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Over the past few decades, frequency selective surfaces (FSS) have found
numerous applications in both the commercial and military sectors. In
addition, for a variety of uses of these structures, the requirements placed on
their design specifications have become very stringent. It has been found that

A s -

stiff design requirements.

The analysis of multiscreen FSS can be divided into two general cate-
gories, namely “exact” methods and the approximate “scattering matrix’” or
“circuit_analysis” techniques. Exact methods typically use {ull-wave moment
method tﬁCEHiEfﬁEs [1-6] to determine the unknown current distributions on
the FSS screens. The number of unknowns needed to represent these
currents depends strongly on the geometry of the elements of the periodic
screen comprising the FSS. If N, N,, ..., N, are the number of unknowns
on screen I, screen 2,...,and screen n, then the moment method solution
will involve inverting a matrix with (N, + N, + -+ +N,)* elements. This
matrix size could be a limiting factor that precludes the use of the exact
method, particularly when using complex FS8S screen geometries requiring

many unknowns. To circumvent this difficulty, we could use an iterative
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approach, suc 3 iugate gradient ; : . . : .

qp[ i-g:g:]’ h[?.;::;;sﬁ:hb mi“]“;gd“: gradient 111:':tlmd, to solve the problem. This "L . (b, b,), respectively. The complex amphitudes of the incoming and outgoing

L : 5 C [ :"E = 3 b . 1 2 . - - % !
[P, , could iead (o exceedingly large computer run times, | waves are delined m terms of the voltage and currenls at the respective

which could translate mnto bigih cost or even make the analysis impractical. ~ reference planes as follows:
One way to overcome these difficulties is (o employ the scattering matrix |
techntque, which epables (he user to represent the solution tq an FESS

analysis 1 terms of the generalized scallering parameters [3,{5}.' t will be
shown thal this method can obviale the difficultics associnter it o1 '
o g : viale the difficulties associated with full-wave
s PR N L : ' - : >
& s techniques %I_rglmul compronmusing Lhe accuracy needed for most engineering
s caesrapplications! ‘AI]G[hEl: advantage associated with this method is that it en-
T EI[JIES one (o ,,umly._ze multilayered FSS systems comprismg screens of vastly
el . dissimilar geometries that would be very difficult to handle with full-wave
atee U9 techniques.
e Fn : x |
Ol gEiEl! is (0 provide (he reader with some guidelines for implementing
the scattering matrix approach and to introduce a simple procedure for
E:xm}clzng the applicability of this methodolooy to a somewhat larger class of
multilayered structures.
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in this Ichaptm a btime-varying tunction, f(r, z) is assumed to be ftme
harmonic and is represented by

F(Eii.z}rr) ‘I(Eil‘lr!f) '
2 o + L = :

I’!(Efi.E]:f} _Zu‘f(zu,zuf) #

1.\*,2} T P)F !
2y <y 2y Ly

P
-
e
|

(3.2)

-
I

!

i

!

[

E

I

|

i

L

|

i where z, 5, defines the reference planes of the two-port as shown n Figure
| F 3.1, ¢t is time, Z, is the characteristic impedance of the network, V' 1s the

i voltage evaluated at z, and [ is the current evaluated at z, These waves have
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(he units ol \/Euwer: and it can be shown (hat the powers entertng and
leaving the network are '

P¥ = 2ladf + aatl, Pt = 3[bbY + bybY ] (3.3)

? f(z,t) = RﬂfA(Z)Ef‘”’}, (3.1) The complex amplitudes at the output and mput ports can be related by
i Y 2o y * C ia sine a set of constan(s known «s scatlermg parameters (S-paramelers);
where A(z) is, in general, complex and Re indicates that the real part of the . using a set of constants Known s sc: g p (S-paramelers)

enclosed functi -
tion should be taken, by = iy * 58,

3.1 REVIEW OF THE SCATTERING MATRIX APPROACH g
1 These equations can be sunumarized in matrix form as b = Sa, where
3.1.1 The Scattering Parameters i " T :
lntroducti - o | . a, b T
mtroauction  In microwave circuit theory, a typical two-port system is repre- a = N h = bl J = T g
. "" - . e wis § : - g i . ' .I'H: { l :
;mlllled schematically as in Figure 3.1. In this hgure, the incident and reflected A L2 ] LA b =
elds are represented by the incoming and o ‘ ' ok
utgoin a q i . . .
gomg waves, (a,,a,) and i The expressions for the S-paramelers can be determined by a linear systems
. Y— 1 approach. First, suppose the right-side mcoming amplitude is set to zero; in
iy erence plane 2 i other words, we let ¢, = 0. Then it tollows that
1 Z=129 4
1; h| bl -
aj ay k Stmtlarly, it a, = 0, then
e "*-—u_.,. % l
' ; 5y = 2 L Bt 3.6)
£ = — 11 X o ('-. G
o 12 iz
2 ‘pﬂl‘t } : a, i,
N - | i# When generalized to Lthe n-port case, the scaltering matnix S becomes an
by ' N 2 i X i matrix and the vectors a and b conlamn ¢ elements cach,
b 3 , In the analysis of an FSS, the scatlering matrnix representation can be

£l : S | ‘ o generalized to corporate the properties of the mawdent and scattered
GURE 3.1 Schematic representation of a lwo-porl microwave circuit or nelwork, ' electromagnetic fields of interest



EIT R R N e e

L L T i —

S0 CASCADING OF MULTISCREEN FREQUENCY SELECTIVE SURFACES

e
+ : A tn @
A Elevation Vs i
Incidence
Angie
r- z, =
—ga b C 4 SN T TR R B oo - ~—be
zl = g Fabps s s ¥, I,
%2
thl
Side View
'z,u +1]
P+ Q-2
Zpr @l — e L
.
e = zpﬁ?
Azimuthal
A incidence
Angle

-/g
= X

View

FIGURE 3.2 Infinite, planar, periodic, single-screen FSS geometry

Scatteri ' '
; ];:Tg faﬂramete:ts for a Single-Screen FSS By using the spectral-domain
Sgﬁ‘t\u_] oliialnalyzmg the plane-wave response of the single-screen FSS
ucture, which is assumed to be ; ites ' :
e, W mfinitesimally thin (Figur
% o : e 320 &

Eieltjrmme the electromagnetic helds at any plane =z =zg Thes; ;‘ii;%ﬂ
[1:3@ ; [are expressed W terms of a discrete spectrum of planf;: waves known I:;C

oquet harmonics. The nth Floquet harmonijce corresponds to the ntlf
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port in_an n-port system for which a set of scattering parameters can, be
defined. Interpreting Eqgs. (3.5) and (3.6) in the FSS framework, we see that
the S-parameters will be the square roots of the ratios of FSS scattered to
incident powers. Cwik [3, 7] bzc defined a set of generalized scattering
parameters which incorporate the vector nature of the €lectromagnetic fields

[ el

as follows:
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where
z, = rightmost interface in Figure 3.2 = 0,
z; = leltmost interiace 1n Figure 3.2 =z, .,
d i W 8 g @
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i
are C_‘WiL S nmmdlizml l*Iunel vu]hge waves, Referring to the coordinate
systemn ol rizure 3.2, we see that the (+,

) notation associated with the
definition for the voltage waves indicales the direction, either +z or —z, Qf
Lhe incident and scattered energy in the FSS system. The first element of the
pair corresponds to he scattered waves, and the second element of the pau
corresponds to the incident w;wes-—-i.h’lt 1s, {scattered, incident). Thus, the
Flogquelt voltage wave, VU7 )W i, 7). contams information about the
(m, u)th harmonic reflected (into tlle. +z direction) from the leftmost réfer-
ence plane due to the {7, Nth plane wave incident (from the —z n:iur:cncm) on
this plane. Similarly, V™7, n;i, /) contains information about the
(p1, 10)th hanmonic transmitted llumlbh the FSS structure due to the (i, jith
plane wave incident on the leftmost reference plane, Finally, V' D m, ns i, f)
and V{7 "W m, n; 4, j} contain information about the (s, n)th transmitted and
reflected harmonics, respectively, due to the (i, j)th plane wave incident on
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the rightmost reference plane. The voltage waves are delined n terms ol the
transforms ot the electric and magnetic vector_potentials, fGa, #, 2) and

1 e s wr———

i

Gl i, -z), respectively. For computing the scattering parameters, these vec-
lors potentials are evaluated at the lefimost and rightmost reference planes

of the FSS. In that situation the vector patentials can be written as

f(”fa*fafaf,-?){i = F(m,u,i,j)* Eerm:

i, . w oaNELET T ol &) : -
a(m,n,f,5,z) e T g Yrms, (3.0)

The propagation constant, v, .., is defined by

—\/k; + k2 —ki lorz>z,,

i €
f}’HH!( 3) . = = - . (3))
-JE' wk" + r;,” L ri:" lﬂl- e ‘: EH}

where the sign of the radical was chosen to sutisty the radintion condition.
In the past, the leftmost and rightmost 1&&1&153[}1&1}&5 were chosen 1o
coincide with the plane containing the FSS screen. 1f a screen supported by
dielectric substrate and /ar superstrate was being considered, the scatlering
parameters of each dielectric layer and the FSS sereen would be computed
mdividually and the entire system would be cascaded by using the scattering
matrix approach, as depicted in Figure 3. '%(i} It has been found, however,

that this approach can lead to erroncous resulls Tor reasons that will be

oA e i, SR i £ T

s T

discussed “shortly. The appropriate method Tor handling this sttuation Is 10
define the relerence planes at the outer dielectric layer as shown in Figure
3.3(b). This approach requires that the azmlyms pmcedm used to study the
single-screen system be capable of incorporating the diclectric superstrates
and substrates by defining the scattering matrix of the composite system.

The normalization factors employved in Equation (3.7) are the square rools

Xof power in the G, nlth Floquet harmonic with TE (electric held (ransverse

|_ M T B o w1

1o the zdirection) or T™M (magnetic feld transverse to the z-direction)
polarization. These Lactors are

+ k2
2 N S S i b Poi (1, 1) = . —, (3.10)
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FIGURE 3.3 Two methods for subdividing a multilayered FSS system. (a) A refer-
ence plane can be positioned at each interface in the system; this method leads to the
requirement of an inordinately large number of harmonics in the scattering matrix of
the FSS screen portions between reference planes 3 and 4 and reference planes 9 and
10. (b)Y The requirement that every FSS screen he surrounded by at least one
dielectric substrate and superstrate leads (o scatlering malrices that are manageable.

The terms 4, and k. are the wave numbers of the [Floquet space
harmonics that deéieriiiine thé nature of e scattered eleclromagnetic field
spectrum. They are defined as

2 2ar

k., = Zm + & Rl B (a1l

i . ¥y

: i:ﬁl: T . i ' i " .
where ;F,r = fc, sm.ﬁinc COS ¢y and k™ =k sin g, _sin @iner 1he incident
harmonics are functions of the elevation angle, 6, ., and the azimuthal angle,
qsinc'

When the IFSS system is lossless, the Floquet voltage waves exhibit an
outward-bound I:j;,gvehngﬂ_a;e natluw lor &3, + ki, < ki, and an evanes-
-::ent-:wavg behavior when k: =+ ki, > kg It may be easily verified that only
a finite number of the infinite spectrum of Floquet voltage waves correspond
to propagating harmonics. From a design standpoint, it is usually desirable to

have only a single propagating harmonic, and the higher-order grating lobes

. 5
e g i s, e A T O rpe e i e R t o 1 o P i Y
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can be suppressed by requiring that the unit-cell dimensions of the periodic
screen satisfy the conditions T, <A/2 and 7, <A/2. In this way, the
zeroth-order harmonic (i = 0, 7 = 0) is guaranteed to De the only propagat-
ing Floguet voltage wave.

As a final note regarding the scattering parameters of Eq. (3.7), we
observe that it is often more convenient to reexpress the transforms of the
veclor potentials used in the definition of the Floquet voltage waves in terms
of the transforms of the electric fields. The electric and magnetic vector
potentials, expressed in terms of the total electric fields, are

Y ront A Ptﬂlﬂl

j(ffj,_,,E:?t — k. EZ* ]

I

f(m, O z){i' &

g 2 *
"ft.t'm + k‘w: '
" o & Tk
- " ® we k..l‘ﬂ'l‘ E:t' 3 + ‘IL | ¥y E'I:'
a(m,n,i,j, Z]{i' ) = ‘2‘"'“ : L (3.12)
Tmn ka‘m ¥ Lyn
The EZ2.’s can be found as follows: ot el - Fed 1

t R

- - o
{t,,_;-}"m( k.rm! k}-n) = ‘E(I.y], + E{,r,y},t;a( k.‘ff - k.tm)g(kyj - kyn)i
+ E{x.}‘]m.ma(krf o ka-nr)a(kjrj B k}u:)! (313)

— -
—— —

E‘:-‘-’-..'r’]tmal(kim’ yn) = Eeom,
where E . s are the electric fields, evaluated at z = 0 and z = z, +0
which would be reflected and transmitted i the dizl~-tric lavers in the
absence of the FSS screen. These field components are added to the total
fields only when the incident harmonic is equal to the scattered harmonic as
indicated by the Kronecker delta, 5(k ., — K d8lk . — k) in (3.13). Finally,
£ 7) s the scattered harmonic evaluated at z = 0 and z = 25

Using Eq. (3.12), we write the scattering parameters in terms of the
electric fields evaluated at the leftmost and rightmost reference planes. This
has been carried out for the reflection coefficient §,,; the other scattering

parameters can be written in a similar fashion.

TE ot o~k E} )
}:nu JI(!":f yH Eﬂ"rmul A A EJ':mm
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VS (K2, + kL) (kL + k)

am Vi vy
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ik B, ~ Ky Ef )
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TE I, TE+v TM
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5 2 2 AR
‘/(klm T ki‘”)(k'ﬁ T A"w')
= -+ ;O
STM ( . ) (L & 1 k.rm'EImma + A'J’” E-"’m::nl
Lt 1, ] ) B e ’
11TE y by Ly TMyrTE '
Yin Knu }?j ‘/(ki,, & k?n)(;{%l 3 ;"31)
[ 1M o+ h
STI\,,} (”L o JIJ _ € }EJ' k.rm'E.t'hH:ﬁ:}- ;f_'ijfj‘mnl (3 14)
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3.1.2 The Scattering Matrix

o Em aE o e e oW

Since a periodic FSS scatters an incident plane wave into a discrete spectrum 511 Sle g1 % L gy Thecal

' of Floquet harmonics, it is convenient to represent the scattered fields in | __ Teinc Thtine
1119§1L{[.:H_[11j1_t_t1h ff:um The principle advantage of this form is that it can be ST = o e e Sl = f==mme==- M
used (o regl;lggwtrhg single-screen FSS by a nmlhemnt_rml_zgpze_sentatlc}n that ) TMSEELE S
can be manipulated at the syslem level to obtain a composite 1 resmnsa of a : Rl = SH 1ginc 51 iing
multiscreen FSS structure. At the interface of (wo single-screen FSS systems, . :
the Trarmanics Lifi“i cd from one structure become the incident fields for the SR R el S “;}} w
other. Thus i e that the 5{3&_1@911@ malrix must contain the scattered field g _ .
representations Lllif: (o an entire spectrum of incident field harmonics. Thus, e . scat 1
in principle, the matrix 1s a doubly infinite array, each of whose columns % ;2::3 i:f:lg e
represents the scattered field due (o a given incident harmonic. The elements N SR > incH2 .
of this malrix are lhﬁ:‘_sc.-.ntumh_ptnamelmb defined in Section 3.1.1. These g S . "o :
eléments are organized into four distinct matrices cm:eapﬁnclmgﬁtg‘tlm four e . K :
scallering parameters 5, 511, S,y, and S,,, Each malrix is composed of four ; . .,
fiﬂlclilan[lGﬂ quadrants corresponding to the two mpalanzml cmnpunuus ; scatéi el B
(St and Sih) and the two cross- -polarized components (5= rm and -5 ) ; inchl esesteveenes nCH N
E’lﬂl’l matrix element is associated with a harmonic in the two- dlﬂlﬁl‘lﬂlﬂﬂcil o (c) o
Floquet spectrum and is arranged as shown in Figure 3.4. Ak

One of the more elusive issues regarding the scattering matrix 1s the 5 ’
determination of the number of harmonics that need to be included to obtain Based ™ i O 3
accurate numerical results when "ﬁnuupuldtlng the matrices at the system #21#23 #24 - ;"J;
level. Truncation of the scattering matrix is principally a numerical task Ko 41614170718 ATOTH20 ke
facilitated by studying the behavior of the scattering parameters as a function #1 1#12 413 H;;;;ﬁw
of the harmonic number and the localion of the reference planes 1t which ? e e
Lhey are evaluated. ; HE| #7] #8] #9
Aller the study of a great number nt FSS structures where a w]ﬂgﬁt #1 #2};3( #4 #5

L R
-a

dielectric superstrafe ﬂn{i a suhstrﬁé swrround the FSS screen, it has been
f[ound that the scalitenng p.:u'lr ::,rf:is decay exponentially for mc:easm,g '};”“

A= M m g —-—

(2]

— - .

(i.e., for increasing order of m and n) and Az; that is, the S-parameters
approximately behave as

FIGURE 3.4  The scattering matrix. (&) The enlire scattering mattris system. (b)) The
subdivision of S11 into ils four polurization quadrants. (¢) The ordering ol a polariza-
[1on qumh‘anl'. (d) The k-spuce diagram and the correspondence between malrix
elements and Floquet harmonics. In this case the FSS s designed to reject grating
lobes. (e} The k-spuce diagram flor an FSS (hat will have grating lobes lor nonzero
angles ol incidence.
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In reality, the S-par ameters have a damped sinusoidal characteristic, but the
previous expression represents the envelope of the S- -parameters’ decay. This
means that for a given value of Az, it is possible to identify a value of

LE s ,__fﬁrh.‘.] Yo = Yn,,, tOr which the scatlering parameters have decayed to a suffi-
ciently small value as to be considered numerically zero. The scattering
parameters assoctated with the wave numbers tfor which Y, IS larger than

Yin,,, Can also be considered to be numerically zero and will Lherefore not be
necded i the matrix represcutation of the scattered field. It is easy to see
that as Az becomes larger, the maximum value of the propagation constant,
2 | e ‘ym”m hemmes smaile: which implies that fewer harmonics are needed to

'|.J.-"_ .&]

R R S T
o :

represent the scattered hields. Conversely, it Az is very small, then vy, will
be large, As mentioned, the reference plane is often chasen to cmm_u,l':,ﬂwnh
the plane of (he FSS screen (Az = (), in (his situation, an inordinately LHEE.
number of harmonics may be required in the scattering matrix, so it is
recommended that a dielectric layer always be included above and below (he
FSS screen when computing the S-matvix parameters.

Having observed that |§,,,| approaches zero tor increasing harmonic

numbers, one may ask: Whal mlut;: D| lb”,ul 1s small enough (o be considered
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Some representative results of the numerical experimentation are shown
in Figures 3.6 and 3.7 for the simple case of a symmetrical dual-screen Strip
grating. Note that the strip grating has a one-dimensional Floguet spectrum.
In these figures, the frequency r<iponses of the reflection coefficient, com-
puted by using scattering matrices containing 1, 5, and 9 harmonics, are
compared to the results derived by the image screen technigue Tn addition,
the magnitudes of the harmonics are plotted as functions of ihe harmonic
number. As can be seen, when the screen separation, Az, is 2,0 cm (Figure
3.6), all four methods give equally good results. In other words, in this case,
only one harmonic needs to be retained in the scattering matrix. Also note

that the magnitudes of all higher-order harmonics are lower than —22 dB."

L e T M

e PR

In the second case, where Az = 0.02 cm (Figurée 3.7). none of ‘the

T b S e '

scattering matrix approaches gives the same result as the “exact” approach.

e o s g

Note that the magnifude of the lighést-order harmonic shown has a-value
greater than —22 dB. Indeed, it has been found that if the magnitude of the
higher-order harmonic has a value of —22 dB or larger, then it and all the
lower-order harmonics, even if these harmonics have a magnitude less, than
—22 dB; should be included in tlie scattering matrix. "Thus, once the
higher-order harmonics Rave parmanentlyﬂeczgyed to a value of —22 dB or
less (i.e., no higher-order harmonic is greatsr than —22 dB), the matrix can
be truncated. This is a conservative rule of thumb, since, although it is
possible that the scattering matrix that has been truncated before the
harmonics have decayed to —22 dB wiil give good results when forming a
composite system, it is usefui to use the —22-dB rule to guarantee that the
results are consistently good.

We now point out the significance of the k-space diagrams of Figures 3.4(d
and e). In this instance, 25 scattered harmonics are included in the scattering

ey . N ' iy, i W,

matrix. In Figure 3.4(d) the ¥SS is designed to prevent the appearance of
grating lobes. This is indicated by the presence of only one harmonic within

A S

the circle defined by k2, + k2, < k2. For the case where the fields incident
upon this FSS are normal to the plane of FSS (ie., § = ¢ = 0°), the scattered
harmonics with the greatest magnitude will correspond to the harmonic
located at the origin of the k-space diagram (harmonic number 12 in this
case). In the event that the incident energy is not normal to the plane of this
ESS, the scattered harmonics will shift to a different location in the k-space
diagram. Since the FSS is designed (o prevent grating lobes, harmonic 13 will
either shift to a location within the circle and no other harmonics will enter
into the circle or it will shift out of the circle but still no other harmonics will
shift into the circle. The latter situation represents the phenomenon of total
internal reflection; that is, no propagating harmonics are scattered from the
I'SS. For Figure 3.4(d), the scattering matrix can be compiled by using the
matrix elements indicated in the figure with harmonic 12 beingz the central
element.

If the criterion that guarantees the absence of grating lobes is not adhered
to, then more than one harmonic may be present in the circle, as shown in

Figure 3.4(e). This situation may arise for all angles of incidence (—90° <
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6 < 90°), or it may occur only for special angles of incidence. In Figure%.ﬂi(&),
for 8 = 0° no grating lobes are present: however, if @ > 0°, then one of the
higher-order harmonics can shift into the circle along with the zeroth-order
harmonie, thus producing a grating lobe. If one or more grating lobes appear
in the scattered )i_i{@lﬂ,ﬁ_it Is impaortant to include, as a2 minimum, all propagat-
ing harmonics in the scatfefing matfiy. -

= . i e o= W

In addition to the truncation of the higher-order harmonics, scattering
matrix size can be substantially reduced in the special instances when the
cross-polarized scattering parameters are very small, about 1 X 10~% or less.
When this is the case, th?ﬁEﬁf&ring matrix can be gplit into two systems
containing TE or TM copolarized parameters only. In this way, the analysis
of a multiscreen system can be carried out separately for each polarization by
using scattering matrices that are a factor of 4 times smaller than needed in

the full-matrix approach. -

e

3.2 CASCADING TECHNIQUES

Once finite-sized scattering matrices for the single-layered FSS systems are
computed, a number of analytical procedures are available for obtaining a
composite, multilayered, system representation. It is possible to make direct
use of the S-matrix (scattering matrix) in conjunction with the {ollowing
matrix equations to obtain a composite system representation for the two-
layered single-screen systems:

SFI o 5(111} + SE’;RSﬁ}SE'ﬂ,

= o £ I 2
b{', 811 e Ez}RSE:‘.}m
o
7 i 1Y
83, = S§'TsY),
S5, = S8 + SHTsysyY, (3.16)

where R =[1 — Si98517" and T = [1 — S{PS{P]-", S, SV, S, and SY
are the scattering matrices representing the first FSS system, and S%, S,
857, and S8 are the scattering matrices associated with the second FSS
system. If more than two single-screen subsystems make up the entire
multilayered system, then the composite system is formed by repeatedly
cascading the additional subsystems to the composite system unti! all layers
have been appended to the multilayered structure. o)

It is instructive to point out that the cascading approach is a computation-
ally eflicient method for studying the properties of a multilayered system.
Once the scattering matrix has been computed, the remainder of the eflort
involves simple matrix addition, multiplication, and inversion. No restrictions
are placed on the geometries of the individual planar FSS subsystems, giving
the flexibility to easily form a large variety of multilayered structures. The
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=2

2 major limitation of the cascading approach is the number of harmonics that

[

A h ™+ T
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can be stored in the scattering matrix. This number, of course, is a function

S S

of the computer used to carry out the analysis.

~# : Care must also be exercised when the periodicities of the individual

e i i

subsystems of the multilayered structure are_different [8]. This situation is

T 1 ey e i e oy el L ] R L,

depicted in Figure 3.8 for three different one-dimensional two-screen sys-
tems. When the multilayered system comprises éubéiréizéi{ig of equal periqdic-
ity, as in Figure 3.8(a), the same Floquet set is scattered from the individual
subsystems as well as the composite multilayered system. The reason for this
1s easily seen from Eq. (3.11) which determines the nature of the scattered
harmonics. The equation shows that the Floguet harmonics explicitly depen-
dent on the periodicities 7, and T, of the FSS; this implies, in turn, that for
the equal-periodicity dual-screen case, a single Floquet set is considered
when computing the scattering matrices of the individual subsystems for use
in the cascading procedure. This is in contrast to the instances depicted in
Figures 3.8(b) and (c), where the subsystems have different periodicities. In
this situation the scattering matrices of the individual subsystems can no
longer be computed a priori as was possible for the equal-periodicity case.
Instead, the multilayered structure must first be specified and a system
pertod found by studying that struciurs |2 ils entirety. In Figure 3.8(b), the
individual subsystem periods are T, and T,, and the system period is
Iys = T;. Similarly, in Figure 3.8(c), the subsystem periods are T, and T,
and the system périod is Tyo =27, = 375. In general, given any multilayered
structure, it is possible to Tind an overall system period, although in some
cases this period may be quite a bit larger than those of the individual
subsystems. Once T, . has been determined, the set of Floquet harmonics

that will be scattered from the multilayered structure can be associated with
the wave numbers

2ar , 2T

xm X o 3 =
TS}'E X TS}@; »

o+ ke (3.17)

The scattering matrices of the individual subsvstems will subsequently be
computed so that their elements correspond to the system Floquet harmon-
ics. Notice that since 1., 15 greater than or equal to the periodicities of the
individual subsystems, the scattered harmonics will be more densely packed;
hence, a larger number of harmonics will be needed in the scattering
matrices to satisfy the truncation criterion.

In addition to the extra harmonics that need to be included in the
scattering matrices of the unequaj-periodicity subsystems, special considera-
tion has to be given when computing the scattering parameters, For instance,
suppose that 7, = 27 and 6 = ¢ = 0° in Figure 3.8(b); then the system
Floquet set will be given by 0, + 1, 4+ 2, + 3, £ 4,....1In order to compute a
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scattering matrrx, each of the system Floquet harmonics is allowed to illumi-
nate the FSS structure, ancl the scattered sets due to each of these incident
harmonics are used (o make up the columns of the matrix. Now, when the
scattering parameters due to the zeroth-order Floquet harmonic for the top
subsystem are computed, the scattered harmonics appear at 0, + 2, + 4, ... .
In order to fill the scattering matrix for the top subsystem as prescribed by
the system Floquet set, zeros must be placed at the matrix locations corre-
sponding to the *1, 4+ 3,... Floquet harmonics. Similarly, when the + 1
Floguet harmonic is nicident, the harmonics scattered from the top subsys-
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temy appear at 4+ 14, + 3,..., so zeros must be placed at the locations
corresponding to the U, £ 2, £ 4, ..., Floquet harmonics. Thus, {or thie top
subsystem of Figure 3.8(b), the SCdttﬂnng matrix has every ather element set
to zero as we show here for a system of tour nonzero harmonics. Note that
this corresponds 0 a one-dimensional FSS where only the k. Floquet
harmonics are considered and for which no cross-polarization is considered.
The columns of the matrix are therefore composed ol the i scattered k.
harmonics as shown in Eq. (3.18%

Su(hy 0 55(3) U
U 5,,(6) Y 314(8)

CR— b

S = S, (9) 0 Sl E1) 0 ' (3‘_1‘5)

09, (14) 0 8§,(16)

Since the periodicity of the botltom subsystem is equal to T twould scalter
all the system harmonics so that its scuttering matrix would be “full.”
In a similar way, the form of the scattering malrices. tor the system in Fig-

ure 3.8(c) is

Sy 0 5,3 0
gt _ 0 S, (6) 1 S (8)
sy 0 Sy o p
0 5,014 0 S,(16)
S0 0 Sa(4)
53 4. () S,,(0) (J U 2 g
S 0 0 S (1) 0 | S
Su(l)y 0 0 Sn(16)

In the special case when only (he zeroth-order harmonic is needed in the

e TR Sl i S Dl

scatlering maltrix, the cascading approach becomes particularly efficient and

ST S ———— *— - -E-

simple. In fact, this situation forms the mathematical basis For the commanly

T, -

used FSS equivalent Cnmula i which the FSS system is veplaced by either a
lumped inductance oF a capacilance. From (hese equivalent circuits, the
frequency response characteristics of a multilayered system can easily be
predicted, and simple circuit theory can be used to design a system with the
desired Irequency variation. This special case also muakes unequal-periodicity

g B e

systeims easy ta Immliﬂ since the zeroth-arder Ih‘llﬂlﬂtllL has no periosdicily
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dependence. Tll__pxocedu1e however, for the special case cannot 1lw;1ys be

T e — ¥ iy el . i T

agp_lg_d If 1t is determined that lunhm -order harmonics are required in the
scattering matrix, then using the simple circuit approximations can lead to
erroneous predictions of.the critical points in the frequency response of the

multilayered system.

3.3 RESULTS AND CONCLUSIONS

The authors have found that the following gmdehngs can be followed when

selecting a method for analyzing multilayered 5SS ’L*I'ust if it 15 determined

that only the zergth-order harmonic s neceqemy in the scattering matrix,

Sl iy ——— i & -""'""-—rr---p- T —— e et e L o

then the msmdmg approach should be employed, ‘because, {or this case, it
would, by far, be the most accurate, simple, and eflicient approach available.

e SEESETHEIC L T |y g T e

@lf however, hlghex -order harnwmcs are zequuﬂd [hen if the multiscreen

Bk m A Ty e meRS s ""'-—-—'-'—r-l- T T . el i = =

system 'is. campmea of two_mirror-j nage symmetric 5ubsystems “the image
screen tcchmque should be ut111_za_g] “inally, if more than two subsystems are

B R e e

involved or if the nmlt:sr:rﬁan structure is not mirror image symmetric, then

i e, S g

the scattering matrix approach should be used after ensuring that an
adequate number of harmonics have been mcluded In the computation of the

e i e et 7 P e e iy,

ﬂmhm@lf two FSSs with 110n51m1|ar perniodicittes are being_cascaded to-

[ TR ]

gether, then, in the mstaiices WllEFE the periods are small whole-number
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multiples of each other, the S-matrix approach can eastly be used. Ifo

however, the permds are_jrrational or very large whole-number multiples of
each other, then the S-matrix approach may prove to require too many
harmomnics in the matrix. These situations may not be %ccurately ’IHEEIYZHITJ]E:
with the S-matrix approach. T

It has been determined that a good rule of thumb for truncating a
scatiering matrix i1s to determine the lowest harmonic whose magnitude is
less than — 22 22 dB and for which no higher-order harmonic has a magnitude
greater than — 22 dB. The scattering maftrix can be truncated at the harmonic
that meets this criterion. All lower-order harmonics must be included in the
S-matrix. If grating lobes appear in the scattered ﬁﬁ]d it is important to
include them in the scattering matrix.

We now discuss a few interesting resulis obtainable with multiscreen
techniques. Figure 3.9 shows layering of two strip gratings rotated by an angle
{1 with respect to each other for ) = (°, 45°, and 90°, This demonstrates how
an ESS system can be used as a_polarizer that gives a fair amount of control

e mma e eam W

over the amplitudes of each of the two polarizations. This example also gives

— _—Hrﬂ-‘-_—'--.-“ﬁ TE—— L . epye e e

rise to an interesting teclinique, unique (o the scattering matrix approach. In
the example of Figure 3.9, the scattering matrix of the top subsystem is

—-‘-1.-""'_""'__-01_"__ Y —— —— e R e

computed in_the usual fashion. However, the scattering matrix of the second

subsystem is derived by using the same unﬂ_~cel! geometry as in the first, with
the rotation of the strip grating relative to the first provided by a rotation in

the azimuthal angle of incidence, ¢ {i.e., when computing the scattering
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FIGURE 3.9 Effects of layering polarizers. Two freestanding (e = 1 everywhere)
strip gratings are separated by 2 cm. The bottom screen is rotated by an angle {}
relative to the top screen: (a) O = 0°, (b) O = 45° (¢) Q = 90°,

matrix of the second subsystem, let ¢ = 90° for Figure 3.9(c)). In this way,
the azimuthal rotation of two subsystems with respect to one another is
accomplished by simply rotating the angle of incidence of one of the subsys-

—_—— a,
R ET T T i — — TR & -

tems when computing jts scattering matrix. Tlns technique can be cmplc}yed
with any one- or two-dimensional system. lts advantage is that many multi-
screen conﬁgulatmns can be studied even if the analytic capability of the
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individual subsystems is limited to specific geometries, as would be the case if
an entire-domain approach was used to study the FFSS.

To demoustrate the effect of layering two Llnequﬂl periodicity systems,
the example ol Figure 3.10 is presented For the Gne-aﬁﬁéﬁsﬂfnﬁhﬂr“ﬁse of
Figure 3.10, the strip width is kept constant while the periodicities are
allowed to vary. The scattering matrices of the individual subsystems were
computed by using an entire- domain_ program that emplﬂys the Chebyshev
polynomial and sinusoiclal basis tunctions {9]. Each scattering matrix con-
tained five harmonics. It can_be seen thﬂI a celﬁm amount of control over

o P

the level of the reflection coeflicient can be ::}I}t'nned by varylng the ratio of
the two system periodicities.
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As a hnal example, consider a clutl!_jbplt&pn four-frequency FSS (Figure
3.11) [4] proposed as a subrellector in a 4-m Cussegrain high-gain antenna,
enabling simultancous operation of the S (2,295 GlHz), X (7.171 and 8.425
GHz), Ku (13.8 GHz2}, and Ka (32.0 and 34.5 GHz) bands. The X~ and
Ka-band feeds are located at the Cassegram poial and require that the F5S
be reflective, whereas the S- and Ku-band feeds, located it the prime tocus,
require the FSS to be (ransparent. The (wo 1'SS screens have diflerent
unit-cell periodicities, with the bottom screen accommodating-the S, X, and
Ku bands, and the top screen (Ka-add-on) satisfies (he Ka-band require-
ments. In this instance, from the —22-dB rule of thumb, it was found that,
when the (wo [F5S screens were separated by al least 0.5 in (air spacer; [rom
2 to 35 GHz), the simple zeroth- arder scatlering S- pmmnu.tu matrx {a
scatlering mairix with only the zemlh order harmonic) accurately modeted

the duai-screen FSS. These results are shown in Figure 3.12 with compar-
isons with some measured results.
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. Transmission (dB)
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FIGURE 3.12 Comparison between measured and computed transmission character-
istics of the add-on dual screen FSS design: {a) 0.0° TM incidence, (b) 40° TE

incidence.
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“HAETER FOUR

Multiband Frequency
Selective Surfaces

T. K. WU, Jet Propulsion Laboratory, California Institute of Technology,
Pasaclena, California

Frequency selective surfaces (FSS) have been considered for muitiband

= T m % T

refiector antenna applications [1-8]. Typically, an FSS is employed for the
hft”hic..ﬂer:tm, Emd the dlﬁuﬂnt fmquency feeds are oplimized independently
and placed at the real and vntual focr of the subreflector. Hence, only a
single main reflector is required for multifrequency operation. For example,
the FSS on the high-gain antenna (HGA) of the Fovager spacecraft was
designed to diplex S and X bands [1]. In that application the S-band feed is
placed at the prime focus of the main reflector, and the X-band feed js
placed at the Cassegrain focal point. Nole tlml only one main reflector
is required for this dual-band aperation. Thus, (remendous n..ducliﬂns 0
mass, volume, and, most imporlant, cost of the antenna system are achieved
with the I'SS auhleﬂeclﬂr This Llnpze; presents two case studies of FSS
applications to advanced multiband communication antennas (3-8]. Various
practical FSS designs are described in detail to give the reader as many
examples as possible.
In the past, the cross-dipole patch- element 'S5 was used for subrefleclor
design in the reflector antennas ol Vm-*ﬂgﬁ [I] for reftecting X-band waves
and passing S-band waves, and the 'l}_qg:lqng and Data Relay Satellite System
(TDRSS), for dipfexing S- and Ku-band waves [2]. As mentioned in Chupter
1, the characteristics of the LTOSS- -dipole element FSS change drastically us

the incident aungle is steered from normal to 40, Thus, a large band

Freguency Selective Surface and Grid Array, Edited by T. K. Wu
IS Q-4 71-31189-8 € 1995 Johs Wiley & Sons, Inc.
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114 . MULTIBAND FREQUENCY SELECTIVE SURFACES =

separation is required to minimize the radio-frequency (RF) losses for these

o e e —

dual-band applications. This is evidenced by the reflection and transmission
band ratio (f,./f;) being 7:1 for single-screens FSS [2] or 4:1 for double-
screen FSS [I'Twit)h cross-dipole patch elements. Much closer band spacings
and a bandwidth insensitive to the incident angle variation cafln'-b@__qggg_iiled
with dipoles sandwiched between dieléctrics about A /2 thick [9]. However, if
a lighter-weight structure or circular pﬂimjizatiﬂn is required, then thin
dielectrics supported by low-mass material must be used, and other elements
have 'to be sought. |
Thus, the first case study i1s to describe the gridded square-loop I'SS

development for a ground station reflector antenna used in orbiting very long

[

baseline interferometer (QVLBI) applicatft}ns. OVLB! is a new branch of

— e T e R i i,

radio astronomy, involving extension of the VLBI techuique to _iﬁ::lucle radio

i -

telescopes placed in orbit around the earth. Typically, VLBI involves simulta-

O e TR

neous observations for widely separated radio telescopes, followed by corre-

. - I}
Sk et et ) i T s ———— by

lation of the signals récéived at each telescope in a central processing facility.
VLBI has been an mmportant technique in radio astronomy for over 20 years

because it produces an image whose angular resolution is far higher than that
of any other tecliniique.

Radinastron
Sateliite
Radio — & " ' ;
Telescope ource Coming from
P & Cosmic Radioc Sources
VSOP

Station
Green Bank WV

FIGURE 4.1  Scenario of orbiting very long baseline mterferometry (OVLBI).
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TABLE 4.7. OVLBI Reflector Antenna Requirements

Frequency (GHz) Bandwidth (GHz) Usage Polarization
T 0.045 RADIOASTRON LLHCP
uplink
8.47 0.1 RADIOASTRON ° RHCP
downlink
14,2 0.1 VSOP downlink LHCP
15.3 0.1 VSOP uplink LHCP

?urrently, t!]E National Radio Astronomical Observatory (NRAO) of the
United States is constructing an earth station at Green Bank, West Virginia,

to communicate with two QVLBI satellites: the Russian RADIOASTRON
and the Japanese VLBI Space Observatory Project (VSOP), as illustrated in

iy r 2 ¥ ins Tl ot

Figure 4.1. TH‘E:'fmquency'Effﬂcatiﬁns for the communication between this
::earth station and the two satellites are in the X and KCu bands, as described
in Tﬂble 4.1. .To meet this dual-band cgfﬁ;ﬁﬁnicat'igﬁmi:équimment the
HI}H.‘II_ti[&ﬂ&_ﬁ?t_p_l‘ﬂ@]l}ﬁi_lna with a flat-panel FSS or dichroic, as shown in Fjigura
4.2, has been proposed. In this configuration, the flat FSS should be designed

to reflect Ku-band signals (13.5-15.5 GHz) and to pass X-band signals

13716-mm =
Paraboloid e

2025 .4-mm
~ Hyperboloid

Ku-Band e
FEEd ‘h"“-...l_llf'i .-"""--__‘h
e BT BT

Ellipsoid 7

-
-
-
-
Fa
Fa
-
-
F
e
rq-""
-
-~
-
-
-
-
-
-
-
-
-
——

FIGURE 4.2 OVLBI earth station reflector antenna configuration {drawing not to
scale).
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Main Reflector rorvad j
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FIGURE 4.3 Proposed Cassini high-gain antenna with a four-lrequency FSS.

(7-9 GHz). The reflection and transmission frequency band separation is
f./f, = 14.5/8.0 = 1.8. Because the satellite link is in circular polarization,
the FSS must have similar responses to left- and right- -hand circular polariza-
tions (LHCP and RHCP) and, by evanaicﬁn to transverse electric ('TE‘.) and
transverse magnetic (TM) incidence. To 1educe the antenna’s naise tampera-
ture, one should minimize the RF lﬂEElliﬂﬂ loss (mﬂluilmg the Gl‘IIHIC 1055) Gf
the PSS for incident an},lﬁ:s from normal to 40°. |

Frequency selective surfaces with gntlded square-loop_ patch elements

A =y e T B e pmat g TR S plarm T

[3, 10] have been designed for llequency band ratios from 1.5 ln 2. Their
resonant frequencies are fairly stable with 1eapact m changes in. incident

- o e wk i

angle and polarizations. In addition, the grid geometry is symmetrical in the

and y directions. This implies that it is also good for circular 1301:132.1110%
The details of this FSS development are given in Section 4.1, '

The second case stucdy presented is the multiband FSS with double-loop
elements for NASA’s Cassini mission. NASA initiated a déep-space program
named Cassini to explmL the Saturnian planet system. Its spacecraft, sched-

uled to be launched in 1997, requires multiple RF frequencies at the S, X,
IKu, and Ka bands fur science investigations and data communication links. A
singie FIGA with an FSS subreflector, as depicted in Figure 4.3, was pro-

TABLE 4.2, Cassini 55 Requirements

T -
-

Frequency (Glz) Bandwidth (GHz) Polarization Pass /Rellect
2,295 .01 Linear P
7.4 0.05 Circular R
8.425 0.05 Circuiar R
13.8 tht Lincar I
32.0 0.2 Crrcular R

ek 5 .2 - Circular R

T i T i
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INTRODUCTION 7

posed. This arrangement allows a Cassegrain conhiguration at the X (7.2 uml
8.4 GHz) and Ka (32 and 34.5 GHz) bands and a prime focus configuration at
the S (2.3 GHz) and Ku (13.8 GH?7) bands. The S and Ku bands are used for
science investigation, and the X and Ka bands. are used {or deep-space

TUET i e o i

u_,iL.cc:nnmun|cahon Note that the Ku-band frequency is used f{or a close-
encounter science application, such as radar mapping Lhe surface of Titan
(the largest moon of Saturan), Table 4.2 summarizes the RF requirements for

L B L el T

this Cassini ISS, " i

[requency selective surfaces wilh double square-loop (DSL) [11-13] and
double-ring (DR) [4-6, 14-16] patch eléments have been designed for £ AT,
ratios from 1.5 to 2. Their resonant frequencies are fairly stable with respect
to changes in :nu{ienl ang,ie and polar lZHEUl‘Ih In addition, the grid geometry

is sythmetrical in'the x and y directions, This unplies that it is also good Tor
circular polarizations. Hence, the DSL and DR patch elements were consid-
ered for the Cassihi FSS design to achieve (1) multiplexing of four l:equem,y

a_a:uls (2) smaller ilﬁ(]lltiHL}' band separations CF/F < 1.7), and (3) low
sensttivily to mm(lent angle v[umlmn and polarizations.

To meet the Cassini antenna subsystem’s RF requirements, two design
approaches as shown in Figure 4.4, are proposed. In acldition, the ESS screen
was bonded (o' a Keviay lmnwcmﬂh panel to meet the mechanical and
thermul f:nwmnnmnlal requirements. The first approach, implementing sin-
slesscreen design, uses only a single 1SS grid to reflect the X- and [La-band
waves and lo pass the S- and IS- bund waves. The second approach, imple-

12-MIL Keviar- 49 Epoxy

: 10-MIL Duroid 6010.5
Skin (3 Plies)

\with FSS grids)

.
e

7

%/ Honeycomb or
H Faam Core

: i

X I L R TSR 7 A

singie-Screen Design
(a)

12~Fu1_iL tevliar Skin 2-MIL Kaplon wilh
{3 Plies) Ka-Add-On FSS Grids

- -
e

j _Honeycomb or

Hj"‘ Foam Care

2- MEL Kaplan with
3 Frequency
FSS Grids

Double-Screen Design
(D}

FIGURE 4.4  Cassini’s FSS design approaches.
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element. ' 3 fs’%
i
|
menting two-screen design, uses two FSS grids. The front T'SS grid is called
the Ka-add-on FSS. It reﬁects ects Ka-band waves but passes S-, X-, and Ku-band
waves. The back FSS grid is called the three- [requency (D; tr 1band) FSS. It
reflects X-band waves but passes S- and Ku-band waves. The resultant FSS |
reflects both X- and Ka-band waves but passes both S- and Ku-band waves. :
Several planar FSS breay_t.{bu_:}al__c_ s with DSL or DR elements were developed *
baséd on these approaches and are described in detail in Section 4.2. Next,
the evaluation of the integrated performance of a dual-reflector HGA with a f
curved FSS subreflector is presented.
i
1 —= -
4.1 DUAL-BAND FSS WITH GRIDDED SQUARE-LOOP ELEMENTS { i 3
' ék%{&hﬁ@g é&‘é&%
The gridded squace-loop FSS has been analyzed previously with the equiva- j E"
lent circuit model (ECM}*:[].O]_} But the ECM cannot accurately model the i
effects caused by the dielectric substrate and superstrate. Therefore, it ;
Was analyzed by the accurate integral equation technique (See Chapter 2). ir FIGURE 4.6 Gridded square-loop element FSS design configurations (a) and
The analysns was implemented with the rooftop subdomain functions and | photo (b).
by fitting the gridded square-loop element into the FSS’s subcell grid g,

(Figure 4.5). The FSS design and its transmission performances are described
as follows.

T -
el eyt et L P e ks
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TABLE 4.3. The Dimensions (mm) of Gridded Square-Loop FSSs

Design Type s 1, T G
Thin screen ().5588 1.125 8.‘:_3‘99 0;282
Sandwiched (.4242 (J.851 6.8 0.4242
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FIGURE 4.7 Predicied transnission performance of the thin-screen I'SS.

[ e, o e i b o _-I-'-ld'.l_'
L ke l = G, r - i
L T T T R A ST E

'
2 -
e T r .-
= - Yer e e

* 1
a GiRie "'_ patls  feepmidnli s o ST e A i
=y ?H—hiﬂﬂq-wrrw‘wr-g-r—wﬂ-ﬂ'rmﬂn-ww—q—q-q_—hm -

. i A . L . e A

...I-|. o ':.-,' i T .... s .__l_l. < _+~

WD B ST e e T e TR T rna e o I T
a.

— e x—

DUAL-BAND FSS WITH GRIDDED SQUARE-LOCP ELEMENTS

1 I b =5 | | | i |
J0° TE INCIDENCE
48 e
v
e
O i
£
¢l
=
(P )]
z s
<
s
-
o — MEASURED ¥
+ COMPUTED |
-50 |- |
r 8 g 10 11 12 13 14 15 16
FREQUERNCY, GHz
0: -+ f l 1 1 |
i J0° T INCIDENCE §
i _
~-10 - x
o —15 |- i
- A
=
Q 204 ~
= e
vl
E .
1 —25 = R
z i
<t
(1
- 30— .
: — MEASURED
e + COMPUTED —
l_
—40 §- \ N
7 8 9 .10 1t 12 13 14 15 16

FREGQUENCY, GHz .

121

FIGURE 4.8 Compurison of the measured and comiputed lransmission performance

of the thin FSS.
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TABLE 4.4. Computed Thin-Screen FSS Performance Loss (dB) Summary

Rith 40°

Freguency (GHz) 8, = (° TE ™ TE ™
1.0 .56 84 58 . 1.14 56

8.0 04 A 06 17 07

9.0 £ I A5 16 |

13.5 2 11 08 06 03

14.5 12 01 15 a2 15

15.5 00 14 33 19 .68

4.1.1  Thin-Screen Design Approach

For minimization of ohmic loss, the conducting gridded square-loop patches,
as shown in Figure 4.6, were printed on a thin Kapton film (0.0762 mm thick,

3.5 dielectric constant, and 0.01 loss tangent). The grid dimensions are given

in Table 4.3. This thin-screen FSS can be supported by a Fiberglass frame or
by a rigid and RF-transparent foam block. |

The predicted transmission performance of this thin-screen gridded

— e b | g e b

square-toop FSS is illustrated in Figlie4.7 as a function of the incident angle
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FIGURE 4.9 Predicted transmission performance of the sandwich FSS.
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FIGURE 4.10 Comparison of the measured and computed transmission performance
of the sandwich FSS.
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TABLE 4.5. Computed Sandwiched I'SS Performance Loss (dB) Summary

30° 40°

Frequency (GHz) . = 0° TE T TE CTM
7.0 ki 3 S 998 te
5.0 04 A4 03 04 04
9.0 R, 87 51 998 33

13.5 A4 £)9 A2 06 ok
14.5 2 02 i 02 -3
15.5 05 A8 i 09 25

and frequency tor both TE and TM pﬂlarizations IFigure 4.8 compares the
predicted and measured performance at 6, = 30° with TE and TM polariza-
tions. This verifies the gridded sqmrewlmp FSS’s design approach as well as
the accuracy of the design software. Table 4.4 summarizes the computed RF
losses of this thin dichroic. The loss at 7, 8, and 9 GHz is the transmission
loss, and the loss at 13.5, 145, and 15.5 GHz is the reflection loss. The FSS
test parnel size 15 45.7 cm square.

4.1.2 Sandwiched Design Appmach

TOF a g e o

incident angle 1S atemed from normal to 4[]“ However, it was fmmd tlmt by
dielectrically loading the thin FSS, one can stﬂbihze lhe resonant lr_'equancy

P A ey

L IR D

drift due to variations in the incident angle 'mu:I 1l1e field polarization. This-

I P T T A

was accomplished by sandwiching this thin screen between two low- loss

Teflon slabs (with dielectric constant 2.2 and loss tangent 0.005), as illus-

trated™in” Figure 4.6. Since the resonance frequency shifts to a frequency
lower than 14.5 Gz due to the dielectric loading, the gud dimensions musl
be scaled down, as listed in Table 4.3, to get the same 14.5-GHz resonant
frequency for the sandwiched IFSS. Figure 4.9 shows the predicted transmis-
sion performance when the grid is sandwiched between two 0.889-mm-thick
Tellon slabs. Note that the resonant [requency shift for this new design is
recduced (o 1 GHz as the incident angle steered from normal to 40°. Figure
4.10 shows the good agreement between the predicted and measured results
alt @, = 30° with TE and TM polarizations. Transmission performance at

mhm incident angles 1s summarized in Table %3,

4.2 MULTIBAND FSS WITH DOUBLE-RING
OR DOUBLE-SQUARE-LOOP ELEMENTS

Considering the IFSS design approaches of Figure 4.4, we describe the DR
and, then, the DSL patch-element designs. Both singlie- and double-screen

MULTIBAND FSS WITH DOUBLE-RING OR BOUBLE-SQUARE-LOUP ELEMENTS 125

FSS designs are presented to give the reader as many examples as possible.

The FSS’s RF performance strongly depends on the Kevlar honeycomb skin
material’s dielectric fzmpmnﬂs (i.e. the dielectric constant and the loss

tangent). The material’s cdielectric property changes from one material to
another and from one production batch to another. Most matertal vendors do
not provide pre'cisely the material’s dielectric property. Two or more RE
design iterations are necessary. Therefore, the design flow diagram of Figure
4.11 was implemented for IFSS development.

4.2.1 Double-Ring Patch-Element F5§

Accurate wntegral equation {01 modal) analysis for a DR-element FSS (Figure
4.12) is well Lnuuﬁ;nté{i in [d4-6, 1d-16]. Either a narrow or wide ring was
used for the following DR FSS designs, depending on the width of the ring
elements. The narrow-ring analysis is limited to ring elements with electri-
cally small width, since it is based on the thin-wire approximation (i.c., no
raclial variation for the expansion function of the ring current). However, the
wide-ring analysis is not limited, since it 1s based on the exact coaxial
waveguide modal analysis. It was found {4, 6] that the narrow-ting approxima-
tion is usually valid for a ring width less than 0.025A, with A being the
wavelength of the FSS’s resonant [requency. In general, the narrow-ring FSS
gives a higher Q (mnmw hamlwulth pu[mnmnu, than does the w:da-nng

T
Single-Screen Ka-Add-on (low-pass) DR FSS 'To design the required Ka-
add-on FSS as shown in Figure 4.4b, we studied a single-screen FSS with an
element consisting of one to four concentric rgs. The poal is Lo determine a
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higher than 32 GHz and minimum transmission loss for frequencies lower

than lf-% GHz. As pointed out in Chapter [, a freestanding single-ring element
FSS will resonate at a frequency at which the ring’s circumference is a

wavelength. However, due to dielectric loading, this wavelength (or resonant

. S e - - ] . o = e :
E}quen_cy) 1s ncreased (or decreased) when the FSS grid is etched on a
dielectric substrate. The frequency shift increases with increasing dielectric

>4 -
A
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| = E N Ty T B i
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frrathd. 5 constant. Thus, the ﬁfemcnt‘5-‘5:*1:1‘311n]fé:"eﬁé;_smhmuld be reduced accordingly
,” fesey to reset the resonant frequency to 33 GHz.
ﬁ, L:T-,' ] Comparéd to single-ring-element FSSs, _the DR-element FSS gives a
| I,:Fj__,.. : much-lngher-g performance [17] because it exhibits two resonainces, one at a
433:* Y | tower frequency {caused by the larger ring) and the other at a higher and
Vet i , closely separated frequency (caused by the smaller ring). Figure 4.13 gives the
'-_.ﬁ_;:'i I A
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FIGURE 4,12 Photo ol a double-ring patch-element FSS. : g :
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RE4.13  Design and transmission performance of the Ka-add-on DR FSS, FIGURE 4.14 Design and transmission performance of the three-frequency DR FSS.
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design and computed transmission performance of a DR FSS on the Kelvar
honeycomb panel, as m Figure 4.4, for incident angles SIEJéd from normal
to 45°. Note the DR patch-element array is etched on a 0.002-in-thick
Kapton sheet with 0.029 DZ/ft copper and then bonded to the Keviar
honeycomb panel. Only Tépresentative measured data at 30° TE incidence

are given here to demonstrate the good agreement between the computed
ﬂml ﬂ]E”ibLIIECI data. The cnmpute:i:l IEEU“S were Dbtamed wath the wrde-lmg

St 1 i o S T L

*ul—r.'_l_\.r-.-.‘m._l.pn.r-,.l i b ——— e

This ulao mmhﬁs Lll"l[ Lhe nﬂnnw-nng code 1s not valid for a rng wvclth

greater than 0.025A, where A is the wuvﬂlenglh at the resonant frequency of
the 55, Elements w:th more than two rings were also considered, However,

Lhey were discarded because of their fabrication cmmplemty and no improve-
ment in performance.

Single-Screen Triband DR FS5 By adjusting the second resonance frequency

(or the smaller ring’s geometry), we can design DR FSS to provide passband
beyond the. reflection band in addition to _the lower passband. Hence, a

single- screen triband FSS may be readi lﬁ* .dESlgnE:{l with the DR patch
element. Figure 4.14 demonstrates this triband FS§ design and performance.

JAgain the DR patch-element array 1s etched on a 0.002-in-thick Kapton sheet

with 0.029 oz /{t* copper and then bonded to the Kevlar honeycomb panel of
Figure 4.4. Since the ring widths are smalil compared (o the radii, the
computed results may be obtained by narrow- Tig or wmie: -Ting FSS code.

-
=T e, il tafl by Y Ry .'l'."|-r" e W e

Only representative measured data at 30° TE incidence are given here {o
demonstrate the agreement between computed and measured data. As the
figure shows, the resonant frequency is very close to the designated 8.4 GHz
tor both TE and TM polarizations even when the incident angle is changed
from normal (o 45° The FSS8’s insertion losses at these three frequency bands
are summarized i Table 4.6. Note that the losses at 2 and 14 GHz are
transmission losses, whereas they are reflection tosses at the other frequen-
cies. The cross-polarized components are found to bE more than 20 dB below
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TABLE 4.6, Rl Loss «dB) Summary of the Three-Frequency DR FSS

3 1) (45°,0°)
Ifrequency (GHz) (0, ;) = (0°,0°) TE T TE Tivl
2.4 (:5 ().57 0.4 0.72 (.27
7.0 (.25 (.5 U.61 (.46 1.4
0.9 U, L4 0.12 0.16 O.11 0.7

[4.0) - 0.26 (.29 {1.28 (.36 0.24
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Single-Screen Four-Band DR FS5 As mentioned, the DR-clement ESS
provides two resonances, one at a lower frequency (caused by the larger ring)
and the other at a lug.,hex frequency (caused by the smaller ring). Therefore,
one might be able to design a single-screen DR FSS for the Cassini four-band
I*SS In other words, only one DR FSS grid might be needed for reflecting
the X- and Ka-hand waves while passimg S- and Ku-band waves. To avold the
grating-lobe occurrence at the Ka band, one designs the single-screen ESS
with a high-dielectric-constant (¢, = 11) Duroid 6010.5 substrate. In addition,
the width of the inner ring must be large to provide a passband at the Ku
band. Figure 4.15 shows the geomeltry and confhiguration of this DR I*SS and

Top View

AY

607

Ly =(0,22¢

ry=01" wy = 0.004"

ry = 0,035 wy =0.034"
Side View

rSS Paich Elemenis

1G-Mil
Dureid 6010.5
Laminale

FIGURE 4.15 Configuration of a double-ring FS5S on a Duroid 6010.5 substrate,
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FIGURE 4.16 S-, X-, and Ku-band transniission performance of the FSS in Figure

4.15.
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its computed transmission perfoermance is illustrated in Figure 4.16 at the S,
X, and Ku bands for an incident angle steered from normal to 45°. Represen-
tative comparison data between the measured and computed results -are also
shown in Figure 4.16 for 30° incidence only.

The wide-ring code was used to compute the transmission performance of
this single-screen DR FSS, since the inner ring width is much greater than
0.025A, with A being the wavelength of the second resonant frequency (33
GHz). The predicted Ka-band performance is illustrated in Figure 4.17 along
with the representative measured results at 30° incidence. Figure 4.17 also
shows that at the Ka band no common reflection band can be found for the

AT S S gk

T™ an_c;lﬂ TE"_EqI_q_ngqtmns This indicatés that the single-screen DR FSS is
good only for a three-frequency FSS application. L'or four- -frequency FSS
applications, the double-screen demgn should be implemented with this DR

pﬂtch*element FaS.

Double-Screen Four-Band DR FSS 1In Huang et al. [5], equations were
derived to analyze single-screen or double-screen FSS with multiring patch
elements. This analysis can be further extended to analyze an integrated

T e ey

double-screen FSS by employing the symmetry property and the technique of
image theory{5]. Iif otlier words, the second FSS screen is the exact duplicate
of “the Hrst. It was_also stated that the second screen_may be placed
approximately a q_u"arter-wavelength away from_the first screen to reduce the
reflection from each screen. But the reflections can be perfectly canceled at
only one speCific Ticident angle. As the incident wave is steered away from

-q..—.-—-l-—]-..;..-_

that designated angle, the performance deteriorates quickly. v

"'—-"'_l-'m—.-...*
“To meet Cassini’s four-band FSS requirements, one needs double-screen

FSS with nonsimilar design [4, 6]; in other words, the element dimensions
(especially lilcﬁﬂdltity and the lattice types) are different for the two
screens. As illustrated in TFigure 4.4(b) this double-screen four-frequency FSS
consists of a Ka-add-on FSS (element design shown in Figure £.13) on the
top side and a single-screen triband FSS (element design shown in Figure
4.14) at the bottom side of the honeycomb sandwich. Figure 4.18 shows the
comparison of the computed and measured transmission performances for
this double-screen FSS. The computed results were obtained by using the

- —i W AT R T

eflicient single-mode cascading technique deacnbed in Wu and Lee [6] and in

- g, "

ey b iu—-—H"

Chapter 3—THe good agieenient verified this efficient nascadmg approach.
The double-screen FSS performance. at all the Cassini frequencies is summa-
rized in Table 4.7. The cross-polarized components are also found to be more

than 20 dB below the copolarized components,

4.2.2 Double-Square-Loop Patch-Element FSS

In many aspeécts, the DSL FSS of Figure 4.19 has characteristics identical to
the DR FSS. However, in the single-screen four- -frequency FSS application to
be described later, the TEFS]:'_ Iemant wasTmuna to be better than the DR

(LT (08 R e

element A DSL FSSeiched on an electrically thin dielectric substrate can be

s e 1
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FIGURE 4,18 Transmussion characteristics of the double-screen four-frequency FSS
with D.75-in-thick Kevlar honeycomb sandwich.

TABLE 4.7. RF Loss (dB) Summary of the Four-Frequency Double-Screen DR FSS
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FIGURE 4.21 Computed and measured transnussion characteristics of a single-screen
three-frequency DSL FSS with Kevlar honeycomb.

modeled by the ECM [12, 13]. Since the ECM does not accurately model

fﬁelﬁctric effects, a DSL IFSS on thick substrates should be analyzed by the
integral equation method described in Chapter 2. ' |

Single-Screen Triband DSL FS§ A single-screen triband DSL FSS with a
Kevlar honeycomb sandwich panel i1s shown in Figure 4.20. The FSS grids
have a period of 0.311 in, and the elements are separated by a 0.041-in gap.
The inner loop has a linewidth of 0.0307 in and is separated by a 0.0512-in
gap from the outer loop, which has a linewidth of 0.0102 in. These grid
dimensions were obtained by assuming the dielectric constant of the
Kevlar /epoxy skin to be 3.5. However, after this DSL FSS was tested in the
anechoic chamber, we found that the Kevlar /epoxy skin's dielectric constant
m‘ust be 2.35 in order to get good agreement between measured and pre-
dicted results, as illustrated in Figure 4.21. Note that the resonance fre-
quency is near 9 GHz instead of 8.4 GHz, since the Kevlar /epoxy skin’s
dielectric constant is 2.35 instead of 3.5,

Next a new DSL FSS was fabricated with the same Keviar honeycomb
sandwich panel, but ail grid linear dimensions were scaled up by 5.3%.
Figure 4.22 shows the predicted and mcasured transmission performances of
this new FSS. Note that the resonant frequency for this new FSS is near 8.4
GHz for incident angles from normal to (8;, ¢, = 45°,45°) and for TE and
TM polarizations. The measured data agree very well with the predicted
data. Here only the representative normal incidence case is plotted. Table 4.8

summarizes the calculated loss performance of this scaled-up DSL FSS with
Kevlar honeycomb.

MULTIBAND FS5 WITH DOUBLE-RING OR DOUBLE-SQUARE-LOOP ELEMENTS 135

0
_5
-10 -
®
=
c w5 ‘ |
b Computed "} 3!
E o /oy Normal : -
= ——-(45° 1} TE !
b R——— o o I
sl (45°, 1 TM  lgf! _
== (45°, 45°) TE N
XXX Normal £
-30 |~ (measured) i; -
35 | I ! i I
2 4 6 2 10 12 14

Frequency {GHz)
FIGURE 4.22  Transmission performance of the scaled-up three-{frequency DSL FSS.

Single-Screen Four-Frequency DSL FSS In the previous section, the DSL
FSS was designed for one reflection band (only the first resonance is stable
enough for an application with a large variation of incident angle). However,
with a careful design the DSL FSS should provide two resonances (or two
reflection bands), one at a lower frequency (caused by the larger loop) and
the other at a higher frequency (cavse v the smaller loop): Therefore, one
may be able to design a single-screen DSL 1SS for the Cassini four-frequency
FSS. In other words, only one DSL element FSS grid is needed for reflecting
X- and Ka-band waves while passing S- and Ku-band waves. Similar to the
DR FSS, the four-frequency DSL FSS was etched on a 0.01-in-thick Duroid
6010.5 substrate to avoid grating lobes.

The geometry and configuration of the four-frequency FSS with a Kevlar
honeycomb are given in Figure 4.23. The figure also shows the computed and
measured transmission data of this DSL element FSS for an incident angle

TABLE 4.8. RF Loss (dB) Summary of the Three-Frequency DSL FSS

(30°,0°) (45°,0°)
Frequency (GHz) (8, ¢,) = (0°,0°) TE ™ TE ™
23 0.38 0.46 0.28 0.58 0.19
7.2 0.24 ° 0.96 1.41 0.8 2.1
3.4 0.1 0.17 0.16 0.15 0.23
13.8 0.13 0.18 0.12 0.36 0.1
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FIGURE 4.23 Design and (ransmission porlformance of the single-screen [our-
frequency DSL FSS.

steered from normal to 45° The resonant frequencies are very stable with
respect to incident angle variation and are near the design frequencies, 8.45
GHz and 33 GHz. Only representative measured data at normal incidence
are shown here. Good agreement between measured and predicted results is
observed for incident angles at 0°, 30° and 45° and for TE and TM
polarizations. This verilied the single-screen four-frequency FSS design ap-
proach. Table 4.9 summarizes the computed RF loss performance of this
DSL-element FSS. Note in Section 4.2.1 we found that the single-screen
tour-frequency FaS cannot be designed with a DR element due to a higher-

TABLE 4.9. RF Li.s i) of the Single-Screen Four-Frequency DSL FSS

30°  45°
Freguency GHz 0, = 0° TE ™ TE TM
2.3 95 1.2 73 1.6 5
1.2 45 3 a1 S ;
8.4 08 07 A1 06 16
13.8 37 306 2Y R 2
32 .09 A7 A3 A6 69
24 4 B, i ] 3 43
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order moding problem in the Ka band. Therefore, we conclude that the DSL
element is superior to the DR element tor multiband (= four bands) FSS
applications.

The single-screen FSS has the advantages of lower mass, smaller volume,
and easier [abrication over the double-screen approach, since neither accu-
rate alignment nor a diclectvic spacer with untform thickness and dielectric
properties is required. However, to ensure that this FSS operates at all
frequency bands (t.e., from 2 to 35 GHz}, we require a high-dielectric-con-
stant (e, = 1) substrate for eliminating the grating lobe at 32 and 34 GHz.
Currently, no high-dielectric-constant material (e.g., the Duroid 6G10.5 lami-
nate) has been qualified for space applications. Therefore, the following
double-screen DSL FFSS 1s considered Tor the Cussint tour-Irequency FSS.

Double-Screen Four-Frequency DSL FS5 The double-screen fous-frequency
DSL FSS consists of a Ka-add-on and a triband DSL FSS, similar to the
double-screen DR FSS. The geometry of a single-screen Ka-add-on DSL IFSS
witht the Kevlar honeycomb of Figure 4.4(b) is given in Figure 4.24, The
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FIGURE 4.24 Design and tansmission performance ol a single-screen Ka-add-on
DSL FSS with keviar honeycomb.
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FIGURE 4.25 Comparison of computed and measured transmission performance of
a double-screen four-frequency DSL FSS.

predicted and measured transmission performances are also plotted in Figure
4.24 for an incident angle steered from normal to 45° and for TE and TM
polarizations. Figure 4.24 also illustrates the comparison between the com-
puted and measured data for this FSS’s transmission performance. Similar to
the low-pass DR FSS, the good agreement between measured and calculated
results validates this high-Q low-pass DSL FSS approach.

This DSL FSS (Figure 4.24) was then assembled with the three-frequency
DSL FSS (Figure 4.22) to become a double-screen four-frequency FSS as
shown in Figure 4.4(b). A representative comparison between the measured
and computed transmission performances of this double-sereen FSS is shown
m Figure 4.25 at normal incidence. The computed RF loss performance is

summarized in Table 4.10. This completes all the necessary Cassini FSS
designs.

TABLE 4.10. RF Loss (dB) of the Double-Screen Four-Frequency DSL FSS
with Honeycomb

30° 45°
Frequency (GHz) 9 =0° TE ™ TE ™
2.3 41 5 33 68 Wi
7.2 63 73 b 85 1.9
8.4 14 17 A9 k550 28
13.8 1.1 1.2 13 2.1 e
32 53 19 22 21 48
34 21 28 A 2 3
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4.3 DUAL-REFLECTOR ANTENNA WITH FSS SUBREFLECTOR

Once the FSS element design is established, the next task is to estimate the
integrated performance of the HGA /FSS as illustrated in Figure 4.3. In the
past, the dual-reflector system’s directivity was evaluated without the FSS
effect; then the estimated FSS loss was subtracted from this directivity to
obtain an approximate directivity for the HGA /FSS system [2]. Many fac-
tors, such as surface curvature, diflereut incident angle /polarization, and
phase-front distortion of the FSS subreflector, are not considered in this
approach, but they are very important for accurately predicting the reflector
system’s sidelobe and cross-polarization levels.

Often it is necessary to incorporate in the HGA pattern computational
model the FSS subreflector’s transmitted /reflected field variation in polar-
ization and incident angle with respect to local coordinates. It is also
assumed that the local transmitted /reflected fields of the subreflector are:
available based on the planar FSS model. An FSS transmission /reflection
coeflicient table is computed with TE and TM polarizations at various
incident angles. This FSS table is an expanded tabulation of the FSS’s
transmission and reflection coefficients at various incident angles (8,, ¢,) and
at a specified frequency. Next, either the physical optics (PO-PO) method
[18] or the hybrid geometric optics and physical optics (GO-PQ) technique [4]
may be implemented with this FSS table to compute the dual-reflector
radiation pattern. In this section the efficient hybrid GO-PO technique is
implemernted.

In the GO-PO analysis of a dual-reflector antenna with an FSS subrefiec-
tor, the following steps are used to evaluate the =Teci of b= 7SS on the
reflector anntenna’s performance. First, the ray path is determined starting
from the fced through the subrefiector 1o a grid point on the main reflector’s
aperture plane. This leads to an evaluation of the angles at which the ray is
incident on the FSS subreflector and the point of intersection. A local
coordinate system is also determined at this point of intersection. The
incident field is then decomposed into local TE and TM components. The
reflected or transmitted fields through the subreflector are next computed by
stmple multiplications of the incident fields and the FSS’s reflection /trans-
mission coeflicients, which are efficiently calculated by linearly interpolating
the EFSS table. Once the main reflector’s aperture field variation caused by
the FSS subreflector is determined, the far-field pattern and the directivity of
the dual reflector are readily computed via an eflicient FFT technique.

Consider the HGA /FSS system of Figure 4.2, Fere we assume the FSS is
composed of the double-screen four-frequency DR FSS as in Section 4.2.1.
The main dish is a 12-ft-diameter parabolid with F/D = 0.3377, and the FSS
subreflector is a 17.25-in-diameter hyperboloid with eccentricity 1.5. All the
Cassegrain feeds are assumed to have a cos®>® @ pattern, whereas the prime
focus feeds have a cos 8 pattern. The computed far-field patterns with and
without the FSS are given in Figures 4.26(a-f) for frequencies at 2.3, 7.2,
8.4, 13.8, 32, and 34.5 GHz, respectively., As expected, the side-lobe and
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cross-polarization levels are higher with the presence of the four-frequency
FSS. The directivity is reduced with the EFSS and ts summarized in Table
4.11. 1t shows that the directivity reduction due to FFSS insertion loss is less
than 1 dB for all in-band [requencies except 34.5 GHz. Although (he
transmission loss of the planar BSS at 13.8 GHz changes trom 0.54 (o 0.94 dB3
for various inctdent angles, the dual-reflector’s dirvectivily decreases by only
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FIGURE 4.26(¢)  Fav-field pattern of the LHIGA /FSS at §.4 GHz,
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FIGURE 4.26(d) Far-field pattern of the HGA /ISS at 13.8 GHz

0.2 dB with the FSS. The side-lobe level is about the same with and without
the E'SS. This eflect is mainly due to the main dish’s high edge taper caused
py {:he high-FSS transmission loss that occurs nt large incident angles. It also
indicates that occasionally the reflector’s aperture field variation t:at::ased b
the ESS vields good directivity and sidelobe performance. Furthermore thi}sI
hybrid GO-PO method has the capability of including the diffracted ﬁelds
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MGURE 4.26(e) Far-field pattern of the HGA /FSS at 32 GHz,
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FIGURE 4.26(f) Far-field pattern of the HGA /FSS at 34.5 GHz.

{rom the subreflector rim. But, in the cases considered here, including this
edge, diffracted fields only cause a 0.1-dB difference in the peak directivity.
The computed peak directivity also agrees well with the PO-PO’s results.

4.4 CONCLUSIONS

In this chapter a variety of mmultiband FSS designs are demonstrated with the
superior gridded square-loop, double-ring, and double-square-loop patch
elements. These FSSs were all designed by using the accurate integral
equation technique described in Chapter 2 and Wu et al. {4-6]. The charac-
teristics of double-screen FSS with nonsimilar design can be accurately
predicted by the efficient single-mode cascading technique described in
Chapter 3. The effects of the dielectric substrate and superstrate are also
accurately evaluated by this technique. Good agreement between the mea-

TABLE 4.11, Cassini HGA / FSS Directivity Summary
FSS Insertion Loss (dB)

Frequency (GHz) Directivity (dB)

2.3 37.94 0.72
1.2 47.0] 0.41
8.4 48.95 0.16
13.8 53.5 0.4
32 60.57 0.68

34.5

61.22

1.09
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sured and computed results verifies the various design approaches described
in this chapter. Most important, they have been applied to advanced (low
mass, volume, and cost) multiband reflector antenna systems for ground
stations and spaceborne platiorms,

REFERENCES

I~

i€},

11.

13.

i4.

15,

. G . Schennum, Frequency-selective surfaces lor muluiple [requency antennas.

Microwaove J. 16, 55-57 (1973),

V. D. Aprawal and W. A, Imbriale, Desien of a dichroic Cassegrain subreflector,
IEEE Trans. Aniennas Propag. AP-27(4}, 466-473 {1979),

T. . Wu and W, P. Shillue, Dichroic design for orbiting VLBI earth station
antenna. IEE Proc. MAP 14163), 181184 (1994,

T KD Wu, M. Zimmerman, and 5, W. Lee, Evaluation of Irequency seleclive

reflector antenna system. Microwave Opt, Tech., Lett. 6(3), 175~179 (1993),

s P I*lulaﬂg, T. K. Wu, and 5. W, Lee, Tri-band FSS with circular ring elements.

[EEE Trans. Antennas Propag. AP-42(2), 166175 {1994).

T KL Wu and S, W, Lee, Multi-band FSS with multi-ring patch elements. (EEE

Trans. Antennas Propag, AP-42(11), 1484~1490 (1994),

T. K. Wu, Double-sguare-loop FSS for multiplexing four (S/X /Ku/Ka) bands.

int. IELE Antennas Propag. Symip. Dig. London, Ontario, Canada, 1991, pp.
18851888 (1991).

T K. Wu, Single screen (riband IF5S with double-square-loop elements. M-

crowave Opt, Tech, Letf. 5(2), 56-59 (1992).

. P Callagahan, E. Parker, and R, Langley, Inlluence of supporting dielectric layers

on the transmission properties of frequency seleclive surfaces, IEE Proc., Purt H:
Microwaves, Antennas Propag, 138(5), 448-454 (1991).

C. K. Lee and R. Langley, Equivalent circuit models for frequency selective
surfaces al oblique angle ol incidence. IEE Proe., Part H: Microwauves, Antennas

Propag. 132(6), 395-398 (1985).

E. Paiker, R. Langley, R. Cahil, and J. Vardaxoglou, Frequency selective surface,
[IEL Conf. Pub. 219, 459-463 (1983).

R. J. Langley and E. A. Parker, Double-square frequency-selective surfaces and
their equivalent circutt. Klectron, Lett. 19017}, 675 (1983). |

C K. Lee and R, Langley, Equivalent circuit models for frequency selective
surlaces ut obligque angle of incidence, [EE Proc., Purt FI: Microwaues, Antennas
Propag. (6), 395-398 (1985),

C. Parker, S. Hamdy, and R. Langley, Arrays of concentric rings as frequency
seleclive surfaces, Llectron. Lett, 17(2), 880 (1981).

E. A. Parker and J. C. Vardaxoglou, Plane-wave illumination of concentric-ring

Irequency-selective surlaces. IEE Proc., Part H: Microwaves, Antennas Propag.

132, 176 (1985).

10.

1%

REFEREMNCES 145

E. A. Parker and J. C. Vardaxozlou, Influence of single and mulliple-layer
cielectric substrales on (he band spacings available from a concentric ring
[requency-selective surtace. Ine. J. Electron. 61, 201-297 £1956).

T. K. Wu, K. Woo, and S. W. Lee, Multi-ring element FSS for multi-band
applications. e, IEEE Antennas Propag. Syinp. Dig., Chicago, 1992, Vol. 4, pp.
1775-1778 (1992}

D. Bresciant and S. Contu, Scattering analysis of dichroic subrellectors. Electia-
magnetics 5(4), 375-407 (19851},

-

T NTE LT





