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Analysis of Multilayer Infinite Periodic
Array Structures with Different Periodicities
and Axes Orientations

Arun K. BhattacharyyaSenior Member, IEEE

Abstract—This paper presents a general procedure to analyze and stop-band specifications. This may result in two different
a multilayer array structure, where each layer may have different  cell sizes for the two layers. A more complex multilayer array
periodicities, different lattice structures, and/or the array axes be- structure is a patch array loaded with a polarizing screen [9]

tween the layers may be nonparallel. The procedure involves de- , . . . . . .
termination of global cell with a global coordinate system, then (this particular example is considered in Section 1I-C for a de-

computations of local generalized scattering matrices (GSM’s) of tailed analysis). For this structure, the patch layer and the po-
individual layers followed by modal mapping from local to global larizer layer have different cell sizes and the cell orientations
GSM's. The global GSM's for individual layers are then combined  are nonparallel between the layers (patch rows and the polarizer
to characterize the entire structure. The mapping relations are de- grids are not parallel). Analyses of multilayer array structures

rived for two layers with different lattice structures, different peri- having diff t iodicities bet the | h b
odicities, and array-axes orientations. Three examples of practical aving drirerent periodicities between the layers have been re-

importance are considered to demonstrate the methodology. The Ported in[10] and [11]. The structure in [11] consists of a dipole
first example is a two-layered patch array with different period-  array loaded with one layer of strip grids. The formulation as-
icities. The second example is an array of subarrays with several sumes that the cell size of the dipole layer is an “integral mul-

patch elements within a subarray. It is shown that a subarray can —tiy1e of that of the strip-grid layer. No such assumption is made
be characterized rigorously by characterizing only one element of .

a subarray instead of analyzing all the elements of the subarray in [10]. Howeyer, n both cases the theory is limited to parallel
simultaneously. Consequently, analytical and computational com- array-axes orientations between the layers.
plexities r_educe g:onsiderably. Th_e last ex_ample is a patch array  |n this paper, we present a general analysis of multilayer
loaded with multilayer meander-line polarizer. The patch armay = 01 res. The layers may have different lattice structures (unit
and the meander-line array have two different periodicities and . . L . .
the axes are nonparallel. Detailed radiation characteristics of the C€llS) with different periodicities and axes orientations. In our
structure are presented and compared with that of a strip-grid po-  analysis, we first obtain the global unit cell. The global unit
larizer. Computational advantages of this method are discussed. cell structure is dependent upon the cell structures and the
Index Terms—Arbitrary lattice, different axes orientation, relative array-axes orientations of the individual layers. We
different periodicity, infinite array, meander-line polarizer, multi-  then find the GSM’s of the individual layers with respect to
layer structures, patch-fed-patch array, scan blindness, strip-grid  the global unit cell. Construction of the global GSM for each
polarizer, subarrays. layer is necessary in order to apply the GSM cascading rule
[8] for analyzing a multilayer structure. It is found that a set of
|. INTRODUCTION local GSM’s (GSM'’s with local unit cell and local coordinate
vs\,,ystem of an individual layer) can be used to construct the

fabrication cost, low profile, and lightweight [1][3]. ForglObaI GSM for that layer. This is possible because a Floquet

bandwidth enhancement or for dual-band applications, mulg}_ode associated with a given lattice structure can represent a

loguet mode associated with a different lattice structure. The
layer patch structures have been proposed [4]-[7]. Analyses O : ) ; o
. : ; mode numbers (modal indexes for two-dimensional periodic
multilayer array structures have been reported in the literature . : .
! . ; : structures), however, will be different for the two different lat-
using Floquet modal analysis and generalized scattering ma- ; . . :
. tices. A mapping relation between the modes associated with a
trix (GSM) approach [8]. These analyses assume equal cell size . . .
S . ~local lattice and the global lattice would allow constructing the
(periodicities) for the layers, therefore, the layers have iden-

! ) .global GSM for the layer using the elements of local GSM’s.
tical Floquet modal functions and, hence, the GSM cascadi . : . ;
. . - have established such mapping relations for different cases.
is straightforward. For many applications, the layers may h ) U

: : . RS 0 find a local GSM of an individual layer, we use Floquet
different cell sizes. A typical example of this kind is a patch

array antenna loaded with a frequency selective surface (FS@ dal analysis and Galerkin's method of moment [12]. Once

The cell size of the radiating patch layer is generally determinévn dﬂtﬂz ?\f}e?;ﬁbealsﬁsol\f/l tiéosrt?dlciz?elndlwdual layers, we can

by the maximum scan requirement. On the other hand, cell siz o illustrate the methodology, we consider three different ex-

of the FSS layer is determined independently by the pass b‘fj}anmples for analysis. The first example is a two-layer patch array

with different periodicities of the layers. The lower layer patches

ICROSTRIP array antennas are popular for their lo

Manuscript received April 10, 1998; revised June 11, 1999. are excited by probe feeds. The input impedances seen by the
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90009 USA. riven patch elements are determined. The second example is
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the subarray elements is formulated, which is essential for de-
signing the feed network. Computed results for three different
subarrays are compared with the available results. The thirdex- 5 ,
ample is a patch array loaded with a two-layer polarizing screen.
We present a detailed electrical characteristics including input A A\ A S\
match, axial ratio bandwidth, and scan performance. Scan blind- A S A\
ness phenomena caused by various guided-mode-resonances are o >

explained through Floquet-mode circle diagram. Relative per-
formances of a meander-line polarizer and a strip-grid polarizer
are discussed and the important conclusions are outlined at the
end.

Il. THEORY

We present the analysis of three structures with increasing
order of complexity. We first establish the mapping relations
between the Floguet modes of a local cell and the global cell
and then outline the stepsto be followed towards the analySISF(l)gf. 1. Athree-layered printed array structure with different periodicities and

the entire structure. parallel array axes orientations.

A. Layers with Different Periodicities: Rectangular Lattices The reflected and transmitted modes supported bytthkayer

Consider a multilayer array of printed elements as shown @€ to the incident field given in (1) can be represented by the
Fig. 1 where the layers have different periodicities. The eléllowing local modal function:
ments of each layer are aligned row wise alangnd column ) R0 @) @)
wise alongy, forming a rectangular lattice structure. Suppose Drin (€, Y) = Ay €xP (_J Fam® = J kuny) : (4)

[a, b] represents the overall periodicity (we will refer to as gIOballhez-dependent factor is suppressed which is unimportant with

periodicity or global gell) ofthe structure,_whenandblare the respect to the present context. The wave numbersin (4) are given
lowest common multiple (l.c.m.) of the different periods anng

« andy directions, respectively. In other words, a unit cell o

dimensions: x b will accommodate a finite number of cells of ED = (2mr + ¢ui)/ai

any layer of the multilayer structure. The number of cells will L0 — (207 + ¢pyi) /b (5)
differ, in general, from layer to layer. The Floquet modes sup- ur v

ported by the global cell is given by the following vector modalvherem andn are the local mode-index-pair. Henceforth, a

function [12]: Floguet mode withr andn as mode-index pair will be denoted
. . as the(/m, n) mode. Substituting..; andé,,; from (3) to (5) we
Ype (2,4, 2) = Apg exp(—jhkapx — jhyqy) have the following expressions for the wave numbers associated

x {exp(—jk-pg2) + T exp(ik.pgz)} (1) with the reflected and transmitted fields from ttle layer:

- L, (5) —
whereA,, is a constant vector. Expressions iy, with respect k“f(’s {2r(matp) + ¢u}/a
to the TE and TM. fields are given in [13]. The wave numbers, kyn = {2m(nB + q) + ¢y} /b (6)
for rectangular lattice, are given by

where
kzp = (2p7 + ¢2)/a a = aa;
kyq = (2qm + ¢)/b b= b @)
kapg =\ K — k2, — K, (2« andg are integers.

From (6) we notice that when the glolal, ¢) mode is inci-
k, is the propagation constant in a given mediufp.and¢, dent upon theth layer, the elements of thi¢h layer will pro-
are the phase increments per unit cell dimension alorgd gyce the globalp + ma. ¢ + n3) modes, wheren andn both
y-directions, respectively. We will use the symHal., ¢,} 0 yun from— « to . Interestingly, for a single global-mode inci-
represent the abowdfferential-phase-pair dence, the reflected and transmitted global-mode indexes appear
Suppose the above mode in (1) is incident uponth@atch  only at discrete intervals. These intervals arand3 for = and
layer having the local cell size representeddyb;]. The inci- , indexes, respectively. Furthermore, the glalpaticy, g+ j3)
dent phase differences between two adjacent local elementsngfdent mode{; j integers) will create the same set of reflected
theith layer alongr andy directions would be, respectively, and transmitted modes with different amplitudes. However, the
intermediate reflected and transmitted modes will be created if
Pzi = (2pm + Pz)ai/a the global incident modes have modal indexes(ike i, g+ ),
¢y = (2q7 + ¢y )b; /. (3) where: < «, j < 3. The next step is to establish a one-to-one
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mapping between the global modal indexes and the local modélglobal Floquet modes must be selected first. This number
indexes of the-th layer. This mapping relation allows repre-depends on the element spacings in wavelength and the sep-
senting the local GSM of thah layer with respect to the global aration between the adjacent layers [12]. To comply with the
modal index system. When the individual layer GSM’s are repetal number of global modes requirement, the number of local
resented in terms of a global modal index system, we can diodes in Step 3) may be considered approximatelyl As?3)
rectly use the multimode cascading rules [8], [12] to analyzetimes the total number of global modes. Therefore, although the
multilayer structure. The advantages of this procedure will K@SM’s of an individual layer are computeg? number of times,
discussed later. the dimensions of the associated matrices are reduced by the
From (5) and (6) we notice that thfg + m«, ¢ + n3) mode same factor.
in the[a, b] cell is equivalent to thém, n) mode in[a;, b;] cell. o o . )
The differential-phase pair for the above cells &¢e, ¢, } and B. Layers with D_|fferent Periodicities and Axes Orientations:
{(2p7 +¢2) /o, (2q7 + ¢, )/ B}, respectively. Therefore, by set-Rectangular Lattices
ting different values op from zero too — 1 andg from zeroto  In the foregoing section, the cell orientations between the
# — 1, we can cover the entire global modal space using lodalers were assumed parallel. In many applications, cell orien-
modes. tations are not parallel between the layers. In this section, we
From the previous discussion, we can conclude that thensider rectangular global and local unit cells with nonparallel
local (m,n) mode in theith layer with a differential-phase array axes.
pair {(2pm + ¢.)/c, (2qm + ¢,)/B} is equivalent to the  As before, we assume that the global periodicity of the struc-
(p + ma,q + nB) mode in thefa, ] cell with the differen- ture is[a, b] and the local periodicity of théth layer is[a;, b;].
tial-phase paif ¢., ¢, }. Therefore, to fill in the entire global The 2’ axis of theith layer is inclined at an anglg with the
modal space we have to compute the local GSM'’s ofithe global z-axis of the structure [see Fig. 2(a)]. The local modal
layer with the following set of differential-phase pairs: function of thei-th layer can be expressed as

{(/)mi, (/)yz} :{d)m/av (/)y/[j}? {(271' + (/)w)/av (/)y/ﬁ} C(.’E, y) = Brnn eXp(_jk;crn.’L'/ _ jk;ny/) (8)
{¢o/ v, (2m +¢y) B}, AR = Dm + ¢a) /a0 here

(26 - D+ 6,)/5). , ,
kacrn = (2m7r + ¢xz)/al

The corresponding global mode-index pairs would be —
ponding P K = (207 + ) /i 9)
(4, k) =(ma,nB), (ma + 1,n8), (ma,nB + 1), Using the following coordinate transformation formulas for axis
(m+Da-1,(n+1)F-1) rotation:
wherem andn both run from—  to . Note that to con- 2’ = xcostp + ysiny
struct the global GSM for théh layer, the local GSM’s should y = —xsinty 4+ ycos (10)

be computedv3 number of times. The following simple steps o _
should be followed in order to analyze a multilayered structuféd substituting in (8) we obtain
with different periodicities.

Step 1) Finde, 4], the global cell size of the structuie. 3] @) = Buan Xp(=hom = jhyny) (D
basically is equal to the I.c.m. of the local cell diwith
mensions of the layers in the structure. )

Step 2) Find the global differential-phase-pdp.., ¢, } Kam = 2mm cosyp/a; — 2nmsin g /b;
from the input excitations or scan direction, etc. + ¢l costp/a; — dyy;sinep /b, (12)

Step 3) Consider a given layer and find the local cell size
[¢i,0;]. Finda = a/a; and = b/b;. Select a dif-
I)erentlial-tphase p?ig(f?pﬂdJr %)h/% (2q7i;+ (Ij)dy)b/ﬁ} kyn = 2mrsinap/a; + 2nm cos i /by

y selecting a set of andq, wherep should be an o )

integer between zero and— 1 andq should be an + Oy sinp/ai + gy, cos P/ bi. (13)
integer between zero anél— 1. Compute the cor- Recall thats; andb; are the periodicities of thih layer along
responding local GSM. Rename the local GSM eley’ andy/ directions, respectively. Now consider the periodicity
ment indexegm,n) globally as(p + ma, ¢ + n3).  of thesth layer alongr andy directions of the global coordinate
Repeat this for other sets pfandg. There should system. The periodicity alongwould be the I.c.m. of; / cos ¢
be «/3 times GSM computations for the layer undeandp, / sin+yt. Similarly, the periodicity along would be the
consideration. l.c.m. ofa,/ sin+ andb; / cos 9. Since[a, b] is the global peri-

Step 4) Repeat Step 3) for other layers in the structuiggicity the following relations must hold:
Then combine the individual layer GSM’s to find

the overall GSM of the structure. a =mya;/costp =nib;/sin
It S_hOUId b_e_ mentioned that _'n order to increase the COM-apqy g practical purposes;/ cos ¥ andb; / sin ¥ can be considered as ra-
putational efficiency and numerical accuracy, the total numbgmal numbers, hence an l.c.m. is possible to obtain.
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b = moa;/sinty = nab;/ cosp (14) y

wherem;,ms,n1,n2 are all integers. Using (14) in (12) and  z 4
(13) we obtain e 66 6eed

‘ ..... “ ..... ‘ ..... “ AAAAA ‘

>

K = [2m(mmy —nna) + (madly; — madly)l/a o666 66
kyn = [2m(mimg + nng) + (magly,; +nadiy;)]/b. (15) _: ) @ > A B ‘ ‘

Suppose the above wave number corresponds {pthe¢global |/&.. & @ & @ @ @,
mode with a differential-phase pait.,¢,}. Then, we can
write

21p + ¢ = 21 (mmy — nny) 4 (madly; — n1gl,)
21q + ¢y = 2n(mmyg +nn2) + (Madl; +nady,).  (16)

Equation (16) essentially relates the local mode indéxes:)
to the global modal indexe®, ¢). For giveng,, and¢, (which
are determined from desired scan direction or from other con- @
siderations), each global mode-index pair has a corresponding n

local mode-index pair and vice versa. In other words, every local
mode, represented by a coordinate point on(the- n) plane,

has an image point on tHe — ¢) plane [see Fig. 2(b) and (c)].
Sincem andn can take all possible integer values, a unit cell
in the (m — n) plane, in general, maps into a parallelogram in
(p — q) plane as shown in Fig. 2(c). The area of the parallelo-

gram can be found from the Jacobian relation of (16), which is O O D c O
given by
—
ApAqg = AmAn. (17a)
d(m,n)

From (16) and (17) we obtain
ApAg = myng + mony = ab/(a;b;) (17b)

sinceAm = An = 1. The number of discrete coordinate

points inside the parallelogram is equalitgns + mon; = O
ab/a;b;, which is expected. If we excite thith layer with a dif-
ferential-phase paf¢’,,, ¢/, } that satisfies (16), then the global O
modes will occur at dlscrete intervals. Each differential-phase
pair associates only one global mode point within each parallel-
ogram. The remaining mode points correspond to other differen-
tial-phase pairs. To generate the other global modes we should
use appropriate sets 6., ¢/, }. The procedure of finding ap- O
propriate{¢’,;, ¢, }'s will be explained shortly. To fill in the en-

tire global modal space, one can follow a systematic procedure O O e} o) e
as below:

Step 1) Estimate the global cell size, 4] and the global
coordinate axes for the structure. Consider ithe
layer. Use (14) to findny,ny,mo andna, which ©
depends ofja;, b;], [a,b], and+. Find ¢, and ¢,
from the excitation condition of the array or othefFig. 2. (a) Two-layered printed array structure (rectangular lattices) with
conditions relevant to the function of the structure. ﬂ:gﬁ;emg:;ff'f'tﬁsp"’l‘ggeng)pﬁgﬂfgtagrlrgg;ﬁigg?séae;onsq)(?))lﬂzquet local

Step 2) Construct a parallelogram in tiig — ¢) plane.

The four corner points of the parallelogram are

(0,0), (my,m2), (—n1,n2) and(my —ny, mo+ny),  Step3)

respectively. Locate all the discrete points (with a) Setm = n = p = ¢ = 0. Then use (16)
integer coordinates) inside the parallelogram. to obtaing,; and¢/,. Obtain the local GSM
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of the ith layer for a differential-phase pair y
{#is ¢y, - Rename all thém, n) modal in-
dexes of the local GSM elements Iy, q),
wherep andq are computed using (16). Note
that(p, ¢) occurs at discrete intervals only.

b) Select another discrete point inside the paral-

lelogram of Step 2) and finfp, ¢). Set

p=mm; —nny

q = mma + nno (18)

and find solutions forn andn. At least one
of them ¢n or n) must be noninteger. Retain
only the integral parts as the solutions far
andn. Use the integral values thus obtained

formandn in (16) to find anew setaf,; and Fig.3. Arbitrary lattice structure of a layer. Also shown are the global unit cell
’” With this neW{ff)/m ’”} repeat Step 3a). (thick-line parallelogram) and the relative axis orientatiorx b is the area of

|stome points lie on theroundary of the par_a global unit cellia; x b; is the area of a local unit cell.

allelogram, shift the parallelogram in appro-

priate directions (no rotation allowed) so thafiotation as in the case of a rectangular lattice. The global wave

no point lies on the boundary. Then considefumbers corresponding to tke, ¢) global mode are

all the points inside the shifted parallelogram -

[parallelogram with dash lines in Fig. 2(c)]. wp = (207 + @)/ a

Step 4) Repeat Step 3b) for other discrete points inside the kyq = (27 + ¢y) /b — 2pr/(a tan ). (19D)

parallelogram. There should be a totalrafn, + Following the procedure detailed in Section 11-B, we can find

many local GSM computations for thah layer. ; ;
Step 5) Follow Steps 1) to 4) for the other layers and casca%?g relation between the local and the global mode indexes. The

the global GSM'’s to obtain the overall GSM of the fal relation becomes

structure. 27p + ¢ = 21 (mmy —nny )+ (@ +P1dy;)

The procedure presented above is applicable for rectangu@;q_i_d)y_i_bd)m/(a tan y) = 2 (mmatnne Y asdl; +Bad. )
lattice structures. For other lattice structures or for different lat- o v
tices at different layers (for example, rectangular in one layer (19¢)
and triangular in other layer) the mapping relations would %here
different. This is considered in the section that follows.

~
X

oy =acos/a;, 1= —asiny/b;

az = beos(y — ) /(a;sin~y)

B2 = bsin(y — 1) /(b; sinvy).
The procedure in Section 11-B can be generalized for different

lattice structures at different layers. A general lattice structurer, n1,m2, n2 are four integers and their values argin(v +
of theith layer is shown in Fig. 3. The unit cell areadsx b; v)/(aisin~y;), asint/b;, bsin(yp + v — v)/(a; sinysiny,;),
whereq; is the element spacing along the ravi-axis),b; isthe andbsin(y — ¢)/(b; sin+y), respectively. To obtain the global
perpendicular distance between two consecutive rowsyaisd GSM from local GSM'’s of theth layer one should use (19c)
the lattice angle. The three parameters; and~; can describe instead of (16) and then follow the steps from 1 through 4 in
any arbitrary unit cell. Different unit cell structures at differenBection 11-B. Notice that setting; = v = 90°, (19c) modifies
layers may result in a general global unit cell structure. Suppdse(16).
the global unit cell has a lattice angjeand the cell area is x b
(Fig. 3). The row-axis£-axis) of the global cell makes an angle [ll. APPLICATIONS
1 with the z’-axis of the local cells. The local wave numbers
associated with thém,n) local mode in theth layer can be
expressed as

C. Layers with Different Periodicities and Different Axes
Orientations: Arbitrary Lattices

To demonstrate the methodology, we consider the following
three examples of practical importance. In order to validate the
theory, we compare our computed results with the available re-
sults in the literature.

ka/vrn = (2m7r + (f):m)/al

K. = @nm+ ¢,) /b — 2mn [(a;tany;).  (19a) A. Patch-Fed Patch Subarray

A patch fed patch subarray is considered as the first example

We like to mention that although the wave number algng of a multilayer (two layers in this case) array structure with
a function of bothm andn, for simplicity we keep the same different periodicities. Fig. 4(a) shows the geometry of a unit
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upper layer. The local mode indexes are then converted to
obtain the global GSM for the upper layer. Because the cell
centers between the two layers are misaligned, appropriate
phase factor is introduced for each elements of the global GSM.
To compute the GSM of the lower layer, we Usg,, ¢, } as the
differential-phase pair and, b] as the cell size. The two global
GSM's are combined to obtain the overall GSM of the patch
layers. To find the input impedance seen by the probe feed, the
overall GSM is converted to theZ] matrix. The[Z] matrix of

the probe feed is obtained separately using the reaction theorem
and Floguet modal analysis [13]. Combining {ti§ matrices,

the input impedance seen by the probe is obtained.

In Fig. 4(b) we have plotted the input impedance. About 120
Floquet modes were used to obtain a reasonable convergence.
To compare the impedances between an isolated subarray and
its infinite array, we have also plotted the input impedance of
an isolated subarray. The impedance data were extracted from
Fig. 2 of [6]. High@ resonances are found to occur for the in-
finite array case. For the isolated subarray, no such resonance
exists. The high) resonances near 4.4 and 5 GHz are due to
the parallel plate modes that couple with higher order Floquet
modes. The uncharacteristic behavior of the array impedance
near 4.16 GHz is due to the appearance of the first grating lobe.
If the high@ resonance points are ignored (which are pertinent

R, X, Ohms

-150 4

Infinite Array of subarrays

_______ Isolated Subarray to an infinite array), the general shapes (including the number
-200 ‘ — ‘ ‘ of peaks) of the impedance curves are very similar to each other.
3.2 36 4 44 4.8 5.2
f. GHz
() B. Array of Subarrays

Fig. 4. (a) A two-layered patch-fed patch subarray. The lower layer patch For alimited scan reqmrement- the SUbarray concept is useful,
electromagnetically couples the upper layer patches. Lower layer patchbiecause it allows lesser number of phase shifters than normal. To
excited by probe feed. (b) !nput _impedance versus frequency plot of th&cite the subarray elements with appropriate tapering, which
subarray. Subarraf-plane dimension= 7.2 cm, H-plane = 6.4 cm, . . .
upper layer patches 2.0 cm 1.6 cm, lower layer patch 2.13 cm 2.0 cm. 1S Sometimes necessary to control the grating lobes [14], one
Substrate thickness of the layers0.16 cm each, dielectric constant for both should have a knowledge of the impedance matrix of the sub-
layers = 2.55. Probe located at 0.8 cm from the center aldiiglane. —  zrrgy elements. The usual way of analysis is to consider the en-
Infinite array of subarrays for bore-sight radiation; --- isolated subarray [6]. .. .

tire subarray as a unit cell of the array and then solve the patch

currents using the method of moments [15]. This method re-
cell of the structure. The array consists of two patch layers guires excessive analytical and computational efforts because
a dielectric coated ground plane. Another dielectric layer segH patch currents in a subarray are solved simultaneously with
arates the patch layers. Probes excite the lower layer patcteelarge number of unknowns. Furthermore, the cell size being
Each lower layer patch electromagnetically couples four upparger, several Floquet modes are required for a reasonable con-
layer patches. The driven patch in the lower layer and the fougrgence. In the present approach, we use the general procedure
coupled patches in the upper layer make a subarray of an imfistlined in Section Il with necessary modifications f&i] ma-
nite array. The lower layer patches have the periodigity], trix representation of a subarray. We will demonstrate that one
while the upper layer patches have the periodiity2, b/2]. needs to characterize only one element in a subarray to char-
Both layers have rectangular lattice structures. In a global uaitterize the entire subarray consisting of several identical ele-
cell, the driven patch is symmetrically located below four upp@nents. To simplify the presentation we outline the procedure
layer patches. Analysis of an isolated subarray is reported foy a rectangular subarray of2 2 elements as in Fig. 5(a). In
Legay and Shafai [6]. However, our analysis is applicable fthe Appendix, we consider more general subarrays with arbi-
infinite array of such subarrays. trary number of elements.

To analyze the infinite array, we first find the local GSM’s of Supposéa, b] are the dimensions of a subarray (rectangular
the upper layer and convert the local GSM’s to a global GSMttice) in an infinite array. As explained in Section II-A,
using the steps in Section II-A. For the upper layer, we compute consider the local cell size as the element spacing inside
four local GSM’s with differential-phase paifs../2, ¢,/2}, a subarray. The cell size in this case [i5/2,5/2]. Now
{Pa/2+m,0,/2}, {02/2,04/2+ 7}, {¢p=/2+ 7, ¢y/2+ 7}, we compute the Floguet impedances of the array elements
respectively, where, = koasinfcos¢, ¢, = kobsinfsin¢, with the following differential phase pairs{¢. /2, ¢,/2},

(8,¢) being the scan direction in the spherical coordinatgp,/2+ 7, ¢y/2}, {¢a/2, dy/2+ 7}, {bx/2+ 7, ¢y /2+ 7},
system. We consid€iz/2,b/2] as the local cell size for the where ¢, = koasinfcos¢, ¢, = kobsinfsing, (8, )
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Fig. 6. Exploded view of a slot-coupled patch array loaded by a meander-line
polarizing screen for circular polarization.

Fig.5. (a) Subarray of X 2 patch elements. (b) Reflection coefficient versus N Order to validate the above subarray analysis, we compute
E-plane scan angle of an infinite array of subarrays. Number of elementstine impedance matrix of three subarrays with elements1i,

subarrays are k 1, 2 x 1, and 3x 1, respectively. Subarray elements ar

arranged along th&-plane. Element spacing within a subarray)0.% 0.5\.

Element size 0.28x 0.3\. Dielectric constant 2.55. Equal voltages for all

the elements within a subarray. —This theory; --- [15].

being the scan angle. Suppo&er, Z>r, Z3r and Z4p are

2 x 1, and 3x 1, respectively. From the impedance matrix,

the active input impedances seen by the patch elements of a
subarray are obtained. From the active impedances, we derive
the reflection coefficient seen by an equal-split power divider.

Each subarray is assumed to be boresight matched. We compute

the Floguet impedances for the above four cases. Then {ig reflection coefficients for several scan angles inihglane

impedance matrix of the subarray elements for a given s

angle would be (see Appendix for derivation)

[2] = [2][ZF][2] 7 (20)

where[ZF] is a diagonal matrixZ g, Z2r, Zsr, Zsr being the

diagonal elements, arj@] is given by

1 1 1 1
r -z T

Y Y -y
ry  —ry -y

[®] = (21)

with

z = exp(jdz/2)
Y= eXP(f‘/)y/Q)-

capd compare our numerical results with that reported in [15].

Fig. 5(b) shows the comparison. For our numerical results, we
assume that the feed probes are located near the radiating edges
of the patch elements. Excellent agreements between the two
sets of results are found. For:3 1 element subarray, discrep-
ancies are found nedér= 20° andf = 75° scan angles. These

two angles correspond to the array blind spots. The magnitude
of the reflection coefficient near the blind spot is very sensitive

to the feed location. We assume the feed location near the edge
of the patch elements, which may be different from that in [15].

C. Patch Array Loaded with Screen Polarizer

We now present an example of a multilayer structure with
different periodicities and array-axes orientations. An exploded
view of the entire structure is shown in Fig. 6. It is a slot-fed
patch array antenna loaded with a two-layered polarizing screen.
The patch array is designed to radiate linearly polarized wave

Note that[®] is an orthogonal matrix that can be inverted bwith its polarization direction along the-axis. The screen po-
transposing its complex conjugate and then multiplying with tHarizer converts the fields from linear polarization to circular po-
normalization constant. If the number of elements in a subarrayization. The screen polarizer consists of a dielectric layer with
increases indefinitely, the mutual impedance between the etenducting meander-lines (or strip-lines) etched on both sides of

ments approaches the integral relation derived in [16].

the layer. The screen polarizer is placed above the patch surface
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Fig. 7. Impedance and axial ratio of the structure in Fig. 6. Patch cell size 0.99

cm x 0.99 cm. Patch size- 0.35 cm x 0.6 cm. Slot size= 0.27 cmx 0.025  Fig. 8. (a) Reflection coefficient versus scan angle of the slot-coupled patch
cm. Patch substrate thickness0.081 cm, feed substrate thickness 0.038  array (no polarizer) described in Fig. 7. (b) Reflection coefficient of the patch
cm. Dielectric constant for patch substrate (also feed substrate) is 2.55. 5@rray with meander-line polarizer loading. Separation between patch surface
microstrip feed lines excite slots. Meander-line periodicity 0.7>r@.35 cm. and the inner surface of the polarizer is 0.5 ¢gim= 20.7 GHz. The resonances
Line width = 0.035 cm, meander deptk: 0.1 cm. Meander-line axis is 185 are explained through circle diagram in Fig. 9.

with xz-axis of patch array. Polarizer spacer thicknesd).502 cm, dielectric

constant of spacet 1.1. Strip-width for the strip-line polarizex 0.025 cm,

spacer thickness= 0.5 cm. (a) Input impedance versus frequency. --- patckl14) we findm; = ms = 2andn; = ny = 1 FoIIowing the
array without polarizer,A- patch array with strip-line polarizer a = 0.5 . . . ' .
cm, O patch array with meander-line polarizerdt= 0.5 cm, -O- patch St€PSin Section I, we find the GSM of the structure_wnh regpect
array with meander-line polarizer dt= 0.7 cm,d = distance between the to the global modes. From the GSM, we determine the input
patch surface and polarizer inner surface. (b) Axial Ratio versus frequency.impedanCe axial ratio of the array. Fig 7(a) shows the input
meander-line polarizer by itself for normal plane wave incidence, patch . ’ . L .
array with strip-line polarizer at = 0.5 cm, {3- patch array with meander-line |mpeqance of an glement with anq without .Scr(_aen pOIa.”Z(arS'
polarizer atl = 0.5 cm, -O- patch array with meander-line polarizedat 0.7  Two different polarizers (meander-line and strip-line polarizers)
cm. are considered for this study. The impedances are computed for
boresight beams. The polarizers reduce the impedance band-
and at a finite distance from the patch metallization. The disAdth of the array. The strip-line polarizer introduces high
tance between the patch and the polarizer is adjusted to optimigeonances, which are due to coupling between strip-line modes
the electrical performance of the antenna. Analysis of an isaad higher order Floquet modes. For meander-line polarizer no
lated screen polarizer has been reported in the literature [9]. ¥lech resonance occurs for the boresight beam. We will explain
will present a detailed analysis of the patch-polarizer assemblyese phenomena later in further details. Fig. 7(b) shows the
We shall see shortly that the scan performance of an isolagedal ratio versus frequency for three different screen locations.
screen polarizer differs considerably from that when coupled By adjusting the spacing between patch surface and the screen
a patch array. polarizer, the array structure can be tuned to some extent to im-
In our structure, the periodicity of the patch elements is 0.990ve the axial ratio of the radiated fields. For the strip-line po-
cm in both directions. For the screen polarizer, the spacing barizer, the axial ratio degrades significantly at the resonance
tween two grid lines is 0.35 cm and the grids are oriented at kntations.
angle 138 with the £-plane of the patch array. The meander To examine the scan performance of the integrated array
periodicity along the length is 0.7 cm. Thé-axis of the me- structure, we compute the reflection coefficient seen by the
ander-line makes 4%angle with ther-axis of the patch. Using microstrip feed line at various scan planes. Fig. 8(a) and (b)
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shows the scan performance of the patch array without and
with meander-line polarizer loading. The scan planes wére 0
45°, 907, and 138, respectively. Several blind spots are found.
These blind spots are due to the trapped guided modes tha
exist between the polarizer screen and the patch ground plane
There are three different types of guided modes responsible
for scan blindness. They are: 1) surface wave modes; 2)
meander-line-guided modes; and 3) parallel—plate waveguide
modes. The occurrence of a scan blind angle can be explainec
through the Floguet mode circle diagram in Fig. 9. Each circle
(with radius equal tok) is associated with a Floquet mode
supported by the array structure. The family of curves (almost
straight lines with small periodic perturbations) in the diagram
represent the wave number loci of meander-line-guided miodes
The meander mode loci were obtained from an independent
analysis of meander-line structure over a ground plane. The loci
are oriented at 45with the k,-axis, because the meander-line
axis is at 13%5with the z-axis of the patch array (Fig. 6).

In Fig. 9, the circle with slightly larger radius, concentric with

the (0 0) mode represents the surface wave mode Wheneﬂ% 9. Floguet mode circle diagram. Each circle corresponds to a Floquet
? ) mqde. The circle with dash lines corresponds to the,T8lirface wave

a guided mode locus passes through a Floquet mode circléydtie. The family of curves represents the propagation constant loci of the
indicates that the Floquet mode and the guided mode mayriwnder-line-guided modes. The points indicated by capital letters correspond

strongly coupled to each other, causing a resonance that rifs)e resonances in Fig. 8(a) and (b).

lead to a scan blindness. Each point of the guided mode locus

that lies inside the Floquet mode circle corresponds to a blind

spot. For example, the point B represents a blind spot due 1

coupling between a meander-line mode and the, Q) Floquet

mode. The blind spot is represented by the veddt, so the 0.8

blind spot is located ap = 0 (E-plane),f = sin™*(|AB|) ~

9°. Likewise, the vectordC represents the scan blindness or g os

the E-plane due to the surface wave resonance. Similarly, tk 3

vector HT represents a blind spot at= 135° andé ~ 63°. E 04 ]

In Fig. 9, we have shown the points corresponding to each blir

angle of Fig. 8(b). Note that some of the above blind spots woul

not be observed in the case of an isolated meander-line polariz

with a plane wave incidence, because those blind spots are due

coupling between higher order Floquet modes and the meand: 0 15 20

line-guided modes.

It is important to note that the meander-line polarizer intro-

duces undesirable blind spots at abouaBgle from the bore- Fig. 10. Scan performance with elevated (= 1.0 cm) meander-line

sight direction of the array. The intensity of the above blindolarizing screen. The other parameters are same as that in Fig. 7.

ness can be reduced or eliminated if the coupling between the

meander mode and the Floquet mode associated with the blind

spot is reduced. This can be accomplished if the distance bethe reflection curves. These peaks correspond to the parallel

tween the meander-line polarizer and the patch surface is ptate waveguide modes that propagate along the transverse di-

creased, because the coupling Floquet mode is evanescentgstion with multiple reflections from two reflecting planes. The

the fields decay exponentially aloagln Fig. 10 we have shown incident angle of the wave front is given by

the scan performance of the same antenna structure, when the

polarizing screen position is elevated by 0.5 cm alenotice 6 = cos™!(nA/2d) (22)

that the meander mode resonance is completely subsided, en-

hancing the scanning range of the array. However, by elevatiggiere is an integer is the wavelength inside the parallel

the screen position, we find few additional peaks (resonancegte region and is the distance between the two planes. Since
the upper plane is made of meander-lines, the location of the

2If 3 be the propagation constant of a guided mode, then the guided mode wiper reflection plane slightly deviates from the physical loca-

be coupled to any Floquet mode that has a wave numbk@nof/b+ 3), where  tion of the meander-line plane. This deviation depends on the

b represents the periodicity of the Floguet mode along the meander-line-mgfigjdent angle and polarization angle of the incident field. To

propagation direction and is an integer. Therefore, to examine he couplin . . .
ggglmate the location of resonance, we wave plotted the distance

between all possible Floquet modes and the meander-line mode we should - A
two sets of loci—one being the mirror image of the other—as shown in Fig. @f apparent plane of reflection versus the scan angle in Fig. 11.

e
/(-1-,1) mode

0.2

H-plane

45 60 75 90
Theta, deg
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The distance of apparent plane of reflection is estimated usir 15
the following expression:

/
+ 135-deg. plane
7

14
d=dy + 6z (23) A =

1.3 0 & 90 deg. planes

whered; is the equivalent “free-space distance” (consideringi’,
two different dielectric media) between the inner plane of the 12
polarizer and the patch ground plane d@nds the distance of

the apparent plane of reflection in the vicinity of the polarizer 1,
inner surfaceé > is obtained from the following relation:

45-deg, plane "+

a

d=0.5 x wavelength /cos(theta)

B = _1/ tan(koéz cos 9) (24) 0 10 20 30 40 50 60 70 80 90
Theta, deg

where B is the input susceptance of the polarizer with respelgib. 11. Apparent plane of reflection of a meander-line surface versus scan
to either the TEO, 0) or the TM(0, 0) mode incidence that hasangle. The stiff curve i8 /(2 cos 6) versusd. The intersection points represent

a larger reflection coefficient! is the scan angle anfd, is the blind spots caused by parallel plate modes.

free-space wave number. Resonance occurs when the distance
between the two planes of reflections satisfies (22). To find th 1
resonance points we have also plotted the funcligf® cos 6) Eplane
versusd in Fig. 11. The intersection points correspond to reso  os
nances. The intersection points are found at 56° for the E-
and H-planes,# = 55° for ¢ = 45° plane, andd = 59° for
¢ = 135° plane. These resonant locations closely agree wit 3
that observed in Fig. 10. These simple relations give an estima E
of the resonant locations, however for an accurate prediction ol
has to analyze rigorously as has been done for Fig. 10.

It can be noted in Fig. 10 that for the = 0° and¢ = 90°
cuts resonances occur néae 40°. These resonances are due
to the(1,0) and(0, 1) modes, respectively, that also couple to
the parallel plate modes. From grating-lobe point of view, whel
the array scans @& = 41° on the E-plane, the grating lobe
appears afl = 54° and vice versa, causing resonances at boi{y. 12. Scan performance of the patch array of Fig. 7 when loaded with the
41° and 54scan locations o’-plane. For 45and 135 planes strip-line plarizer. Separation between patch surface and polarizer is 0.5 cm.
the grating lobes do not exist, therefore, only one parallel-platdP-iné polarizer dimensions are given in Fig. 7.
mode resonance occurs in each of these scan planes.

To compare the scan performance between a meander-line meander-line polarizer shows only one resonance. The
polarizer and a strip-line polarizer, we present the scan chagsonance near the 3angle is due to a parallel plate mode
acteristics of a patch array loaded with a strip-line polarizer that propagates between the ground plane and the lower
Fig. 12. We notice that the nearest blind spot occurs at abatitip-grid layer. High inductive reactance of the strips moves
1° scan angle for thé&’- and H-plane scans, as opposed to théhe apparent plane of reflection above the strip-grid surface,
9° for the meander-line case [see Fig. 8(b)]. This effect cawhich effectively lowers the cutoff frequency, facilitating the
be explained from the circle diagram presented in Fig. 9. Fparallel plate mode to propagate. From the analysis, it is found
the strip-line polarizer, the loci for the strip-line guided modéhat, this parallel plate mode couples with {hel, 0) Floquet
would be almost a straight line with 4%@ngle of inclination mode, which is evanescent. Therefore, elevating the polarizer
with the k. axis (as compared to somewhat zigzag line for maereen can eliminate this resonance. The resonances rfear 45
ander-line-guided mode). Therefore, one of the loci will intemand 48 angles are due to other higher order parallel plate
sect the,, axis at a point very close to tife-1,0) mode circle's modes. One of the modes propagates between the upper grid
center. In other words, the magnitude of thé vector will be layer and the patch ground plane and the other propagates
smaller in this case, as compared to that of the meander-limetween the upper grid layer and the patch surface layer. The
polarizer, resulting in a smaller blind angle. Similar argumeiatbove two scan angles closely match with the formula in (22),
applies to thel-plane scan. It is worth mentioning that by ad# d is considered as the distance between the upper grid layer
justing the patch cell size, we can move the center of the highard the patch ground plane or the patch surface layer. It is
order Floquet mode circles. Consequently, some of the bliatso found that if the separation between the patch layer and
spots will move from their previous locations. the polarizer increases, the resonances move to larger angles,

Another important difference between a strip-line polarizavhich also comply with (22). These two resonances are due to
and a meander-line polarizer is observed in thestan plane. the coupling between th@, 0) Floquet mode and higher order
The strip-line polarizer shows several resonances whergasallel plate modes. Therefore, unlike the resonance discussed

0.6

eff.

0.4

by, I‘
/" 45 deg. plane

0 15 30 45 60 75 a0
Theta, deg
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before (at 33), elevating the polarizer screen does not eliminat ~ ©
these resonances; moves the resonant locations only. spP— Jzzzzed
It is interesting to note that if the polarizer grids are par e
allel to the H-plane of the patch array, the additional scar
blindness (besides the blindness due to the surface we -15
modes) in theE-plane due to polarizer loading may not §
occur. For such configurations the strip-line-mode loci ger
erally do not intersect with thé, axes of the Floquet mode 21
circles, hence the Floquet modes and the strip-line mod .0/
do not couple to each other. This observation is in confol
mity with that reported in [11]. For large element spacing ir
the H-plane, however, a strip-line mode locus may interse( -0
with the &, axis at a point inside a Floquet mode circle anc
scan blindness may occur in thg-plane. Similar argument
applies th-_pIane parallel g.rlds. Howe\{er, these Sltl“Iatlonl—slg.la Computed and measured return loss okaddslot-fed patch subarray
do not arise in the case of circular polarizer screens, becaws@ed with a two-layer strip-line polarizer screen. Patch substrate thickness

for circular p0|arizati0n, the grid axis must not be para||é].091 cm, dielectric constant 2.56. Polarizer is at 0.22 cm above the patch

: face. Polarizer grid spacing 0.35 cm. Polarizer thickness= 0.496 cm.
with the E or H-plane of the patch array. sur
. . . ---- computed; — measured.
In order to examine the validity of the analysis we present

the measured return loss of a Ka-band subarray of 4

patch elements loaded with a two-layer strip-line polarizer. ~ cell are solved simultaneously with increasing number of
The periodicity of the patch elements was 0.876 xn0.876 unknowns.

cm. The polarizer grids were spaced at 0.35 cm and the grids® A lesser number of modes can be used to obtain the local
were oriented at 45angle with respect to the patch axis. The ~ GSM'’s, because individual layers have smaller cell di-
polarizer screen was placed at 0.22 cm above the patch sur- mensions than the global cell.

face. The patches within a subarray were excited by a 1:Tfe patch array structure, loaded with a polarizer screen exhibits
binary split power divider (with several Tee-junctions andeveral interesting characteristics. Some of them are outlined
quarter wave transformers) realized in asymmetric striplingselow.

The patch elements were coupled with the striplines through , E|ectrical performance (especially the axial ratio) can be

ground plane slots. To suppress the parallel plate modes, ;ned by adjusting the distance between the patch layer
each slot was surrounded by eight plated-through vias. The 4n4 the polarizer layer.

measurement was conducted in a large array environment, gsih meander-line polarizer and strip-line polarizer ex-
where the other subarrays were matched terminated. Fig. 13 ninit several blind spots. These blind spots are due to dif-
shows the computed and measured return loss seen at the forent type of guided modes that couple to the Floquet
input end of the power divider of a subarray. The agreement e Raising the distance between the polarizer and the
between the two results is good. The array was designed to patch surface can eliminate some of the blind spots.
operate between 20.2 and 21.2 GHz. Computed return 10SS, Beqween the two polarizers considered, the meander-line
is —15 dB or better within the band. The slight discrepancy polarizer has a better scanning capability than the
between the two curves is attributed to fabrication tolerances strip-line polarizer, because the strip-line polarizer shows
and uncertainty in the dielectric constant values. blind spots near the boresight scan angle. However, by
adjusting the patch-array cell size, the blind spots can be
moved away from the boresight direction.

Polarizer Strips

Patches

Slots
— —

Power divider network

18 19 20 21 22 23
f, GHz

IV. CONCLUSION

We presented a general analysis of multilayer structure where
the layers may have different lattice structures, cell sizes, and
array axis orientations. Each layer is analyzed locally using Flo-
quet modal expansion and GSM approach. The local GSM's ares nnose there arel x V identical elements in a subarray of
then converted to a global GSM associated with a global cogf infinite array structure. We first consider rectangular lattices
dinate system and the global unit cell structure. All |nd|_V|du5f[)r the subarray and the elements within the subarray. At the
layer global GSM’s are cascaded to charagtenze a mulnlayergrqd' we will outline the procedure for a general subarray struc-
structure. The methodology has the following advantages. e Suppos#; be the input voltage of thgth element of the

* It is a modular approach, layers are analyzed indepesubarray, wheré < j < MN. Also we assume that thgh
dently (easy to handle a multilayer structure). element is placed atith row andnth column of the subarray

» The method is numerically more efficient as compared twherem < M andn < N. Therefore, the index represents
a “brute-force” approach, where a global cell is consideretset of two indexe$i, n}, which we symbolically denote as
as a unit cell and the currents in all the elements in a upits {m,n}. Any arbitrary voltage vector o/ N elements can

APPENDIX
SUBARRAY IMPEDANCE MATRIX
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be expressed as a linear combinatiodHN independent vec- Floquet excitation, we can find the Floquet current for each el-
tors. Suppose we choose the independent vectors as the Floguetnt, which is related via Floquet admittange as follows:
excitatior$ vectors as follows:

[Urjl = YriVijlzs]. (30)
Vi T11 21 . . N
Vy T1o T2 The total current vector is the superposition of the individual
= Vi . + Vi . Floguet current vector. Mathematically,

. - MN
Vun ZT1,MN T2, MN 1] = Z[ij]. (31)

TMN,1 j=1

TMN,2 . .

’ Combining (29)—(31), we obtain
+"'+VF,J\4N . (25) g( ) ( )
' 1] = (1/MN)X]YFIIX][V] (32)
TMN,MN

where[YF] is a diagonal matrix, the diagonal elements being the
whereVg;z;; is the voltage excitation of thith element where Floquet admittances associated with different scan angles. The
J € {m;,n;}. The index: is associated to a scan angle. Wadmittance matrix of the subarray elements then becomes
choose the scan angles such that{thgvectors become mutu-
ally orthogonal. This will allow us to find the coefficientg:; [Y] = (1/MN)[X][YF][X*]". (33)

(t=1,2,---, MN) directly by means of orthogonal reIationsTh ; ix, theref
To that end we choose the following differential phasing for the © Impedance matrix, therefore, becomes

ith Floquet excitation: [Z] = (1/MN)[X][ZF][X*] (34)
{bwir byi} ={(¢w + 2(m; — V)7) /M, where[ZF] is the Floquet impedance matrix (diagonal). Equa-
' S, tion (20) is a special case of (34). Expanding (34), we obtain the
g+ 2(n; — D) /N 26 ,
(¢ +2(n Jm)/N} (26) mutual impedance between two elements as
with periodicity [a/M, b/N]. Therefore, an element in the;] ] My
vectors in (25) is given by Zap = 31 ; ZF,iTiaTig- (35)
. [mg =
Tag = €XP [_J {M(Q(ma — )7+ ¢a) Substitutingz;, andz; s using (27), we obtain (36), shown at
n the bottom of the page. For largd and N we write
+ W’B(2(n(y — D+ %)}] 27) pag 9¢
M N
with @ & {ma,na}, B © {ms,ns}. Equation (25) can be Zas ™ 13 SN Zei exp{—i2mi(ma — mg)r/M}
expressed in terms of the matrix notations mi=lni=1 -
LT
x exp{—72n;(na —ng)n/N}——. (37)
[V] = [X][VF] (28) M N
Using integral notation
where[X] is a square matrix, witfr;] vectors as columns. The or o
. . 1 ™ iy
Floquet coefficient vectoV/x] can be determined as Zos = m/ / T (e )
0 0
[Vl = [X]7'[V]. (29) X exp(—jama — jihyny) dipz dip,  (38)

Now, [X]~* = [X*]!(1/MN), becausér ] vectors are orthog- Wherem, = mqa —mg, ny = na —ng, and{y., 1, } repre-

onal. So far, we have shown that any arbitrary excitation can 8Nts the differential-phase pair with respectto a scan angle. The
expressed as a superposition of several Floquet excitations. 'I_fﬂ?gVe integral relation between Floquet impedance and mutgal
Floguet excitation allows us to treat the entire array as an infifPedance of array elements was derived independently using

nite periodic structure with periodicitj/M, b/N]. For each Fourier series approach [16].
The above formulation is applicable for rectangular subar-

3A Floguet excitation is equivalent teigen vectorexcitation, because rays with inside elements arranged in rectangmar lattice. How-
the active input impedances are identical for all elements. Such an actlvey th It b tended f bit | tlatti
impedance (here the Floguet impedance) essentially is equal &gevalue ever, tné resulls can be extended 1or an arbitrary element-lattice

of the impedance matrix. structure and for a general subarray shape. It can be shown that

MN
Zas = gy 2 Zrsep| 3 { P e = )+ e -0 | 69)
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any subarray geometry is reducible in the form of a parallelo-[9] R.S. Chuand K. M. Lee, “Analytical model of a multilayered meander
gram Wlthout alterlng the InSIde elementsl ConSIder the array line polarlzer plate with normal and Ob“que plane-WaVe InCIdence,”

in Fig. 3. Temporarily imagine the thick-line parallelogram asyig

IEEE Trans., Antennas Propagatol. AP-35, pp. 652—-661, June 1987.
] J.D. Vacchione and R. Mittra, “A generalized scattering matrix analysis

a general subarray geometry. For analyzing this subarray, the forcascading FSS of different periodicitie$2EE AP-S Int. Symp. Dig.
Floquet excitation vectors required in (25) can be constructefi1 1 pp. 92-95, May 1990.

following the procedure in Section II-C. Tiheh element of the

N. K. Das and A. Mohanty, “Infinite array of printed dipoles integrated
with a printed strip grids for suppression of cross-polar radiation—Part

th excitation vectofz;] is given by I: Rigorous analysis,1EEE Trans. Antennas Propagatol. 45, pp.

960-972, June 1997. ‘ _ _ ‘
T1i = exp(—jkl. xh — ik 39 [12] A. K. Bhattacharyya, “A numerical model for multilayered microstrip
' P(=7Kem®h = Ky k) (39) phased array antennasEEE Trans. Antennas Propagatol. 44, pp.

i ) (= ; 1386-1393, Oct. 1996.
wherek Varl,es ffor.n 1 t(:(ab/azéz) (= number of elem_ent§ ina [13] ——, “Amodular approach for probe-fed and capacitively coupled mul-
SUbarraY).(xkv yy.) is the coo.rdlnate of thith element in(z’ — tilayered patch array,JEEE Trans. Antennas Propagatol. 45, pp.
y') coordinate system of Fig. 3, artd’,,,,, k,,,) are the wave 193-202, Feb. 1997.

numbers given in (lQa). The procedure in Section II-C yieldél“] R. L. Haupt, “Reducing grating lobes due to subarray amplitude ta-

pering,” IEEE Trans. Antennas Propagatol. AP-33, pp. 846-850,

(ab/a;b;) distinct sets of wave numbers. The excitation vectors  ayg. 1985.
thus formed are mutually orthogonal, therefore, (34) can be usd@l5] D. M. Pozar, “Scanning characteristics of infinite array of printed
directly to find the mutual impedance of the subarray elements ~ anténna subarrays[EEE Trans. Antennas Propagawol. 40, pp.

666—674, June 1992.

for a given scan angle. [16] A.K.Bhattacharyya, “Floquet modal based analysis for mutual coupling

between elements in array environmefftdc. Inst. Elect. Eng.—MAP
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