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Thin Frequency-Selective Lattices Integrated
In Novel Compact MIC, MMIC,
and PCA Architectures

Harry Contopanagosviember, IEEE Lijun Zhang, and Nicolaos G. AlexopouloEellow, IEEE

Abstract—We analyze and optimize the design of novel com- enhances the radiation patterns of the antenna itself, rather
posite materials for IC's and printed circuit antenna (PCA) than designing it to simply minimally interfere with antenna
applications. We are using a variety of finite artificial lattices operation

(FALe) caryng passive metalodieleci unt el W 11t ™ photonic bandgap (PBG) materials [1] have recenty at
regarding them as FSS'’s and space filters. We obtain several tracted a lot of attention in the engineering community because
designs for appropriate metalo-dielectric unit cells, as well as they are natural candidates for such applications. These mate-
stacking geometries for constructing thin laterally infinite artifi-  rials are composed of unit cells containing artificial implants
cial lattices. Further, we examine the action of the corresponding e mpedded within a host dielectric and periodically placed to
FAL within integrated architectures, emphasizing crosstalk sup- form an artificial crystal lattice in one, two, or three dimen-
pression, circuit-coupling tailoring, and gain enhancement. We '~ ! » e
find very significant directive gain enhancements for compact Sions. The scattering response of the implants is intended to
packaged PCA applications. Finally, anomalous scaling of the be very different than the surrounding dielectric host, creating
resulting circuits and tunable designs are also presented. significant electromagnetic interference between implant and

Index Terms—Finite-element methods, frequency-selective sur- host. This interference depends on both host and implant
faces, integral equations, microstrip antennas, microwave inte- (design of unit cell) and crystal geometry. By appropriate
grated circuits, photonic bandgap materials, transfer matrix. design of these parameters, one can achieve large transmission
suppressions in specific frequency bands (i.e., PBG’s) and
uninhibited transmission in other bands. As we will show,
) o . transmission characteristics are tailored not only in frequency,
I NCREASING integrated circuit (IC) density for new techy, 515 in incidence angle, which makes PBG materials ideal

_nologies meets severe limitations for high-frequency apangigates for frequency-selective surfaces (FSS's) and space
plications. The resulting electrical dimensions of the CirCUffiters as well as for IC substrates/superstrates where filtering
components meet corresponding resonant frequencies Withignonse of particular modes (e.g., surface modes) is desired.
the operating bands, resulting in resonant crosstalk and highlyy f,ndamental classification of operating frequencies for
dispersive behavior. To overcome these limitations, Cu"eé‘tgiven PBG material regards its response as an effective
designs require spreading out individual components in ordegqium or as a crystal.
to suppress strong coupling or, conversely, placing an upper
limit on operating frequencies for a given packing density. ) . o

A very promising approach to overcome these limitatiorfs- Effective Medium Theory Limit
is to use novel artificial frequency-selective materials, prefer- For wavelengths much longer than the characteristic elec-
ably in thin-layered geometries, for the purpose of eithéfical dimensions of the unit cell, the frequency response
eliminating crosstalk in certain frequency bands or tailasf a PBG depends on calculable effective permittivities and
designing a certain response. For example, if the IC isparmeabilities and not on the specific geometry of the artificial
cavity-backed printed antenna, it may be desirable to usestal lattice. The effective bulk optical quantities of the
such materials in order to isolate antenna performance fronaterial solely depend on the unit-cell structure and can be
its associated circuitry or unwanted cavity resonances or used in specific planar geometries within circuit and antenna
use these materials as superstrates (covers) for protectionapplications. We stress here that this effective medium theory
this latter case, it is desirable to design the cover so thatBMT) limit is not devoid of interest since one can design

unit cells providing highly dispersive refractive indexes, which
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either numerically or through multipole expansions. It is in thi
region that the material response is strongly coupled with tt
surrounding circuit architecturand at the same timstrongly
depends on both the unit celhd artificial lattice comprising
the material.

From these properties, it follows that conventional scalin
laws for IC’s may only hold approximately or not at all. Even
within the EMT limit, the statement that a circuit response wil
essentially scale periodically with frequency /as- w, where
ko is the free-space wavenumber anda (uniform) length . ‘
scale of the circuit, assumes constant (i.e., not dependent v a
either frequency or length scale) refractive indexes for th a W
circuit substrates. Within the EMT limit for PBG materials o a
used in the circuits, the PBG unit cell should be considere A | B
part of the circuit since it will be itself subject to design. : | rr— —r
Scattering off these materials will depend irreducibly ot d ¢ d
{n(ko, w), n(ko, w)- ko -w}, wheren(kq, w) is the complex
refractive index of the PBG material. For specific choices ¢
unit C_e”S' it is possible that depends on the length _scale Fig. 1. PBG material made of PEC disks embedded in a dielectric host, and
and, in some cases, on bath, w. Therefore, the scaling law corresponding FSS.
may be anomalously affected even within EMT. For operation

in the strong coupling limit, circuit characteristics will show

a much stronger deviation from conventional scaling, whic?\nd radiation prqperti_es_. All of these applications are wit_hin
will not even be describable in terms of refractive indexeghetSt_rong coullolmg gm't ?nd,_tthezlefore;{ tr:g E Bﬁl_mif[[als
For this situation, full-wave analysis of the circuits and theffotain a smail number of unit cells (.S ould be thin s)
scaling properties is necessary. to sgtlsfy comp_act printed des!gn requirements. Response and

The arrangement of this paper is as follows. In Section ﬁcallng properties of the resulting IC’s and packaged antennas

. : . . are numerically examined in the microwave and millimeter-
we present a generic analytical discussion of freestand@%e umerically examined in the microwave and ete

PBG materials focusing on metalo-dielectric unit cells. This Ve regimes.

class of unit cells is important because even though they

are passive, they can be designed to have strong, direction-

dependent, capacitive, and inductive interactions and operate Il. TRANSFERMATRIX ANALYSIS OF
as microelectromechanical (MEM) devices within the material. PBG MATERIALS AND SCALING

Our analytical approach provides a physical understanding| et ys illustrate some of the preceding ideas by focusing
of the effects of the design of the unit cell within the thiy, 5 certain PBG material composed of metalo-dielectric
lattice geometry on the frequency selectivity. It also providggit cells. We will consider an orthogonal lattice of perfect
design directions, which we can further exploit with ouglectric conductor (PEC) disks embedded in a homogeneous
finite-element integral-equation method (FE-IEM) code, ange|ectric of real permittivitye and thickness:, as shown in
a first step in deducing circuit equivalents for PBG materiaﬁg_ 1. The material will be made by stacking an arbitrary
in the strong coupling limit for future use in high-speegyymper N of such frequency-selective layers (FSL’s) and
low-memory coding. Finally, we illustrate our ideas aboukill be laterally infinite, but of a finite arbitrary thickness
anomalous scaling at high frequencies and the possibility gf— n x . We will examine oblique plane-wave incidence on
using such scaling advantageousty given circuit densities. thjs material and the scaling of physical observables (reflection
In Section Ill, we present the structure of our new FE-IEMp( transmission) relative to the paramétgrc, and compare
code for analyzing thin finite artificial lattices (FAL's) embedvith the well-known scaling for the corresponding dielectric
ded within realistic circuits. This code can analyze laterallyjgp of permittivity e, which is periodic withk - c.
infinite periodic geometrieand laterally finite arbitrary ge-  consider the ESS made up by stacking layers of the
ometries. These are the two most useful classes for Qdrresponding 2-D PBG medium and excited by TE plane-
purposes. However, the code cannot analyze laterally infini{gyve oblique incidence at angl Using standard transfer-

(or electrically very large) arbitrary geometries. ~ matrix theory [2], we obtain for the transmission coefficient
In Section 1V, we present analysis, design, and optimization

of a variety of three-dimensional (3-D) freestanding FSS’s. We R 1
especially focus on thin artificial crystals composed of a small T =22 — = (1)
number of two-dimensional (2-D) PBG layers stacked in an Rin S
arbitrary scheme.

In Section V, we integrate some of these PBG desigmeere Ry, is the initial right-going wave amplitude (with
within realistic laterally finite-circuit and printed-antenna arrespect to the stacking directiaf), and R the final right-
chitectures and we examine the correspondihgarameters going wave amplitude in the region past the whole structure.




1938 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

The scattering matrixS is given in terms of the unit-cell TR
transfer matrixtU by o
«
T < -
S =T, aPaUN PTAPyTy 2 &
whereTy, 4 is the transfer matrix through an air—dielectric in- E 0s L
terface andP., P, the propagation matrix through a dielectric & |
region of thicknesg andd, respectively. The unit-cell transfer ¢
matrix can be calculated to be 3'}‘ 041
o
1/e7¢(24Y) e~y k) '
J == " 02
‘ 2< _Quey o2 ) @ o2y
whereY is the shunt admittance of one tetragonal array of [
disks embedded in a homogeneous dielectric. 0
The interface transfer matrix and propagation matrix are
1402 g T
T _1 Nd Nd p - eree 0 Wi
a,d—2 1_77_0’ 1+@ e 0 e~ vac J” g "HI‘.
d Nd Tosf
4 @ I
(4) :
In the aboveyy;, n; are the oblique propagation constants and $ 06 |
. . . ©
wave impedances, respectively, for mateiiat {a, d}(a = =
air, d = dielectric), namely, T o4 i
Vi = jkon; cos 0; B
o fre 1 e
"= €0 n;cosb; = I
0
1
cos ), =,/1— — sin? @ 0 Ko
' b
ni = /e (5) ®

Fig. 2. (a) Normal-incidence power transmission (solid) for an FSS com-

Substituting for the transmission coefficient, we find (6))osed of stacking two strongly capacitive metalo-dielectric FSL's. The PBG's
’ are also shown as the bold-line frequency regions wherg 1 (| 7| is plotted

shown at the bottom of this page, where as the dotted curve). (b) Same as in (a), butfoe= 4 (dashed) andv = 6
(solid) FSS.
W = j sin (koen cos 6y) + cos (kgen cos 64)(Y/2)

= i 1Y /2 . .
7 = cos (koen cos fa) + sin (koo cos 64)(jY/2) through the eigenvalues of the unit-cell mattixas follows:

=¥l (3) ;
Ve ke _ U) %dqu) NE®
s 1=¢ ) ? ?
1+¢ Given thatdet(I/) = 1, we have
It is important to notice that the parameterabove charac- ()
terizes the corresponding PBG material that is infinite in the cos(kpc) = 5
z-direction (im N = oo). This can be shown by evaluating . . V9
the Floquet propagation constant along the stacking direction = cos(koen cos f) + sin(kocn cos fa)(jY/ )(9)
=17.

We will superimpose the bandgaps obtained from (9) with
lUnlike in transmission-line theory, the scattering matrix within théhe ?‘(_:tual tran_sn"!lssmn re_sylts for thin lattices given by our
transfer-matrix formulation connects electric-field helicity amplitudes. explicit transmission coefficienty.

3 — Ta Td 7 (1_6N) — — Ta
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Fig. 3. Normal-incidence power transmission fof stacked FSL's and (b)

increasing capacitive interactiaryc. (@) a/c = 0.5. (b) a/c = 1.
Fig. 4. Normal-incidence power transmission forsiHayer FSS and higher
host permittivity. The number of PBG’s scales in proportion to the host

For the thin-disk medium ignoring evanescent modes, tfractive indexn. (a) N = 2. (b) N = 4.
shunt admittance has been calculated analytically [3]. The
result is We derive the range of validity of the above formulas from
. the requirement that the leading evanescent mode propagating
Y =j(Be — Byr) : L . . : )
in the longitudinal dimensiorr has an amplitude that is at

1 3 1 . . o
Bc = 36 (7—) %gﬂoecﬁ least as suppressed ast. Using this criterion, we calculate
)“3 € CO8Pa L = Qelre the range of validity of our analytical approach as a function
B, = 8 (7_) ﬁﬁnkoc< L o 9d> v (10) of dielectric refractive index, incidence angle, and longitudinal
3\a/ be cos 6 1= amCp aspect ratio to be
The fine structure provided by the electric and magnetic po- 5
larizabilities and lattice interaction constants.C., ., Ciy,) \/sin2 0+ [(W_c) _ 1} n?— Cunp
can be readily calculated for a tetragonal lattice a a
Y 9 ko < T (12)
c 16 /r\3[1.2 ra\3 3 a 3K 2ra n Si
Pelre _3(5) ?(5) N W(Z) A In Fig. 2, we show the power transmission of a two-

16 /7\371.2 sar\3 1.2 an3 2ra layer FSS under normal incidence as a function of the usual
O Cm = 3 (5) [g (5) + or 47r(3) Ko<7> scaling variablekgc. We observe very significant violation of
b the usual periodic scaling witkgc, which characterizes the
— 47Ky <—)} (11) corresponding homogeneous dielectric (the latter response is
@ simply the leftmost transmission lobe periodically repeated
where K, is the modified Bessel function of the second kindhroughout the band, and is a Fabry—Perot resonance). We
In the remainder of this section, for simplicity, we will usealso show the formal PBG of the infinite structure obtained
a square transverse lattice= b, Ko(27) = 0.00091 and a from the raised cosine of the Floguet propagation constant
symmetrical FSL2d = c. (9), namely|r| > 1. We note that the PBG’s determine the
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Fig. 5. TE power transmission of aN = 4 FSS as a function of incidence andle(a) # = 0°. (b) & = 30°. (c) & = 60°. (d) & = 80°.

deep transmission stopbands, even for an FSS made as a¢hlise to a square-pulse response. This presents interesting
lattice in thez-direction. Finally, the region to the left of theapplication possibilities for spatial filtering.
triple arrows denotes the range of validity of our analytical

formulas, as given by (12). Using a modest number of FSL'’s, lll. FE-IEM FORMULATION
we obtain almost zero transmission stopbands, as demonstrategds we saw in Section Il, PBG materials are ideal candidates
in Fig. 2(b). for FSS since the PBG’s can be used to suppress or tailor-

_ In Fig. 3, we show the effect of increasing the capacitivgesign transmission and spatial filtering above and beyond the
interaction by increasing the longitudinal aspect ratie. The frequency selectivity provided by multilayered homogeneous
transmission in the wider PBG’s (larger frequencies) becomggpstrates. Further, frequency selectivity and scaling properties
very small for a very modest numbe¥ of FSL's. of these structures are strongly dependent on the design of

In Fig. 4, we show the effect of increasing the host permithe unit cell and parameters underlying the geometry of the
tivity. The number of PBG’s within a certain band increasegrtificial crystal. This is more so in our case, where we will
in proportion to the host refractive index. focus on thin lattices for printed-circuit applications.

In Fig. 5, we show the angular dependence of the trans-in order to further advance design capabilities with more
mission spectrum. We observe that as the incidence ahgleomplex unit cells and, most importantly, integrate these struc-
increases, the PBG’s (and the associated transmission st@jes within realistic compact circuit architectures, numerical
bands for the thin lattices) widen and deepen. This presenigthods need to be used, such as volume integral equations
interesting angular filtering characteristics of the FSS f@4], finite-element (FE) methods [5], [6], or finite difference
specific operating frequencies. time domain (FDTD) [7]. In [8], the combined FE method of

We illustrate this issue in Fig. 6, where we show the Tloments (MoM) is used to treat 2-D laterally infinite periodic
transmitted power versus incidence angle for fixed frequencistsuctures. In this paper, we present our own hybrid FE-IEM
chosen in the middle of the PBG’s. Unlike the correspondirtgased on an evolution of the formulation by Antitéa al. [9]
homogeneous dielectric, normal incidence transmission is véoy analyzing 3-D periodic problems (with emphasis in novel
much suppressed, while an intermediate range of angles &35 made up of a small number of FSL’s) or for analyzing
have one or more passbands, including angular filtering vdigite truncations of these structures integrated within circuits
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The equation valid in the interior regions, which is dis-
cretized by the FE method is

3 1 - S -

K /// [—*VXE-VxW—kge:W-E}dU

% v LHy

g —//W [jkozo(ﬁ x ﬁ)] ds=0 (13)

& s

N wheIeI/f/ represents vector test functions of the same form
4 as £ and satisfy the same boundary conditions, ahdnd

‘i“_; s can have arbitrary complex values within each element.

This equation results from applying the method of weighted
residuals to the vector-wave equation valid in the interior

region, and using the divergence theorem to transfer one
differentiation onto the weight function. Choosih to have
the same form asZ yields Galerkin's approach, which is

=2.2; 1/a=0, a/c=0.35

2,
ITal* &

' exactly equivalent to applying the Rayleigh—-Ritz method to
1 the variational functional of the original equation. Using this
|1 equation allows the relaxation of continuity requirements on
the E field to a continuous approximation, provided thét
is also a continuous approximation. The resulting integration
is well behaved, and since no Green’s function is present,
the interactions are local, resulting in a sparse matrix upon
discretization. The source couples into the volume through the
H field on the boundary. This can be either a feed aperture
for a microstrip-circuit configuration, or the outer surface for
scattering problems among a variety of model problems.
For closed cavities or shielded structures, the surface inte-
gral in (13) vanishes and the resulting system of homogeneous

c=8.2]|

40

(b)

60

equations can be solved for the eigenvaligsf the resonant
cavity. The elements have nonorthogonal coordinates, so the
field unknowns are expressed as covariant projections, and all

Fig. 6. (a) Space-filter response (TE power transmission versus incideM&Ctor operations are performed in generalized coordinates.
angle) of anlV = 4 FSS for fixed frequencies in the bandgaps. (b) Same &pecial elements, which correctly model field singularities

in (a) for the corresponding homogeneous dielectric with the disks removy

(r = 0).

ar edges and corners, can be easily incorporated to improve
convergence.

or packaged antennas. We have tested and validated our hybfidem Formulation

code in specific geometries against published results [10],
[11] with excellent agreement. This code has the capabilit

The integral equation is formulated for either the half-space

of synthesizing FSS by stacking FSL’s rotated with respect adic Green'’s function or the free-space dyadic Green’s func-

each other, resulting in extra frequency-selectivity erxibiIit)}.I

on, so that a wide range of geometries can be handled. For

FIE) is chosen so that when the surface becomes flush with

Further, it can handle arbitrary curvilinear unit cells an@e half-space Green’s function, the magnetic-field formulation

conformal lattices once we implement a curvilinear me

generator.

A. FE-Method Formulation

the ground plane, the incident field does not vanish. The MFIE
has the form

ﬁxﬁi(ﬁ)

The FE method for the electric-field formulation uses linear Sf
vector-edge-based expansion on super parametric hexahedral J(R) B // A % [V Ve (é ﬁ’) .j(él)}d ’
elements (curvilinear bricks). The use of edge-based field =~ 2 S,n A ®
unknowns removes the problem of spurious solutions which ) . = /= 23N\ /=N,
occur for node-based fields through over-specification of the + jkoYon X //S G2 (R’ R) MR )ds (14)
normal field components across material interfaces. These
edge-based fields guarantee the matching of tangential fiegeere
across material interfaces, and allow the easy implementation = ,- - = vV [ .
of boundary conditions on perfect-conducting boundaries. G2 (R’ R/) = <I - ) g(R’ R/) +9(R’ R/i)}

2Implementation of the curvilinear mesh generator will be accomplished in — 2339 (R: R’;) (15)
the near future. !
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S (7 ) = [vo(f B)T-vo(R R)xD] e —
(16) & | I
Lol —jko| R—F/| b o8 il
Q(R’ R/) = 6_,7_, (7) g
47r‘R - R S |
ie
M(R') is the magnetic current, and the image pafjthas & |

04
the 2 component sign reversed. The free-space version has thg

image components removed.

The MFIE is discretized using the Galerkin version of
the method of weighted residuals similar to the FE method EEQ
by choosing test functions to be the same piecewise linear olb-r—t - . = —
functions that are used for field expansions. This approach
can handle the higher order singularity introduced by\ihég
term in (15) by using integration by parts twice. The remainin':'g' 7. Normal-incidence power transmission for a two-layer disk medium
. y y ' . &eated analytically) and the equivalent patch medium (treated with our
integrals are well behaved and are evaluated numerically aftet gm code).
the static singularity ing has been extracted and computed
analytically. The presence of the Green'’s function results in a

I |Patch Medium

Tol?; e=2.86
o
n
T

kg.C

dense matrix after discretization.

For laterally periodic FSS, we can make use of Floquet’ Computational Unit Cell Dielectric Slab
boundary conditions on the surface surrounding the unit cel ) Er2
and reduce the MFIE into a spatial-periodic form td \j,

o /o o ) Material
//W R . ﬁ x H" (R)}ds Inclusions
Erl

//Wﬁ ( )}/2ds+JkoYo//W
X 7l X // (R’)ds ds — 1/(jkoZo)

//W(}?ﬁ //ngR Ni(R)as' as.

(18)

Here, g, is the spatial periodic Green’s function

Z Z e —jko Ry / 471'R) jkgwrna—jkgynb. (19) 11

m=—oo nN=—0

—
T

6=30°TM

ission

By applying Poisson’s summation formula twice, the lastd 09 |

two terms in (18) can be cast into the form

jkOYO//W () nx//j (R 7)
><M( )ds ds — 1/(jkoZo) //W

08 |
07 |
06 |
05 [

Lines: This Paper

Amplitude of Specular Transmi

0.4 | . Dots, Triangles: Paper [13] N
03|
X VV - / / G R R (R’)ds ds (20) ol
0.1;*
where 0:\H‘m‘H‘m‘Hmu.lwumumuum- A |
+o0 +oo 5 6 7 8 9 10 " 12 13 14 15
/= = Frequency (GHz)
R,R’):l %ab
g jar) YD o

m=—ocon=—oo
w o Bam (22"} Byn (4"} Bemn (52 )/(1[3~nm) tlzrgr.ls%ﬁisggn?ne layer of high-contrast dielectric FSL. (b) TM amplitude

(21)

and fum, Byn, and B, are the propagation constants of The combined matrix system from the FE-IEM is solved
the correspondingnnth space harmonic in three directionsyia a sparse solver, and the frequency-selective characteristics
respectively. are calculated through a post-processing code.
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IV. DESIGN AND OPTIMIZATION OF FSS's Fig. 10. (a) TM amplitude transmission for an FSL of strongly capaci-

; " ] tive-inductive metalo-dielectric unit cells with vias. (b) Same as in (a), with
In this section, we provide several results of our FE-IEN] -1\ vias through a gap.

code for FSS’s. We will focus mostly on metalo-dielectric unit
cells with strongly capacitive interactions.

In Fig. 7, we compare the FSS, made up of circular PE§oldface lines on the top of the figure. In future work, we will
disks and solved analytically in Section Il with a medium opursue further the differences in implant geometry, including
square PEC patches implanted on the same lattice and analyg&@vation of polarizabilities for orthogonal and ellipsoidal
by our FE-IEM code. We note that our code cannot yet handjgapes on one hand and a curvilinear mesh generator on the
curvilinear geometries, therefore, the implants are square PgGer.
patches rather than circular disks. Therefore, in Fig. 7, wewe have further analyzed several designs of 2-D artificial
compare the two media where the patch sidis chosen by media implanted periodically with a variety of scatterers.

the equivalent aperture formula [12] Given that we require thin and laterally compact geometries,
d 39\ /3, our FE-IEM code is ideal in analyzing integration of finite
- = <—> - (22) thin lattices of these materials within the general packaged
@ 37 @ architectures we are concerned with.

We see that, within the range of validity of our analytical To further validate our FE-IEM code, we show in Fig. 8
treatment (to the left of the triple arrows), the results am single FSL containing high-contrast dielectric square inclu-
in excellent agreementThis impressive agreement at onceions perforating the host medium all the way. We observe the
validates both our analytical formulasd our FE-IEM code. transmission stopband, which moves in frequency with chang-
Outside the validity rangéqc > 6, (12), Fig. 7 shows that ing incidence angle. These results are in excellent agreement
our analytical treatment still provides very useful and fasg (1@vith the ones published in the literature [13]. If the inclusions
points/s) insights concerning all aspects of material paramegge substituted with metal, the stopband is locked in frequency
optimization. In that region, only our FE-IEM results shouldor all angles.
be trusted, but the analytical response is still quite close to then Figs. 9-13, we explore more complicated metalo-
FE—IEM results. Further, the large transmission stopbands fdi€lectric FSL'’s, including tunable designs and the effects
accurately within the PBG obtained from (9), denoted by then transmission of stacking them in various ways.
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tive-inductive FSL'’s. (b) TM amplitude transmission. itive-inductive FSL's. (b) TM amplitude transmission.

V. INTEGRATION OF THIN ARTIFICIAL LATTICES
In Fig. 9, we explore a metalo-dielectric unit cell having WITHIN IC AND PCA ARCHITECTURES

both strong capacitive and inductive interactions. In Fig. 10

in particular, we show the transmission characteristics of Pevious FSS designs within realistic thin compact printed
F_SL produ_ced by ca_lpacmve _un|t ce_lls with tunable condu_ctl_ rcuit and packaged antenna architectures. For all these appli-
vias. Vary'”g t.he via gap .d|men5|on.tunes th? transmsmggtions, in order to obtain PBG effects of the type discussed
stopband within a good-size bandwidth. Equivalent resuli$ section 11, the unit-cell size should be comparable to the
can be obtained using biasable ferroelectric or ferromagnefiGerating wavelength. Otherwise, the artificial medium will
materials instead of the via gap, which allows for tuning thge glectrically equivalent to a uniform dielectric with, at
structure externally. In Figs. 11 and 12, we explore tWo e¥yost, a dispersive behavior. On the other hand, due to the
treme cases of stacking two such FSL'’s together: parallel apgyistic limitation of compact lateral size, few unit cells can
90°-rotated, respectively. We observe that, in the former casy included, and the system reacts, in principle, differently
a transmission stopband develops, which is angle-independeién its infinite PBG counterpart.
In the latter case, the stopband only blocks intermediatewe first present our results for integration of thin FAL's
angles. into IC architectures at high frequencies. The structures under
This response becomes cleaner if unit cells with viagalysis are shown in Figs. 14(a) and 15(a). A combined
are stacked, as in Fig. 13, where we obtain a narro®-D/3-D FE method is used to analyze such classes of struc-
band direction-selective stopband and a broader directiaqores. The 2-D FEM is used to get the modal distribution,
independent stopband. It is clear that these designs can be fimaracteristic impedance, and propagation constant of the
ther tailored and tuned with an appropriate parameter searcimiform transmission line, which is used later in the 3-D FEM

' In this section, we analyze the integration of some of the
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Fig. 14. (a) Printed microstrip line on a single row of periodically printed
PEC patches: = 5.08 mm,d = 2.54 mm,w = 0.686 mm,h = 0.635 mm,

analysis of the whole circuitry. This method has been presentet|= 10.5. (b) Transmission calculated (solid) and measured (dashed) in the
. L . . . .. region of the first bandgap.
in [14] for general monolithic microwave integrated circuits
(MMIC’s), while we now use it for circuits with thin FAL
materials. For printed microstrip antennas, it has been shown that
Fig. 14(a) is a printed microstrip periodic filter, which wesubstantial directive gain enhancement may be achieved, with
have also fabricated and measured. Fig. 14(b) shows the traghs- use of multiple substrates [16] or with one single PBG
mission, both calculated (solid) and measured (dashed). Tager [17]. In the latter case, a gain enhancement of 14.5 dB
shape and bandwidth of the measured bandgap agrees withwas found for an elementary printed dipole. Motivated by
simulated one, up to the noise level of the network analyzéhis result, we examine the important issue of using PBG
The position of the measured bandgap is slightly shifteslbstrates/covers within the target framework of practical
relative to the theoretical one, probably due to uncertaintikgerally finite compact semiclosed PCA's. Since the resulting
in the substrate permittivity. thin FAL may have a very different response from their
Fig. 15(a) shows a perforated geometry with three rovaterally infinite counterparts, the issue of obtaining similar
of holes. The simulated data is presented in Fig. 158m). directive gains for compact PCA'’s is an important one. In this
extremely large bandgapf more than 80 dB has been foundpaper, we will only present results for PBG covers.
near 14 GHz forS,;. A similar result was obtained ex- In Figs. 16 and 17, we present a thin-FAL-covered (pack-
perimentally for a slightly different geometry [15]. Noticeaged) patch antenna printed on a homogeneous substrate, the
again that existence of this bandgap strongly violates thdiole system enclosed within a compact cavity and fed by a
usual scaling with frequency, as expected for homogeneausrent probe. The overall size is set by the requirement that
substrates. the cover contains few unit cells, each of the order of a half-
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-80 NS ing FSS applications, as well as integration of thin FAL's
of these materials within IC and packaged printed antenna
architectures.
Frequency (GHz) In a variety of cases, we have demonstrated that PBG’s char-
(b) acterizing these materials create frequency-scaling violations
Fig. 15. (a) Printed microstrip line on a high-contrast dielectric thin FAfOr the corresponding circuits, and have provided a full-wave
substrate. (b) Scattering parameters (in decibels) for a printed microstgipalysis for a variety of designs.
line on a high-contrast thin FAL substraie.= 5.08 mm, d = 254 mm,  por FSS, we have obtained metallo-dielectric thin artificial
w = 0.686 mm, h = 0.635 mm, -7 = 1.0, ande,» = 10.5. . . . . .. .
lattices with tailor-designed transmission stopbands and spatial

) filtering properties with respect to incident angle.
wavelength (volumetric average) at a target wavelength. Th'SFor microstrip circuit applications, we have demonstrated

is a multimode antenna with enhanced directivity capabilitie&at nonscalable extremely high transmission suppression

For a 5x 5 ur)it—C(_aII cover, we can have a double_-bea 80 dB) is possible by using high-contrast permittivity
pattern, shown in Fig. 16(b). Single-beam patterns with ve electric thin FAL's with tailor-designed PBG's in the

high directive gain of 10 dB are possible, as shown iﬂﬂcrowave or millimeter-wave regime

Fig. 17(b). We have also found that by using a7 7 ginaiy we have integrated high-contrast permittivity di-
unit-cell cover, a similar pattern with that of Fig. 17(b) iSyectric ‘thin FAL’s within semiopen or covered (packaged)

ot_Jtained, Wilfh peak.direct?vity of 12 dB. We thus see thabcag we find designs with multimode capabilities and very
with appropriate design, thin FAL substrates or covers can Hﬁgh single-beam directivity gains.

used in integrated compact geometries with results similar 1 the near future. we will present work focusing on each
their laterally infinite counterparts. i

12 14 20

of the general aspects presented here: further analytical work
in modeling thin FAL as FSS based on our transfer-matrix
vi. approach in conjunction with our FE-IEM code. This will
In this paper, we have presented a general analysis of tinelude Cartesian implant geometries and curvilinear mesh
artificial lattices and PBG materials based on an analytiogéneration, respectively, with the final objective of providing
approach as well as on our hybrid FE-IEM approach. Waecurate scattering/circuit equivalents to the computationally
have examined a variety of material designs for freestandemanding FE-IEM code, which will provide the basis for

CONCLUSIONS
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high-speed low-memory future coding for millimeter-wave
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applications. Second, a variety of optimized designs with
new conformal topologies, including curvilinear ones, for thin
FAL, applied to FSS’s, microwave integrated circuits (MIC’s)
and MMIC’s printed on these materials. Finally, optimized

compact packaged PCA printed on or covered with various
dielectric or metalo-dielectric thin FAL's will be provided
for a variety of pattern-shaping or directivity-enhanceme
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