real and imaginary part of the CompIeWOCkS- The results in Table | and Figs. 6 and 7 are based on thisystructure. The
. parameters for Table | are = 3 mm, h =3 mm,e = 10,L = W = 1.0

propagation constant). mm, andT = 3.0 mm.

One of the features of the MoM is that the shape of the
implants can be irregular. For instance, in the process of
solving the matrix equations for rectangular blocks, one malye periodic cascades of two surface-waveguide sections, and
set the displacement currents at some of the cells to zero. Thiisthe higher order modes at the junctions are neglected. The
procedure corresponds to physically cutting off pieces of thenction (or higher order mode) effects become more important
implants. An extensive validity check of the present analysig the grating depth becomes larger. The validation is also
is performed. First, the implanted blocks are set as large g&rformed for the attenuation constants of a leaky-wave mode
the unit cell so that the analytic results for the guided-wavg 1-D gratings. The results of the comparison between the
modes and the plane-wave scattering are available. This t@stgral-equation analysis in this paper and the mode-matching
provides information regarding the number of expansion celisethod described in [2] are shown in Fig. 4. The agreement
required for reasonable results. is excellent.

The test is also performed for the cases of one-dimensionalThe validation of the analysis is further checked against
(1-D) gratings. In the analysis, if the implanted blocks ate effective-medium method, which is particularly accurate
connected to one of the cell boundaries, the geometry redué@slow frequencies (cell size is much smaller than a wave-
from 2-D to 1-D gratings. Compared here are the full-waviength). It has been shown in [14], [15] that a medium with
results of propagation constants of guide-waves against thasinitely long planar periodic rods can be approximated as a
with a transmission-line method [3]. The comparison is showromogeneous medium with a uniaxial anisotropy. If dielectric
in Fig. 3. Itis seen that the two methods agree well for shallogonstants of the supporting layer and the material blocks in
gratings. The discrepancies increase with the grating depthHig. 5 aree, and ¢, respectively, and the thickness of the
the transmission-line method, the grating structure is treatedliager and blocks is the same, the dielectric constants of the
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TABLE | 2.5
SURFACEWAVE PHASE CONSTANT COMPARISON 1 N
N 1
Frequency (GHz) | B8/ko (Full-Wave) | 8/ko (Effective Medium) 1 AN :
2 1.007 1.007 2.0 ] ~ band gap
4 1.035 1.035 1 T~
6 1.124 1.123 . ~ __ Brillouin zone boundary
7 1.237 1.232 15 ]
8 1.430 1422 gBounded wave zone
9 1.678 1.665 Re(8/ko)
10 1.061 1.050 .
1.910 1.896 e
. L. . ] Leaky wave zone
effective uniaxial material are 0.5
e. =(1=x)ea + x&0 (10a)
and ]
_ 0.0 AN B B B B A O RO St B [ B B Y SO [ B B B S B B e e
f =gt 2¢q(e 15a) x. (10b) 12 14 16 18 20 22 04
(1+x)ea + (1= x)e Frequency (GHz)
e¢ is the d|electr|(_: constant in the planar _d|rect|ons a<nd5 Fig. 6. Dispersion diagram for modes in a grounded slab with planar gratings
the area (normalized to the area of a unit cell) occupied Ighown in Fig. 5)2 = 2mm,T = 0.5 mm,e = 10,a = b=5mm,W = 3

a material block and is defined a& & W)/(a x b). The test mm, andL = 2.5 mm. & is the propagation.
geometry is planar periodic air blocks carved on the surface of

a grounded dielectric slab shown in Fig. 5. For the test cagg. 5 T (upper) mode of a grounded dielectric slab. When
the effective dielectric constants are = 9.0 ande, = 8.33,  he frequencies are such that the Bragg condition is satisfied,
and the propagation constants are found from the characterigtis pounded modes turn to complex-wave modes (band-gap
equations for an anisotropic homogeneous grounded slab [18]he)  As frequency increases further, bounded surface-wave
It is seen that the fu.II-Wave method agrees very well with theqqes (in the slow-wave zone) turn into proper leaky wave
approximated effective-medium method, especially for lowgfioges (in the fast-wave zone). The frequency where the first
frequencies. _ _ leaky-wave mode turns on and the frequency band where only
It is observed that for higher the frequencies or largef single leaky-wave mode exist are of practical interest. These
the dimensions, more expansion cells are needed to obtained jetermined by the profile of the gratings. It is known that

reasqnable convergence. It is. observed that the numbery leaky-wave beam angle is determined mostly by the phase
cells in the vertical {) direction is more crucial. Generally, aqnstant according to the formula [2]

vertical-cell size of about a tenth of the wave length provides
reasonable convergence. In this paper, 1681 Floquet modes 6. — cos—t s

. 11
with M, = M, = 3 are used to produce the numerical results. ko (11)

8,, is measured from the horizon. It is seen from Fig. 6 that
the fundamental leaky-wave phase constant decreases with
Guided waves and leaky waves on a dielectric-layerébquency. Therefore, the beam angle increases with frequency
structure with 1-D material gratings have been well studieak was demonstrated in Fig. 7. In Fig. 7, the beam angle
and their characteristics are understood. For 2-D matenarsus frequency is shown for three different sets of grating
gratings, it is of interest to investigate the mode characteristisgdth (7). The results are shown for the frequency range
in various directions and the photonic band structures. Avhere only the fundamental leaky-wave mode exists. The
example of the dispersion diagram for guided- and leakyesults demonstrate the transverse-grating effects on leaky-
wave modes of a grounded dielectric slab with 2-D rectangulamve characteristics. It is seen that the increase of the air-
material gratings (Fig. 5) is shown in Fig. 6 for propagatioblock width results in the increase of the leaky-wave turn-
in the & direction (see Fig. 2). For thé-direction waves, on frequency and the decrease of the beam angle (at a
the mode characteristics are similar to the case of the lgiven frequency). The maximum beam angles without multiple
grating. However, for planar grating structures, the modes dreams are about the same for all the grating widths.
hybrid. There exist photonic band-gaps for modes near theA contribution of this paper is the investigation of the
Brillouin zone boundary. Since the structure is periodig3,if characteristics of planar 2—D surface waves and leaky waves.
is a phase constant in thdirection, 3, + 2n7/a for any These waves can be excited by microstrip elements on planar
integern should also be the phase constant of the same wageating structures. An example of the phase constant of the
The Brillouin zone [17] is defined if-space (phase-constanfundamental surface-wave mode versus the directional angle
space) within which each wave has a unique phase constantisAshown in Fig. 8. A giver3, and the corresponding, in
low frequencies, the fundamental (hybrid) modes are similkig. 8 determine the propagation constant at a particular planar

IV. RESULTS AND DISCUSSIONS
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Fig. 7. Fundamental leaky-wave beam angle versus frequency. The leghy 8. Fundamental surface-wave phase constant for a grounded slab with
wave is propagating in thé direction. All other parameters are the same @planar gratingsh = 2 mm, T = 1 mm,c = 10,a = b = 5 mm, and
those in Fig. 6 except the block width. L =W =25mm.

direction ¢ angle). Due to the symmetry, the irreducible
Brillouin zone is for thep angle from 0 to 45. The results in
Fig. 8 are for two different frequencies, 15.4 and 16 GHz. It’
is seen that there exist certain rangespofthere propagating
surface-wave modes vanish. Mathematically, the propagation %2
constants are complex-valued in the propagation forbidden
zone. It is seen that the wave forbidden zone varies witﬁ{e(ﬂ’/k")
frequency. In contrast to the metal-clad dielectric slab with 0.6
planar gratings where propagation may be prohibited in all
directions [18], wave prohibition irsomeregions is found
here—noftall directions. The wave forbidden zone varies with 0.4
frequencies. This implies that the structure can be used as a
space-frequency signal selector.

Planar leaky-wave characteristics for a planar grating struc-
ture are investigated through the example shown in Fig. 9,
where the leaky-wave phase constants are for a three-layer
dielectric structure with planar air blocks embedded within :
the middle layer. It is seen that there exists an angle range O-OO_O””"'5.'2'"”"'(;,2'"""(;_'6""”“5}',5"""‘1'_'0
(near ¢ = 45°) where the leaky wave becomes a surface Re(B,/ko)

wave (the propagation constant is real and greater than )
This implies that there exists an angle range where the Ieagé%;o%ic I;fgky'w?ve %Tasf COEStam for tTee'layer sriucnfe,-w'th planar
ys of air blocksF" = 20 GHz, T = 1 mm,a = b = 5 mm,

wave is forbidden (null in leaky-wave antennas). The othandZ = W = 3 mm.

interesting observation is that the leaky-wave phase constant

varies significantly with direction¢g{ angle). This implies that

as a leaky-wave antenna, the beam angle varies with ¢aclaves (surface waves) are prohibited in all directions?.” This

cut. Itis possible, however, to arrange the shape of the unit delestigation cannot confirm that surface modes may be com-

of an infinite array of implants to minimize this beam-angleletely eliminated by using material gratings, but there is room

variation with ¢. for further research on this subject. A typical example of a
It has been shown in [19] that there exists photonic bangdrface-wave forbidden band versus direction angle is shown

gaps in 1-D material grating structures. It has also beémFig. 10. The example is for planar periodic material blocks

shown in [18] that a complete photonic band-gap exists on top of a conductor. It may be identified from Fig. 10, at a

planar material grating within a dielectric layer sandwiched tgiven frequency, the range @f angles where guided waves

conductor plates. A question one would ask is “can an opare eliminated. The photonic band-gap at any giyeangle

planar material grating structure be constructed where guidedy also be found from Fig. 10.

0.2
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] see that there exists a photonic band-gap neaiXthpmint for
25

R N Y R A S guided wave in thet direction. Similar observation is also
found in [2], [19] for the linear grating case. Photonic band-

_ _ . gaps are also found in other directions of propagation as shown

Fig. 10. Photonic band-gap versus wave propagation angle for planar g¢-Fig. 11. Those band-gaps occur at different frequencies and

riodic dielectric blocks on a ground plan&. = 1 mm,a = b = 5 mm, . .

L =W = 3 mm, ande = 10. thgre_ls no common frequency where all the_bgnd-_gap_s exist.

This implies that complete surface-wave elimination is not

possible in this example.

¢ (Degrees) Measured from 2

60
B Boundary between surface-wave mode
] and leaky-wave mode zones
50 V. CONCLUSION
. ] In this paper, through the use of a volume integral-equation
T 401 analysis, guided-wave and leaky-wave characteristics of mul-
& tilayer thin-film structures with planar material gratings were
. investigated. The results are validated by comparison with
5\502 _ effective-medium approximation in low frequencies and in the
% ] // limiting case against the linear grating cases. In this paper,
S5 e it was found that there exists an angle range in the planar
820j / ’ direction where guided waves (surface waves) are prohibited.
o | The surface-wave forbidden zones shift with frequencies. For
1 ’ the open planar geometry, a complete photonic band-gap is
107 | not found. An angular-dependent photonic band-gap and band
i : structures of planar grating structures are identified. The planar
o ’ } surface-wave patterns can be tailored by proper design of

I Bx(By=0) X By(Bx=nla) M px=p) T the planar gratings in a thin-film structure. This feature finds
Fio 11, Photonic band struct or the surt des of ol applications in high-directivity surface-wave antennas and
19. . otonic bana structures ftor the surface-wave modes oOf pla f

periodic dielectric blocks on a ground plane. All the parameters are the sa%iiace'frequency §|gnal selectors. The Ieak.y waves SPpport_ed
as those in Fig. 9. by the planar grating structures can be designed for high-gain
integrated antennas [20]. The leak-wave beam angle as func-

tions of frequency and grating parameters were investigated.

The photonic band structures for the bounded (slow-wav Ee single-beam frequency band were also identified. It was

modes of the structure in Fig. 10 is shown in Fig. 11. In thf?)und that there may also exist wave forbidden zones for leaky
diagram, betweel' and X points, the modes are propagatmgmt,jwes and the beam angle varies with thangle.
in the z direction, while betweerd4 andI’ points, the modes

are propagating in theé + 4 direction. The shadow region in

the inset of Fig. 11 is the irreducible Brillouin zone (reciprocal

lattice). The dotted envelope in Fig. 11 corresponds to the APPENDIX

plot for 3 = ko, the boundary between guided (slow-wave) SPECTRAL MATRIX METHOD FOR

modes and leaky-wave (fast-wave) modes. In betw&eand GREEN'S FUNCTION IN LAYERED MEDIA

M points, the bounded waves satisfy the Bragg condition in For the pertinent problem, the spectral Green’s function is
the z direction. At theM point, the guided waves satisfy thethe spectral electric field due toéacurrent source embedded
Bragg condition in thet + 4 direction. From Fig. 11, one canwithin the middle layer as shown in Fig. 12. We may define a
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4 x 1 matrix [\W'(z)] for the spectral tangential fields as for the 6 source in thet, ¢, or 2 direction, respectively [21].

koH, + k, H, The solutions of (18) together with the transition maffi( )]

b H. —EH allows one to determine the spectral fields at any location
[¥(2)] = ky Ex _Hny . (12)  within the layered media. To ensure that (18) is invertable

sz: _ kiEz numerically for largem or n in practice, depending on the

o ) _location of the field point, (18) is rearranged into two different
Tangential fields in a homogeneous half-space can be deriyggnhs. Forz’ > » there is

as a linear combination of TE and TM waves that satisfy
the Sommerfeld’s radiation condition [13]. As a result, the [Z3(h2 — h3)] [ (h3)] = [T2(h2 — h1)] [T1(h1)] [¥(0)]

tangential-field vector at the top and the bottom region in = [Ta(hy — )] [j] (20)
Fig. 12 can be found as
- and
qoA
[\If(z)] _ _jw%JB G—QO(Z—}L3)7 2> ha (13) [\I/(z)] = [TQ(Z - hl)] [Tl(hl)] [\P(O)] (21)
. @ i For z > 2/ there is
JWho
and i [Lo(hy = o)l [T3(hz = ha)] [¥(ha)] = [11(ha)] [¥(0)]
~0uC_ = [Ta(hy = 2] [J] (22)
W)= | el e s<0 @9 and
jwpeC [¥(2)] = [T2(2z — k)] [T3(h2 — h3)] [¥(R3)].  (23)

If the structure is supported by a d~|electr|c half-space, and The integration of the spectral Green'’s function oyveand =’

¢ shown in (9) is a necessary procedure in the volume integral-
[U(z=0)] = D (15) equation analysis. This integration is directly related to the
0 integration over (20) and (21), or (22) and (23), depending
0 on locations of the source and field points. It is possible to

if the structure is backed by a perfect conductdy. 3, ¢, Perform the integration analytically. This detail is omitted here.

~ . [r2 | 12 .2 EqQuation (17) can be normalized by dividirgsh ¢;z. The
m — 2 2 _ .2
and D are unknowns to be determineg, = /3 + kj — kg cosh terms, which grow exponentially, can be absorbed into

andg; = \/k2 + k2 — e:k2,i=1,2, 3, or4. If the tangential unknowns A, B, C, and D. As a result, all the terms and
fields in the homogeneous-layered media are derived in termatrix inversion are well behaved.
of a linear combination of TE and TM waves, a transition

matrix within each layer may be obtained as ACKNOWLEDGMENT
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