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Bandpass Radome

ROBERT G. SCHMIER, Westinghouse Electric Corporation, Electronic Systems
Group, Baltimore, Maryland

Bandpass radomes are most often constructed from one or more metallic
screens sandwiched between dielectric slabs. The metallic screens are perfo-
rated 1n a regular pattern such that at the design _resonant_frequency the
radomeé passes nearly 100% of the energy incident on it. Outside the design
passband, nearly all the incident energy is reflected. In “essence, these
radomes provide a Jandpass ﬂlter function to the antennas located behind
them.

The meta]lic screens used in these radomes can be essentially inﬁnitesi-

S A

design these radomes is plesented almng with the performance of several
prototype bandpass radomes. —am

-—.-l—'i-'-"_

5.1 THICK-SCREEN FSS

Thick-screen bandpass radomes contain elements in a regular grid pattern
that are formed in an electrically thick _conductive plate, In the analysis of
these thick-screen frequency selective surfaces (FSS) one canm::-t assume that
element thickness hias little inluence on the radome’s behawur, as is the case
with thin-scréén FSSs. In this section, one method of analyzing a general
h 3 R Q’ﬂ' / "7 thick-screen FSS will be shown where ar eguivalent problem is established

that allows separating the larger problem into more easily solved parts. This

/ rrr" F§) r{ 2 | |
| e Ty F) )
0t e _// * Frequency Selective Surface and Grid Array, Edited by T. K. Wu
(5 : | ISBN 0-471-31189-8 @ 1995 John Wiley & Sons, Inc.
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FIGURE 5.1 General thick-screen bandpass radome geomeltry.

analysis technique is then used to solve for the transmission and reflection
properties of several specific thick-screen FSS geometries.

5.1.1  Thick-Screen FSS Geometry

Figure 5.1 shows the general geometry ol a single-thick-screen ESS that is
analyzed here. The IFSS is assumed to extend infinitely in the x-y plane with
the grid defined in Figure 5.2. Every element in the FSS is aﬂsumed to be an
ilentical ;llbill‘ll‘}’ Cross- sectlc}nni waveguide element and to have an arbi-

- »-_u

traiy, but fixed, siiape it anv cut through a plane parallel to the 2 Xy planﬂ In

i o 7 e

other words, the shape of the clement is fixed along the z axis. Any numb&x

A A - UTRT SRS m S i ] i i =7 o o T ey,

of dielectrics is allowed on €ithér Side of the conductive thick screen and
nsiac the element formed in the screen. Conductive patches that form irises

o e T e el e L Bl My 4 o g+ ik ¢ i A -
ate also ailowed at the apertures on mthel suzle of the tlnck screen.,
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FIGURE 5.2  Grid definttion showing a unit cell of the bandpass radonie.
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5.1.2  Equivalent Problem Formulation

The Orst step in analyzing the thick-screen FSS is to estublish an L,quiv[tiem

A ——m

problem. In the equivalent problem [or a single element of (he thick-screen
I°SS (see Tlgme 5.3), the apertures formed on either side of the thick screen

~are replaced by perfect conductors, and sheets of magnetic current are

placed on top of the conductor on bolth sides of the aperture [1, 2] Placement
of fhese magnelic currents ensures contintily of the tangential electric held
across the uperture in lhe eguivalent problem. Magnetic currents on apposite
sides of the aperture gre of equal magnitude and opposite sign.

An eqmmlum problem established in this manner is identical to the
ariginal problem, but the analysts in the equivalent pmb]cm can be conve-
niently separated into three distinel regions (Figure ° 5.3): region A to the lelt
side of the thick screen, vegion B a w.;wegutdc: region in Lhe screen EL‘::-:“ anel

région Cto the right side of the thick screen, '111&5%1&510;15 can be fli]:lif,fZLll
separately and are coupled together by the magnetic LUHLI"]IE al the aper-

Palt ;
fures. J

5.1.3 Gen-eral Problem Solution

After establishing an equivalent problem lor determining the .transmission
and reflection properties ol the thick-screen IFSS, we can obtan a solution by

. e ]

equation. This “solulion will ngumualy take [éntc:n account various diE‘lLLil 1C
layers and thick-screen waveguide fllers for

— e P

w:th arbitrary cross section as shown in Figure 5.1,

Region A
{Frﬂﬁ Spﬂca)

-| T T r
:.:..:. I._': 3 H 2 — )
H . Sl o
Loa g ' a ¥ 1 TH 8 i
g - - Ty By B

Region B
(Waveguide)

Region C
(Tr&ﬁ Space)

Aperture 1 Aperture 2

FIGURE 5.3 Equivalent problem tor analyzing a (hick-screen bandpass radome
including stratified dielectric layers.

]15 ﬂaneml case uf an element :

1.-_

employing a speciral moment _method solution (o the llylﬂlmtt-:.-hala.l integral ~15 48
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To solve this problem, we must determine the fields from the infinite array
mf_ thick-screen elements. If one assumes that the magnetic currents of every
element of the FSS have identical shape and equal magnitude, but have a

lin€ar phase shift based on tlie"angle of 'i_;}p:ijg_lﬁjﬁé:"afaﬁ?.impinging plane

Sy T PE—— . .

wave, then, Flgq_ggtis theorem can be employed and the field from the infinite
array can be expanded in an infinit€ number of plane waves [3, 4]. Hence. a
spEEﬁ“al"ﬁidi‘ne;lt_ method s_l::il_uticm is appropriate for (his problem since it u:'ill
express the fields radiated by the infimite array of magnelic currents as an
infinite sunl_Of Spet(ium of plane waves.

Smce the fields at every element are identical, with the exception of a

e o ety g

-—rl-'-l_._.

phase shift, only a single unit_cell of the FSS as shown in Figure 5.2 needs to

ok i T Ep— —
- E -

T B e e e — Ty T T R T i

be considered in the analysis to_determine the properties of the overall
thick-screen FSS. To solve for the fields within this unit cell, one needs io
enforce continuity of the tangential electric and magnetic fields across the

_— T ——

apertures of the thick-screen FSSTATaperture 1- 68 d20ied 1n Figure 5.3,

Er" =), (H} = HiF (51

E . - Ly a

where E3° and H}5 represent the tangential electric and magnetic fields to
the left side of aperture 1 and EX* and HI® represent the tangential electric
and magnetic fields to the right side of aperture 1. Similarly, at aperture 2,

E7- = E}",  H} = qn2r (5.2)

— = o P g,

The_ remainder of the analysis is based on the simiple relations set forth in
(5.1) and (5.2), which enforce continuity of tangential electric and magnetic
fields across the thick-screen FSS apertures.

Expansion of the Tangential Aperture Fields inlo Modes The tangential
electric and magnetic fields in all three regions and at the apertures of this
problem, as shown in Figure 5.3, can De expressed as infinite sums of
ele;tﬁ;‘m_rnagr_lgtiéi modes. This is exactly analogous to ei'bi'essizlg an arbitrary
wave_fm'm as an infinite sum of sine and cosine functions in 1 Fourier series.
To represent the tangential fields accurately in all regions of this ﬁ:‘ﬂb[ﬂin, we
should choose carefully the basic functions that will be expanded over.
Tl_w natural choice of basis functions 1o the left and right sides of the thick
screen, regtons A and C respectively, is Floquet or {ree-space-mode func-
tions, which are plane waves based on the FSS grid. The fields in<ide the

[ R R 1Y

thick screen can be expressed as an infinite sum of waveguide-mode functions

-

i s TR g

that are natural for the cross section of the thick-screen element. At the
apertures the magnetic_currents are also expressed as an infinite sum of
modes whose chosen form depends on the geometry of the aperture. The
Flogquet and waveguide modes are full-domain basis functions that cover the
entire unit cell of the element. The problem converges much faster if the

magnetic current modes at the apertures are also chosen to be tufl-domain

-

R L e TEEY ]
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basis functions, as opposed to pulse or some similar type function: that 1s, if
the aperture 1s coaxial, then a natural se. of basis functions to choose in the

aperture may be coaxial waveguide functions.
All of the chosen basis functions are completely defined. by, the_geometry,

frequency, and incidence angle of the plane wave exciting the FSS. They are
also chosen here such that the basis functions representing the magnetic field
are orthonormal. For example, if ilft and [_1‘}r represent the tangential compo-

nents of the magnetic field of two Floguet-mode basis functions, then

WG 07) = [f 0l b dd =5,

it
cel

where the integration extends over the unit cell and §,,; represents the Dirac

delta function, which is unity when m = { and is zero otherwise.

Referring to Figure 5.3, the field scattered by the magnetic current on the
left side of aperture 1, M¢,, can now be determined for ;h_:*(_:"ﬂs_é:'wlig;}a no
dielectrics are present. The magnetic current M5, scatters a field to the left,
EL and to the right, E® as shown in Figure 5.4. The field scattered to the

left, E*, can be expressed in terms of Floquet-mode electric-field basis
functions as follows:

: — F
E o 2 "4 mE'm 3
irt

Region A Region B
(Free Space) (Waveguide)

..|.-u.....-_'_‘___"'

FIGURE 5.4 Electric field scattered by
ME, on the left side of aperture 1.

Aperture 1
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where A, represent unknown coefficients and ef are related to the mag-

petic-hield Floquet-mode basis functions as follows: I

o L F

Cu = Y : h'.u? Xz
i
and
; 1
Cii €0 = ﬁ;_l'"fguu'?
F ¥

4 r - - ' s
where Y, is the admittance of the media just to the left of the thick sereen

Lol TR ——

e e

for tl]f:_ Fioqu_e.t mode of index . The field scattered to the right is, similarly

R L iy

N Jj'l: " e .
BEY = — }..: A Hlui; :
]

A M gpay ::I,—u P aqn , L s 4 : = . . .
The magnetic current M£, i1s related to B and EX as follows:

(Ef:'—.ER)_ X ~ 2= Mg,

Substituting for EX and E?, we obtain

~ - R L 2
212"’4”:'3:” X - M.ﬁ'i!' ZZAH!EJI'I'; = —I X h“lé], (5'3)
- I

i

which is the total field scattered to the left by M.

Now one can take advantage of the orthoncimality of the Floquet-mode

functions by applying it to (5.3) as follows: -

pme— e e T

W ! 1-1[: F ] *
<2L“'£‘Imt';urﬂf>m { T I'%’Ié'l,ﬂ;r\)

£ 3
A

2 ] L el ef*qd = /| —2x MG - el ua,

ll ”l'l[ 1 . Lenek
e cell ’

i
1x1?

= ( —Z X Mz, e,

A= 3{ =2 x ML, e 5|V (5.4)

Fhe corresponding total magnetic field scattered to the left by M§, is

e . T
"

Lo -
I{fh'.jfl — “?‘%Amhir (ﬁﬂ)
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Substituting (5.4) into (5.5) yields

HIL, = =21 (Y, M&, hfone (5.6)
pH

[ Hi it

Equation 5.6 represents the total tangential magnetic field scattered to the
left of the thick-screen FSS by M £, as an infinite sum of Floguet modes. The
effect of stratified dielectrics to the left of the thick sereen can be included in
(5.6) by the simple introduction of an additional term as foliows:

TL C
Hyk, = = Lymd ==K, nions, (5.7)

il
i

Y44 s the admittance of the dielectric layer in which M§, resides for

"j! - P e S B

where :
a Floguet made of index m, and 1, includes stratifiéd dielectric effects und
is referred to here as a T-factor. It is determined by the dielectric slab
geomelry and will be defined later. “

“In the absence of any externul dielectric sheets on the left side of the
screen, the magnetic field at the aperture at the left side of the FSS due to
the incident held 1s - "

‘i

e e e

JHL = 91
'.I l._.l.‘l'.':‘!_ 211 T
where H, . is the mcident magnetic field and the factor of 2 is due (0 Lhe

reflection of the magnetic field ofl the perfect conductor. To include the

e T L, L T S T P T

effect of stratified dielectrics, we include a T-factor Lo yield

H ::Eu: = ‘IEJ:!.E H e (5 8}

L

The suim of (5.7) and (5.5) yields the totlal tangential magnetic field on the left
side of aperture |, 1135, as follows: ' |

Sl

| L 31,
I_iinl.: i [lﬂf.';?l

_ i ,
Tim:llim'; = ZIIMA - <NI.§:I 3 h!‘ >hF (59)

I

tt 1 HT
s

The hArst component represents the field due to the incident feld, The secondl
component represents the fields scattered by the magnetic current on the left
side of aperture 1, M§,.

The fields on the right side of aperture 1 are generated stmilarly. The
magnetic feld at the nght side of aperture 1 due to the current at the right

e e SR — p————— | — g R R = A
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side of aperture 1, MY, is

TR

R - _ 15
1 Z}jr
I

<P~I“, by, Ny, (5.10)

where 1)) represents orthonormal magnetic-field waveguide-mode functions

within thﬁ: thick screen, Y !? represents the admittance of the dielectric just
to the right of aperture 1 for a waveguide mode of index n, and T/, (to be
defined later) is another 7-factor that includes dielectric E:ffects The mag-

netic field at the right side of aperture 1 due to the magnetic current at the
left side of aperture 2, Mg,, is

Hif= Z}’“f""‘ 2 (ML, | RE. (5.11)

where again h)“ represent magnetic-field waveguide-mode functions, 2P s

the adm:ttance of the dielectric layer N just to the left of aperture 2 for
waveguide mode n, and 7, , {to be defined later) is the T-factor that relates
the fields at aperture 1 (o the fields at aperture 2. The total field to the right
side of aperture 1 is the sum of (5.10) and {(5.11):

iR
HT - I_iﬂr:"Sl T Hf‘n"SE

R

T
o Zylﬂ <M5|, IFG)IIIFG E}rh"ﬂ <h152, FFG>111VG
il

(5.12)

where it s convenien(, but not necessary, for the summation indices to be
identical.

[‘ollowing a similar procedure, we obtain the tangential magnetic fields on
the lelt side of aperture 2:

L

Z}INET

<M52, IlG:)hHC' E}?!ﬂ <M$“h:’{3>h FG,

(5.13)

where the first termy in (5.13) represents the tangential magnetic field at the
lett side of aperture 2 due to the magnetic current at the left side of aperture
2, and the second term is due to the field scattered by the magnetic current at
the right side of aperture 1. Similarly, the tangential magnetic field on the

o —

-
i L e T PP
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right side of aperture 2 is

R
2R o YRGS E 2'" (ME WFOnE (5.14)

m

which is simply the field scattered by the magnetic current on the right side
of aperture 2.

By combining (5.1) and (5.2), which equate tangential magnetic fields
across the aperture, with (5.9), (5.12), (5.13), and (5.14), we find the {ollowing
set of general equations that define this problem:;

1 H
1,1

TicHie = T Y24 5, W, = zw Ll (M, YOO

Z YNH (Msz h Con e,

T T
D Z}iff%‘@“f{;ﬁ m>hm 2}7”15' o <Tﬂi‘!? ITEGBHHG
n = rn
NB . TELZ ch: WG
ZY SEIME,, WG, (5.15)

The magnetic current modes Mg, M§,, M§,, and M ¢, can now be expanded
mto orthonormal modes as follows:

Mg, = ):Apej, = -kmﬁh MG, = Zqu:} = - M,
P q

where A and B are the unknown coeflicients to be determmed e are

mtlmnormal magnctlc current modes at aperture 1, and e are Grthﬂnm mal
magnetic current modes at aperture 2. Note that I]ﬁltllﬂ]‘ EP nor e*' are
required to be orthonormal or even orthogonal over their domains, but for
convenience they have been chosen to be so here (for example over lappmg

piecewise sinusoidal functions are not orthogonai, but are oli-o 1sed

-~

moment method analysis). Also note that, in general, e’ o and £, ulc 10! the
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same and are necessarily diflerent when aperture 1 is not identical to
aperture 2. These mugnetic curreats are substituted back into (5.15) to yield

TL
s Af A
mL uu: E }:u < Z fﬁjpep ’ hni> Ly

l
2
L

.
¢ Cyjo—pt L T, 1O Yo

I
T
- ng__ 12 2 WG\
Y2 LB ,el, Wy e,
f i

TH

D = T E}jf: 5 Xz chqr hm >hnf
i

e’

el <):>
|

T: 2

If one now tests or i'ﬂkes the inner product of each side of the first

E‘.{]I.ldtlﬂﬂ in 5.16) with e} and each side of the second equation in (5.16) with
ﬂ* the following equalmﬂs result:

s I,
Tmt..('ﬁll ’ II im::>l Z‘{I Z }:;r:hf L I] :T;)<E,I ) h I )J;

i

R
+>:A ZY‘B-——@,,JIEI’GMEE,h“" )

- ZBH’D’"‘”} Ceg, iy O)e], iY@
0 = ZA,”ZYIH (E’p* wa><ez h' WG

Tﬁ’
= Eﬁ ZKLDC ec,hij et

T

T NB =2, 2 LIFGN /.2

2T M & ; e el YD), (547

ef /|

» S TR - : i : :

'gll;eul: lthﬂ h{,, are_.l mlllmnmrm:zl waveguide modes, ! are orthonormal

quet modes, anc €, and e; are chosen to be orthonormal magnetic
|
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current modes. In (5.17), the index ¢ runs {rom | to p (o yield p equations,
and the index j runs from | to g to vield g equations. The combination
yields p + g equations in p 4+ ¢ unknowns. The equations can be put in an
admittance matrix form to solve for the unknowns A, and B :

T rine A1, |l Al ;1,_ sz s,
1 S Yip | ) Yy Yis
e |1 ) o 1,2 1,2 k.
17" Y_:-_., V:ﬂ.;z YZ,F }!1,1‘ Iz;z yz',e
g i, | s = o w3 b TP D
J.FI Y‘L‘lt! }jtlz )PF ]P.' }.F}l }F~G
s = o, 1 7 ¥ r
0 Fz-.ili Y::'zi ¥ fi ) 12."12 -};12 22 1 tz 5
gl 2 2 SR g
( f,‘tl Y; Y Y':E,'i' CYiT Yzﬂ. O
» 3 | ol 2, | F2,2 - T £2,2
¢ = }Q-‘ }Q:E yﬂ‘mf’ }{311 }L‘,E (7, ¢
= 1
-I..-I{I
J"LIE
o (5.18)
B ] g
B,
B
z
8y
where

I‘.Il'ﬂ: = ”,“:<E 1l.l1'.|.|_:>[
ZYM*T* I\ E J?hr;r}(E}Jl]fl ? + Z} ”]TI Ik !:htf‘G}(E:i_htr“):

it

S
I

HH

y,h? = — Z}*Nﬂr, 3487, h""*j><e:,n',:’“>,

},}‘2}_1 - Ziftﬂn i<tj,h FG)(lfu. h pG}J
}";?52 == Z}iftTﬁ"(EE h:::><-ﬁ¢rhm E‘FNHTL2<E— h“G><LE ]]”F \

This system of equations s solved for the unknowns 4, and B,, where A,
represent the coefficients of the magnetic current modes on the left side of

. N 1 TR T -

— +

NT T rera
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aperture 1, and 5; represent the magnetic current modes on the left side of
aperture 2. They are used in conjunction with (5.9) and (5.14) to yield the
total reflected and transmitted magnetic fields for the thick-screen FSS.

I-Factor Definition The T-factor is used here to relate the magnetic field at
one aperture to the magnetic field scattered by a current mode at the same
aperture, or at another aperture, and to include the eflfects of stratified
dielectrics. Figure 5.5 shows the gmmetry_ inside the waveguide of the
thick-screen FSS for determining the T-factor 7, y that relates the magnetic
field at aperture 2 due to the magnetic ﬁeld?ﬁttered by the currents at

aperture 1..Note that the form of T, | is identical for every waveguide mode,

but the actual values differ because every mode has its own propagation
constant and impedance associated with it.

Figure 5.6 shows how the magnetic current at aperture | scatters energy to
the magnetic current at aperture 2. Figure 5.6(a) shows the field scattérecl to
the right by M{,, and Figure 5.6(b) shows the field scattered to the left by
My,. The total field scattered by MY, is the sum of these two scattered fields.
The multiple bounces created by the dielectric stratification must be ac-

counted for. The contributions shown in Figure 5.6(a) from aperture | to
aperture 2 are

T = o+ iR+ (TEfe o2 B o4 (D feitrPal) g e 8
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FIGURE 5.5 Geometry inside the thick-screen FSS used to determine the T-factors
To s Ty 2, T, and TF,.
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FIGURE 5.6 Field at aperture 2 due to fields scattered by M¥: (a) field scattered to
the right by M % (b) field scattered to the left by M%,.

which reduces to
—-f2E40
Dy (1 & *),

where 7{ % represents the effective transmission coefficient from aperture ]

to aperture 2, Tf»Y represents the effective reflection coefficient from dielec-
tric layer 1 to dielectric layer 2, y;ﬂ represents the propagation constant in
dielectric layer 1 for the waveguide mode of index n, and df represents the
thickness of dielectric layer 1. The superscript B denotes that all terms refer
to region B, or the waveguide region of the problem. The contributions from

Figure 5.6(b) are, similarly,

| B B ~j2yPdf
T,ﬂ — ETT.N/(I"]-T,EE o '),
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o yield a total T-factor velating the field at aperture 2 due to the field
scaltered by the magnetic current at aperture 1:
e
47w

T T e (5-19)

In (5.19), the 75 and I'}>)” terms are calculated in a recursive fashion. The
generalized effective reflection coeflicient looking from diclectric layer m — 1
into diclectric layer m is given in any region of the problem as

~ gy
F 2% iy,
lm—i I + 1-:” m+lf‘r L

s i gl
1_;.” mA 1€ A

I:::-—I.m .]. 4 F
!

n—1, u

waere |, _, = is the r‘lesnel reflection cocflicient between dielectric layers
m — 1 dnrl . To get T in (5.19), one starts at aperture 2 and works hacl{
toward aperture 1, cdlculatmg efective reflection coefficients until iy
reached. In general, the effective transmission coefficient Ty w18 ca]culated
sinilarly as follows:

N =
¢ a—irndy I l ¢ =Y il
TI.N ¢ Tm,m+l£ Gl
1t = |
where
1’_,: Tm, u.t 4+ 1
TS o B
e of
J' + lm m+llm+1 m+?€ s

and 1, . is the transmission coefficient between diclectric layers m and
i i T

Following the same method, we find the remaining T-factors;,
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FIGURE 5.7 Some possible rectangular elements lor thick-screen IS5 applications.

5.1.4 Rectangular-Element Thick-Screen FSS

To analyze (he thick-screen FSS with rectangular elements, we need to
compute the inner products shown in (5.17) and apply them to the matrix
solution. Figure 5.7 shows some possible rectungular-element configurations
(hat can be considered for a thick-screen ISS. The conhiguration shown o
Figure 5.7(b), where the rectangular element has reclangular irises at cither
end as defined in Figure 5.5, will be constdered here. To solve this problem,
we musl compute the Conplim_., between [“Iﬂquet modes and magnetic current

modes in the aperture and the coupling belween magnetic current modes in

e R i e

the clpﬁitttlﬁi and ICCIIJHQ:,HIJ[ u.uwﬂguudﬂ modes.

e i oW me > -

FIGURE 5.8 Geomelry of eiement shown in Frgure 5.7(b).
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The magnetic current modes, e, and__e; in {5.17), actually have double

indices here and are divided info transverse electric (TE) and transverse
magnetic (TM) modes. For example, M%, is

b il TE | ™ _ 1
hl.ﬂ'l o ZA,'JEP "H ZAp EI;‘J + EA,': EI;}!
P P P

where p refers to the double-index waveguide modes. For simplicity, the left
and right apertures are assumed identical, which may not be true in general.
For this case the TEE magnetic current modes, e, are

TV EHEs g lgmx qa7 STy ST
= = A ——— SIn b e fEOS e e
\/qab"/ﬂl +-5%, /b, 24, 2a, 2 20, 2

Elqs

+ Y —— COS

2b,

$ ql*n-.r qir
2a, 2

where ¢ =0,1,2,..., s=0,1,2,... excluding g=5=0 and ¢, =1 Iif
g =0 and €, = 2 otherwise. Note that ¢ and s are indices precisely like
waveguide-mode indices. The TM magnetic current modes, e,  , are

sy ST
COS L b o
2b, 2

—i— sin +
2b, 2a, Z

’J@Ebi/ﬂi + s%a, /b,

Elq:

2 r { s Pﬂx g

. & garx qmw i | STy ST
oy P edlosec DUERE s el Q1Y
2a, 2a, 2 2b, 2

where § = 1,2, 53,0000 § 5 L2, 30 o
The vector waveguide modes in the waveguide region of the thick-screen
FSS are very similar to the magnetic current modes. In (5.17), h'"® represent

fi

the waveguide modes, but, like the magnetic current modes, here they

actually have double indices and are divided into TE and TM modes. The TE

magnetic-field waveguide modes, IITZE, are

e, E E -
p-e . P | pTY P
Ko = {x 5111[ o T

cTry CTT
; COS e
e 1/;}1!53/::12 + cla,/b, | 22 2, .

b, | 2

& pTXY DT cmy  cir
+J cos ol U e e N
2, | 2a, | 2 26, | 2

where p=0,1,2,..., ¢=0,1,2,... excluding p=¢ =10, and the TM

- ome v e e
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magnetic-field waveguide modes are

WG = 2 A ;
2pe X — 51N
2

\/pzbi/ﬂz"'clﬂz/b
P prx  pmw] [emy em])
—J —— cos + ~— |sin + — 3,
2b, = 2 |f

+..._..._
2b, 2

[cary Cr

where p = 1,2,3,..., and ¢ =1,2,3,....

The Floguet modes, represented by h! in (5.17), also have double indices
and are divided into TE and TM modes. The TE Ficquet-mode magnetic
field ts

I. ~ k:t;l o~ Ilc.‘l;:.',.! _j{xkﬂlﬂ' +]rkﬂ‘lﬂ']
! g TIKE T H ki)

hi = = X
1men HLH PR
V&, | k! k
where

S_ = dbsin a,

kum — \/(k'"")z i (kﬁ”l)z
r X ¥ ’

O e T 2aTIn
X — {'ﬂ X b 3

———— ( 2 29T
. = Kgdy ~ -
: Y ldsinae  btana

and T, and 7, are the direction cosines that define the angle of incidence for
the plane wave incident on the thick-screen FSS. The parameters d. b, and «
are defined by the grid in Figure 5.2. Similarly, the TM modes are

l k. N }{ Jf”l

I.] &, P— . h ¥ + j?' A P ""j{.l'k_:.h" "F*J’k;.""} '
2imn 1/‘5.—

. r

A: mn ;l: P
r r
The coupling integrals that must be solved to achieve a solution to (5.17)

are (Eh:]'ﬂ !li””>, <E;‘.”| hg,,,,), (Ezqﬁ hfmu>1 <E2q;! llgnm)! <Eh?51‘ hl[{f;ﬂ;}’
(e, 05500, (e, WV C), and (e, 075 These integrals can be solved
numerically over the aperture region or in closed form for a more efficient
formulation of the problem. The Appendix describes the details of these
reaction integrals for the specific rectangular-element thick-screen FSS
geometry shown in Figure 5.8. Once these integrals are solved, the system of
equations in (5.18) is easily solved by conventional methods to yield the
unknown A4; and B, coefficients. Note that the matrix in (5.18) is only as

large as the number of current modes needed to represent accurately the
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neid in the aperture, which is usually small since full-domain basis functions
are used. lypically, less than 20 modes are used at each aperture, so the

R = e et I e e e L e T T B T !H.LI.-—‘:..MM_“'_**._..

matrix is solved very quickly. The majority of computation time occurs when

= FESroagssr F&A I T

hiling the elements of the matrix wifl_l'results of the inner-product calcula-
tions. For this reason, any coupling integrals that are nof solved Tn clased
form add greatly to the overall computation time of a computer program
written to analyze this problem.

5.1.5 Cuaular-tlement Thick-Screen FSS

Figure 5.9 shows several possible elements for application in a circular-ele-
ment thick-screen FSS. The element in Figure 59(a) is a simple circular
waveguide (hrough hole, which is sometimes referred to as a puck plate
because of the high dielectric ceramic pucks that are often used to load the
wavepuide, Circular waveguide modes "aie lised 1o represent the magnetic
currents :n the apertures and the fields inside the screen itself. Similarly, the
element in Figure 5.9(b) is a coaxial wavegulde through hole in which coaxial
waveguide modes are used to represent The fields in the screen {5). The
clements in Figures 5.9(c) and 5.9(d) compose “the artificial puck plate”
bandpass radome {6]. In Figure 5.9(c), coaxial waveguide modes are used to
represent the magnetic currents ._i_ﬂ,.Il‘L@?.._L;iDE.!'[.l!!‘_f:*?: and Eifﬂﬁ@l’.ﬁﬂ?ﬂgﬂiﬁﬂ
modces are used to represent the fields inside the screen. Circular and coaxial
waveguide-mode definitions can be found in Marcuvitz oy

FIGURE 5.9 Some possible circular elements for thick-screen FSS applications.
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Puck Plate Bandpass Radome Figure 5.10 shows the geometry of a thick-
screen [SS similar to Figure 5.9(4) where no irises are present, and circualar
waveguide modes are used to represent the magnetic currentls at the uper-
tures. Figure 5.11 shows the predicted transmission response of this thick-
screen bandpass radome at several incidence angles for TE and TM polariza-
tions. These predictions were generated by o numerical analysis code (hat
employs (he analysis techniques of this chapter. Note that the () of this
design s fairly high, but it can be adjusted by varying the dz‘_e]ectg‘itﬁgﬁnst:‘mt‘

- - R e w

ess, and the hole diameter. Note also

that the passband resonance shifts with scan '_.}lﬂ;_‘;ile?nﬁl_ﬁ;fflf‘i_ifcigfif:h{‘llt polat-
ization and Lhat (here is no Hat passband region because the input impedance
to the TS5 Varies with incidence angle and polarization. This behavior is
typical of this type of thick-screen FSS {both circular elemeht and rectangular
element) when no irises are used in the apertured and no dielectrics are
added to the outsicde of the conductive thick-sgrﬁen region (o help counteract
the eflects of the varying input impedanceBecause the passband of this

thick-screen radome is not stable with scan angle, it las Imited applications
where wide scan ability and wide bandwidth are not required. &

L e e

of the Toad material, the plate thickn

etk

-

Iris-Loaded Circular Waveguide Element — The Artificial Puck Plate Radome
Figure 5.12 shows the geomelry of a Ka-band artificial puck plate (APP)
Lhick-screen bandpass radome, like that shown in Figure 5.9(c), where irises

oo -

are included in both apertures and dielectric sheets have been added to the

T N - St B DO v e e o e e g 2

exterior to aidin stabilizing scan performance. Figure 5.13 shows a compasite

- - = Lt e T e, o S,
b Al e e 1 L it o vk sl e e i e
-

of transmission and rellection predictions from 0° 0 70° off normal Inci-
cdence. The passband remains stable centered around 35 GHz, and reflection
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FIGURE 5.10 Gémnetry ol 4 Ku-band puck plate.

— L

_— At —— TR - — e

— =




eslla |

166 BANDPASS RADOME
0 e ——
p i Transmission
-5+ 7 s —
i J Reflection
f ;
-10 1
E d
&
& -154: 3
% b |
O { ’ ;
— E ;
SO ___.._._,_,.___,_-,;..!..._ — B e s
| f |
| i |
i |
_25_ L i 5 a2 n;._... 0
| :
| ;
|
-30 ; ;
16.5 17 1Z.5 18 18.5
Frequency (GHz)
(a)
Gﬁ + i ,.L'r'T‘;h‘ = i - .Ea - '.
< i e
iy TE Trans
5 M s — i‘l_""-."""."_ S :: ..:.....-:h eI P N PR — e
1 3 : * i e
i . * : .
Vol Fy | TM Trans
" yofl ey
-1 0- *mr"*-'--‘**—“—;ﬂu‘- ] e ooy o s 004 %E*- --—r':: - .- iia."""-,_ﬁq‘m_ g e ey
= s ] B TE Refl
R wt i{ J » Rt
: -1 5..,-;-1‘ : . L o i i_ _ it | B
) L ; | TM Refl
3 i |
{ i |
e N L} x R 3 T B !
= I f
it S, WE—— ¥ 7 N N——
i .4 ?
'30 ; H |
16.5 17 125 18 18.5

FIGURE 5.11

Frequency (GH2)

(b)

Performance ot the Ku-band puck plate shown mn Figure 5.10;
(a) normal incidence; (b) ¢ = 0°,86 = 30°; (¢) b = 0°,8 = 50°; (d) ¢ = 07,8 = 70°.
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loss is very low. This performance is ideally suited for applications involving a
wide-angle scanning antenna behind a bandpass radome. Note also that the
O of this FSS is not extremely high but meets the requirements for which this
radome was designed. The O can be easily adjusted by changing the die_lﬂci
tric constant of the load Wateridl, ut hither (1 vield ﬁ@]tcrﬁﬁlarﬂhcéﬁ and

T TR e

more difficult fabrication techniques. Figure éilf-’i shows an example of the

s Tt L T B
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FIGURE 5.13 Predicted transmission and reflection of the APP radome shown in
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sensitivity of a high-Q APP radome design to an error in the iris etching, In
Figure 5.14(h), the patch that forms the iris is 0.5 J.5 mil smaller in radius than
that used to generate Figure 5.14(a). This relatwely small error, which is
within state-of-the-art etching processes, yields a radonmie that may not be
Els.able This sensitivity is typical of any high-Q bandpass radome.

Figure 5.15 shows an APP bandpass radome with the parameters defined
in Figure 5.12. The ﬂpﬁl‘tulﬂ region in this radome contains over 50.000 holes

Land is more than 4 ft?. Construction of the radome began with drilling holes

Ak =

in an aluminum plate of the proper thickness. This stmple drilling operation
was performed efliciently with a numerically controlled machine. After
drilling, the holes in the plate were filled simultaneously with a pourable
dielectric, which is essential for this design to be manufacturable. The
dielectric constant of the pourable mixture can be varied to almost any value
to suit the electrical design. Much work was done with this dielectric to
ensure that it did not shrink and fall out of the holes during the cure process.
After the holes were filled with dielectric, copper [oil was laminated to both

sides of the plate. This was then etched to yield circular » patches that were
concentrically located with respect to the filled holes in the aluminum plate,

thus forming the coaxial aperture of the APP radome. Dielectric sheets of

e e — i

the proper thickness were subsequently bonded to the exterior of the plate to
form the complete prototype radome.
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FIGURE 5.15 Prototype APP radome with the grid and element geomelry shown in
Figure 5,12,
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FIGURE 5.16 Typical predicted and measured transmission and reflection of the
Ka-band APP radome shown in Figure 5.15: (a) 15° off normal incidence, TE
polarization; (b) 60° off normal, TM polarization.
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Severul Ka- and Ku-band APDP radomes were fabricated and measurad to
compaie their transnussion and reflection praperties to predictions generated
by a numerical analysis computer code. Figure 5,16 shows predicled and
measwred tansnussion and reflection plots of the Ka-band radome wilh the
seometry of Figure 5,12, Figure 5.17 shows measured and predicted perfor-
mance ol a Ku-band APP radome. T]‘lf‘. medmlons ugree very well wnh tlm
measurements. T

i | iy LEL R E L

R s i i —" T 1

Antenna Performance through an APP Radome Anlenna patlerns were
measured through the radome shown i Figure 5.15 with the Ka-band
flat- plate resonant antenna shown m Figure 3.48. Fgure 5.19 shows severul

R et e RATEE D

measured autenna patterns with and without the radome i place at several
angles ol incidence. The radome has about 1 dB of loss and has little eflect

el

on the antenna sidelobes, which 1s pnnmnly due to the ehcel]enl iEﬂLLHDH

-y = A ehedd

pRsp—— 1]

properties of this désign.

Antenna patterns were also measured through a Ku-band APP by using a
phased array. Fioure 5.20 shows the array used, and Figure 3.21 shows (he
array with a Ku-band APP radome mounted n front ol it. The radome and
anlenna were fxed in position with no attention given (o proximity, und the
various antenna patterns were measured as the antenna was commanded o
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FIGURE 5.18 Flat-plate antenna used 1o take patterns through the Ka-band APP
radome shown i Figure 5,15,
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FIGURE 5.21 Prototype Ku-band APP radome mounted
shown in Figure 5.20.

different scan positions. Figure 5.22 shows a couple of tl

¥

compared to the antenna baseline. Again, the APP :

on the antenna pattern of this relatively-low-sidelobe antenna.

3.2 THIN-SCREEN FS$

The thin-screen FSS is composed of elements in a regular

in front of the antenna

1C5€ SCan patterns
idome has little affect

grid pattern that

are formed in an electrically thin, conductive [oil. Unlike the thick-screen

I:8S, in the analysis of the thin-screen [°SS ¢
be infinitesimally thin. Elements in the thin-
conceivable shape. Figure 5.23 shows
bandpass radome applications,

the thin screen js suspended on a planar dielectric and m

siilar to that in Figure 5.24, which shows (wo thin sc
planar dielectric sandwicly. The etched element in
dipole. The thin-sereen FSS is more widely used

1€ conductive foil 15 assumed to
screen HSS can have almost any
a few shapes. commonly used in

ay appear
reens suspended in a

this case is a crossed
than the thick screen

because it is simpler and easier to man ufacture, It"is" alsg sencrn

i - —— et —

Iso generally lighter,

since it can be composed almost entirely of lishtweight '

thereby maiing it generally more suitable in Ji

.0 lightweight aircrafy and s

dielectric materials,
pace-
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FIGURE 5.23 Some possible elements
for use in thin-screen FSS applications.
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i

Slot
Aperture

Conductive

Foil Dielectric
Sandwich

FIGURE 5.24 Typical two-thin-screen FSS showing etched elements and dielectric
sandwich construction of this type of bandpass radome.

craft applications. However, the thick-screen FSS appears to have better
bandpass stability as a function of scan angle: thatl i is, as thé mcident angle
deviates from normal, the passbaid—oi tHe FSS appears to shift from its
nominal value more in a thin-screen FSS. Despite this drawback, thin-screen
FSSs can be designed with very good scan’stability characteristics in multi-
screen designs, which together with low cost and ease Of manu_facture often
make it thé FSS of choice.

5.2.1 Thin-Screen FSS Analysis

The thin-screen FSS can be analyzed in precisely the same fashion as the
thick-screen FSS. The thin-screen FSS can be composed of any number of
screens, but here only the single- and two-screen FSS, which are most

T | L L L —— e g p———

commonly used in bandpass radome appllcatmns are considered.

Single-Thin-Screen FS§ Figure 5.25 shows the general geometry of a single-
thin-screen FSS where every element is identical and arranged in a regular
grid, as shown in Figure 5.2. As with the thick-screen FSS, multiple dielectric
sheets are allowed on either side of the thin screen. Figure 5.26 shows the
equivalent problem for analyzing the single-thin-screen FSS. This appears
very similar to Figure 5.3 for the thick-screen FSS where the apertures are
replaced with perfect conductors and sheets of magnetic current are placed
on top of the conductor on both sides of the aperture. Again the problem is
solved by enforeing continuity of the tangential electric and magnetic fields
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Aperture

Conductive
Foil

Dielectric
Sandwich

FIGURE 5.25  Geoeral single-thin-screen FSS geometny.

across Lhe aperture of the I'SS. Since only a single aperture is considered
here, (5.1) alone applies to the single-thin-screen FSS.
The magnetic field to the leit side of the FSS is given by (5.9) and is

repeated here:

l'i'lrL = Illllf:. + HMSI
TL
= Tiu::}l Z}f:f4 2 <M511 ;T::)h.-u (521)
Regicrn A Region C
{Free SPHLE:)

—

Einc

A 1_nf'u.l::

Aperture

FIGURE 5.26 Equivalent problem used to analyze the transmission and reflection
properiies of the single-thin-screen FFSS.

=1 p
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On the right side it is given by (5.14) with the exception of some notation

changes:
R

) FII
Z}ir{C E:EL? :J:>llrr4 | (

i

N

{

I-
s

The variable definitions in (5.21) are precisely the same as in (5.9), including

the 7-tactor, and the delinitions in (5.22) are exactly the same as i (5.14).
Combining (5.21) and {5.22}, we obtain the systerii equation delining the
single-thin-screen FSS:

dia
a1 4 SR a L i
uu., 1m. 2 Zr} ]}'ljll hm>hm

Ly

TH
-~ Y YR LR BT S (5.23)

b
M

Following the same format as (5.17), we write this as

L

B
,Til*i*::<ﬂa::1rIlim'.‘.)I Z IFE K::Li Elr'.r ;:}(EH_ hm

>
P

3 R
- L ‘El i I Bk
f[;:z}ifi ,L‘-‘hm}<et]'?hm> ? (524)

e

where variable definitions are the same as in (5.17), except 777, in (5.24) is
cdefined like 7%, in (5.17).

Two-Thin-Screen FSS  The two-thin-screen BSS analysis s identical (0 the

thick-screen IFSS 'mr.llybis Figure 5.24 shows the geomeltry of a two- thin-screen
ISS that contains quadrapole elements, The equivalent problem [or this FSS
is identical to that in Figure 5.3 f the *wtwe:gpuu.lu region in Figure 5.3 is
removed and replaced with a free-space region. In fact, the system of
equalions generated f(or the thick-screen FFSS i (5.17) applies divectly to the
two-layer thin-screen [FSS simply by re )Iacmg, the ‘k"hi‘#ﬁ@;,lllLlL nmodles, Iaf”‘i , by
Floguet modes, h! . With this modification, (5,17) applies directly to th
two-thin=screen I'SS. The 7T-factors for the problem also remain identical and
are given by (5.20).

As with the thick-screen FSS, the magnetic current modes in the aperture
should be carctully chosen such that they easily represeat the held in the
aperture. Wu [8] describes a two-layer thin-screen bandpass radome that
contains rectangular apertures like that shown in Figure 3.23(d). Following
the analysis here, a natural choice of basis functions for the magnetic

currents for lhese mutangulm apeftuies “tould be LLLtm;,uIm wwai__,un;lu

R e mC i TR

B L i

modes. 1f, on the othér hand, the ﬂps.,rlmas become narrow slots, such as
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L

" ————— AL L e ol

R I ST S PR —
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' " " 'u
those_in Figure 5.23(f), then one may choose to use some type of rooftop or
piecewise sinusoidal basis function. RADIATION PATTERM
L e, WITH RADOME
* % o s E~PLANE
. RADIAYION PATTERN
5.2.2 Thin-Screen FSS Performance o OUARENe
| l'l.!ﬂnH:;Ea-ﬂf‘
Pelton and Munk [9] describe a single-thin-screen FSS for bandpass radome
applications. The FSS element is a tripole element, as shown in Figure =l
5.23(h), and the radome contains no dielectric matching sheets. Figure 5.27 <
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GREAUERCY: (ke | FIGURE 5.28 Measured radiation patterns of l4-in-diameter parabolic transmitting
(b) | antenna, taken with and without rademe present. In solid curves, radome and

antenna axes are coincident, and both antenna and radome are rotated together [9]:
(a) E-plane patterns; (b) H-plane patterns.

FIGURE 5.27 Measured flat-panel transmission vs. frequency characteristics for
slotted metallic surface employed in metallic radome [S}: (a) L-plane; (b) H-plane. i
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calculated H-plane; {d) measured H-plane.
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shows the measured E-plane and H-plane transmission of (his bandpass
racdome design. The performance is very similar to that of the puck plate
radome with no dielectric matching sheets (Figure 5.10), where the H-plane
tf:ﬁ%ﬁlﬁfﬁmﬁﬂfﬁt highly stable with scan angle. Fu:,un, n‘*é?ﬂaﬁ?&&'ﬁm
measured antenna patierns through a conical fadome based on this design.
Note that very ]ll[|E {:Ie;:,mflatlun trJ tlm p;itte:ns 15 mcunecl by introduction of

the radome. o
Tc: achieve a wider passband that is more stable with scan ;mgle and to
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achieve shmpt’:r skirts, one usually uses two-Tayer thin- smeen FSSs [18].

i O e ———

These radomes have performance characteristics suml'"u to those of the

T I i iy

thick-screen APP radome described in Section 5.1.5. The tlesxgn presented in

—r— T

Lucbbers and Munk [10] utilizes the four- tegged slot shown 1n Figure 5.23(e},
Figure 5.29 shows predicted and measured E- and H-plane transmission at
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FIGURE 5.30

General arrangement of FSSs, including both thick- and thin-screen
geonmelriey, |
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TABLE 5.1. Comparison of Thick-Screen and Thin-Screen Parameters
Parameter Thick Screen Thin Screen
( of single screen High Low
SE N M R Yo Scan performance of Good Fair
g i ey el Rt e ]eE ;k‘ 5. single screen
I vl Eoe e [l o e B V/’ i sk Pl 0 of two screen (two irises High High
" = o i | Scan performance of Very good Very good
. : two sereen (two irises
;:EESES;M Equivalent problem used to analyze the ESS geometry shown in | in .thiCk SGI‘EEH}_ ' _ o
Plhiysical characteristics Moderately thick, Thin, Light
: heavy
Fabrication of flat and Moderate difficulty Simple
various scan angles of a bandpass radome based on this (wo-scr : r singly corved radonies
legged slot design. Note that much Wt REGH et e Wbescrcen, fﬂuilm i Fabrication of doubly Very difficult Difficult
Figure 5.29 is possible through proper element d bor Sonenan tlis. that in Vo RUVERIRILOIIES | .
the dielectic matelhin Eﬂf& et esign and proper design of SRRV Internal surface-wave Excellent Fair
Lo = s ¢ henng and separating the thin SCreens. WG B g B ,,/: performance
T - .L;J L il ¢ Scattering performance Excellent Good
| @
5.3 BANDPASS RADOME GENERALIZATION ‘
Thick- and _thin-screen FSSs can be combined and S ] _ Also, because the thin-screen radome is composed almost entirely of
% arrangement. Figure “3-3{7'shUﬁ:émfrﬁé"?é}'{éfﬁiﬁa‘?;ﬁ‘n ;” E”:}’ ]‘;':E_‘?El}’: lightweight dielectric materials, it is generally lighter than thick-screen
analiysis in this chapter, it is required that th:grids in eachgl e .f Im e N radomes, making it more suitable in lightweight aircraft and spacecrait
be -{F!f;_llt_igz_{L or an integer iiiultiplé of one another. Figure E?f; Dl the FSS applications. However, if the radome is required to have the _IEs_t_Q, scan
equivalent problem for analyzing the FSS in Fieure 530 g, bls o Ko} performance, and scattering performance possivle, then a thick-screen
easily broken up into regions that can each bz analéfze'd by {ﬁ)m ﬂn; i radome is probably required. ”
this chapter. The equations for this system are identical t}, HIE mfft 10ds of Because thin-screen radomes are most often composed of several screens
with the addition of one equation for each aperture added tO t;DS; 1!11 (5.'17)1 to achieve a higher Q and scan stability, surface waves can be supported
will be expanded in IFloguet modes in the free-space reui{? © d5$" Fields bétween the screens, especially at discﬂp_tri‘nuities‘ These surface waves can
guide modes inside the thick screens. To solve the genﬂ:I 1:‘5 {?ln Bk S degrade the performance of the antenna through the radome, in addition to
gf:nerate- a partitioned matrix, identical to that i e pTie e;:l C;Il;ﬂ hﬂ?*l} __— causing other scattering problems. Special attentiﬂp shmgid_b_e given tnﬁ the
submatrices corresponds exactly to the number of ﬂpﬁ;t‘ljre's htl IR O 3 Rt :-ﬂ’t_ + ') multiple-thin-screen radome design to ensuve that dio. atiiuliios are avoided
' e, 20 sttt Gl SRCTINIES IR the FSS. ; < “this includes element prid diseontinuities that are often encountered when

F tp ! s fabricating radomes with complex shapes. If the potential problems associ-

| Bt A v ated with the internal surface waves in a multiple-layer thin-screen FSS
5.4 CONCLUSIONS AND RECOMMENDATIONS G ¥ ,f: 5 . 2 cannot be tﬂlﬂré?é&ffliénﬂ a siniiéﬁ]igkﬂgﬂgbmmllllgimﬂ_ irises is ]
BDHZE thick-screen and thin-screen bandpass radomes are used j ; J e " ;‘ . Seguuec, TTE:“ﬁul't:i'p]e inises irf HE tl}ick~sc1'§§n FS? Bive Equi‘ffﬂ‘.[gm perlor-
applications. Table 5.1 is a comparison of some general pro If]_ﬂ variety of mance to tI]E‘ mulhple:@yer tl]tn-scrat?:n FSS, but bﬂaum.ﬂliw,llmwﬁt
screen and thin-screen FSSs. In general, the {hinascrr:;n ;SSD?] hes of t%]mk& " oy 'V w1t11u:.| A1l th.u:k conductive S i fritetesl suiies Wasesar g BEOge0t
used than the thick-screen BS% 36 ban d -'--~.--~---*;!5_17‘-'39?.?.}?"({?'3’ I t}, g associated with them are possible. . |
2R 9o 1 bandpass _[{i_d_DgijE applications because of . :/ Regardless of the type of FSS used in the bandpass radome, special

its relative simplicity and ease of manufaciu;

€ Compared to the thick screen. attention is required in the initial radome design in order to achieve a

7
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188 BANDPASS RADOME

manutacturable design. An often-overlooked parameter in the radome cle-
sign, which relates directly to ils manufacturabilily, is the O of the FSS. If
one is required to design a high-QO radome with performance similar to that
shown in Figure 5.14(a), then it will be extremely sensitive (o manufacturing
cerrors and tolerances will need to be extremely tight in order to vield a
satisfactory radome. These tight tolerances will make the radome difficult to
tabricate and extremely expensive. These difficulties will be encountered for
both thick-screen and thin-screen radomes. To vield a practical design, the
radome should have a moderate Q that allows it to be Wanufactured using
simple, conventional methods. The manufacturing sensitivitics can be, and
should be, checked via the electromagnetic analysis presented in this chapter,
or some similar method, to ensure a robust, manufacturable radame des'ign.
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APPENDIX

Reaction Integrals for a Rectangular-Element Thick-Screen ESS

To solve (5.17) for the rectangular-element thick-screen FSS geometry in
- g — I o
Figure 5.8, the reaction integrals €y N7 s I | T & (em,h‘ﬁ“”),

Qi

r . WG WG WG WG
(€205 D3 dy €010 DD, Sy, WD), Sy, RES), and (€, 557 must be
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solved. These mtegrals can be salved 1n closed form for this specific geome-
try. For example, the coupling between TE reclangular aperture medes and

TE Floquet modes is
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The remaining aperture to Floquet-mode coupling integrals are

APPENDI!X 191
The coupling between TE rectangular aperture modes and TE rectangular
waveguide modes is
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The remaming rectangular aperture to 1
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integrals are
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CHAPTER SiX
RTINS

Frequency Selective Surface
Materials and Fabrication

GREGORY S. HICKEY, Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, California

The material properties and fabrication processes have a direct effect on the
electrical performance of frequency selective surfaces (FSS) and grid arrays.
A typical FSS is composed of an electrical grid array of a conductive material
supported on a dielectric structure. The dielectric structure may be a polymer
film, a homogeneous ceramic, or a heterogeneous fiber-reinforced polymeric
composite. Because there may be more than one materinl composing the
supporting structure, their individual electrical properties become important
for FSS performance.

The electrical performance of materials at microwave frequencies las
been a subject of interest and characterization for a long time. This interest
arises for two primary reasons. The first is the electrical performance of
materials in practical applications. The second is that the measurement
techniques at microwave frequencies have evolved to allow the study of the
molecular structure of materials. The physical and electrical properties, such
as complex relative permeability and permittivity or dielectric constant, are
intrinsic properties of the material and are related to their molecular struc-
ture. Many extrinsic properties are also affected by processing and affect
electrical performance. Examples are density and porosity, molecular weight
of polymeric materials, and the interaction of heterogeneous materials of
coimposite structures.

Frequency Selective Surface and Grid Array, Edited by T. K. Wu
ISBN 0-471-31180-8 @ 1995 John Wiley & Sons, Inc.
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196 FREQUENCY SELECTIVE SURFACE MATERIALS AND FABRICATICON

6.1 DIELECTRIC PROPERTIES OF MATERIALS

The electrical properties of a material can be expressed in terms of its
complex relative permeability o = p' — ju" with a loss tangent tan &, = uw/u
and complex permittivily € = ¢’ — je” with a loss tangent tan 6, = €"/¢'. The
two properties are a measure of the polarization that a material undergoes
iIn an applied magnetic or electrical field. The permeability depends on the
magnetic field, and the permittivity depends on the electrical field. Both

permeability and permittivity vary with tfrequency to give responses in one of

two types. This is illustrated in Figure 6.1. The first is the Debye relaxation,
which 1s caused by the frequency being of a high enough value that the

e or p' Felaxaltion

N

g" or p”

__ﬂ__..-‘-'"“"”‘/\

1/2mx log (frequency)
(a)

Resonance ’
I g or '
Qg”

log {frequency)
(b)

|

FIGURE 6.1 Relaxation (a) and resonance (b} response of a dielectric material.
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induced polarizations in the material cannot establish themselves before the
frequency cycle 1s reversed. In this case the relative permittivity and perme-
ability change slowly over a frequency range with an associated adsorption

band centered on the frequency s# 7. These are broad relaxation bands with

a maximum peak at tan & for both permeability and permtttivity. The second
type of dispersion is associated with quantized transitions AlF = iy, [rom
one atomic energy level to another in the atom or nucleus. When the applied
frequency equals »,, resonance occurs and there is a sharp adsorption band.
This type of quantized material response for the material 1s of interest in
electron resonance spectroscopy.

ror nonferromagnetic materials, the relative permeability is near unity,

Therefore it is the material’s permittivity in electrical fields that becomes

important. The relative permittivily, or cielectric constant, is associated wiih
polarizations consisting of relative displacement of positive and negative
charges within an atom or moclecule. The IDSS mechanism 18 considered to be
associated with the relaxation process. For this reason the dielectric constarnt,
e, and the loss tangent are the two most 1mportant properties i describing
the electrical response of materials for FSS and grid arrays. The dielectric
constant and loss tangent for most malerials of nterest will have a tempera-
ture dependence. This results from the internal electronic structure of the
atom or mmolecule. A spacecrail antenna application may have a temperature
environmental range from —100°C to + 100°C; an aircraft application will
have a smaller temperature range, from -—40°C-to 60°C. At the lower
temperature ranges, the dielectric constant remains CE}HSIEHH#.:H"I;{].I'I'IE l0ss
tangent approaches a minimum. At higher temperature ranges, there is a
snmll 1.1c1e&5& In the dlelectm, LID]’IS[’H]I, ﬂSSﬂcmlE(l wuth a q:gmﬁcunt increase

T . et

system. An emmnle is pu:senteal in the following section.

6.2  F55 MATERIALS AND FABRICATION

Frequency selective surface arrays are typically supported on are fiber-
reinforced dielectric composite structure. For many applications this is a
multiple-layer composite facesheet, but in most cases it is a composite
honeycomb structure. A typical such structure is shown in Figure 6.2,

consists of two thin dielectric fiber-reinforced polymeric composite facesheets
attached to a structural core. The facesheets are typically banded to the core
by an adhesive, but the facesheets may be cocured with the core to provides a
structural bond. The FSS array would be on one or moere of the facesheet
surfaces. 'In multiple FSS surface designs, the spacing of the surfaces be-
comes important. t IS usual!y desirable to design the structure with a low
electrical chelectric constant and with a low electrical loss for the frequencies
mf mtmest Some designs require the structure to have a finite dieleetric

s i ™
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FIGURE 6.2 Typital composite structure with frecquency selective surface.

2

constant of moderate value, usually from 8 to 13. An example 1s the
four-frequency design on a single screen described in Chapter 4.

There have been many good references on the mechanical design and
fabrication of composite structures in recent years, as the technology has
emerged to a broad base of applications. Jones [1} and Tsai [2] provide a
good treatise on the mechanical properties of composite and honeycomb
structures, and Schwartz [3] provides an overview of the current state of the
art for composite fabrication processes. In this section the electrical proper-
ties of the materials used in FSS arrays and fabrication processes specific to
FSS structures are reviewed,

Frequency selective surfaces and grid arrays consist of conductive Zric
arrays, usually thin copper film on a dielectric film or structure. The electrica
design and performance of the FSS are directly aflected by the electrica
c'lmgacteristics of the supporting film or structure. If the FSS 1S supported
simply by a film, the electrical design is st_raightfunuard, using the known
electrical properties of the materials. If the FSS or grid array is supported by
a structure, the electrical design must include the effective electrical proper-
itIES of the constitutive materials. For 2 fiber-reinforced composite, this would
include the fiber, polymeric resin, adhesives, and core. The electrical design
{nust include any air gaps or spaces that may be present either as open cells
In a foam or composite ‘core or as porosity in a polymeric composite. For
most applications of technological interest, the FSS is fabricated on a
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dielectric film that is supported by a structure. The electrical properties of
each constituent are reviewed, first separately and then as a structure.

Generally, the FSS screen is fabricated by the thick-film chemical etching
of a copper-coated thin film using standard circuit board processes. A typical
film that might be used is Kapton polyimide film from DuPont. Mylar has
been uséd in the past, but it has mostly been replaced by Xapton. Kapton is 2
well-characterized and stable film that has found broad applications in
Hexible circuits. It has excellent thermal, dimensional, and radiation stability
and is readily available as films from 0.5 to 5 mils thick, either plain or
metallized with copper. Its dielectric constant is between 3.23 and 3.4 in the
gigabertz frequency range, with a dissipation factor about 0.008, and its
temperature application range 18 —269°C to 400°C.

It 1s possible to employ the same chemical-etching techniques directly with
a metallized composite facesheet. For flat surfaces there are several suppliers
of metallized glass-epoxy sheet material, and the FSS can be directly
fabricated on the material. For designs where the surface must have a finite
dielectric constant of moderate value, the FSS is fabricated onto a prepared
material of known dielectric property. An example of such a material is RT
Duroid from the Rogers Corporation. For a ¢uived FSS desigit; it is usually
not practical to metallize the structure, so the FSS array is fabricated on a
KKapton screen.

As shown in Figure 6.2, the composite facesheets comprise a structural
fiber that is supported by the polymeric resin. The choice of the fiber and
resin system is determined by the electrical, mechanical, and environmental

requirements that FSS will see. For most applications the materials are

et ey
- - Bt ok,

= m-

selected to minimize the electrical Toss and to optinlize mechanical strength
afid stifIness, but for some specific spacecraft applications the environmental
requirements determine the selection and choice 6f materials.

For a well-designed and fabricated composite, the fibers and resin are well
distributed over the surface area. Most structural composites have 50 to 60%
fiber content by volume, with the balance being the polymeric resin. For very
thin composite facesheets, there may also be some degree of porosity. The
composite facesheets are fabricated as a laminate {rom several layers of fiber
and resin lamina. To maintain quality control over the fiber and resin
distribution, the fiber and resin [amina are obtained as manufactured prepreg.
The prepreg is obtained with a fixed fiber and resin content, with the resin in
a partially cured state, in one of two primary forms, depending on fiber
placement. The first is a unidirectional tape, available from 6 to 12 in widths.
In this form all the fibers are aligned parallel to each other. The other form is
a prewoven cloth impregnated with resin. In this form there are usually an
equal number of fibers oriented parallel and perpendicular to eaclh other.
Dozens of different fabric weaves are available to give a broad selection of
fiber areal densities and mechanical properties. Prepreg fabrics may be from
30 to 60 in wide. The weaves are typically fine enough to provide a balanced
distribution of the fibers, so there is no anisotropy of the electrical properties
for the frequencies of interest.
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FIGURE 6.2  Typical composite structure witl frequency selective surface.

constant of moderale value, usually from 8 to 13. An example is the
tour-frequency design on a single screen described in Chapter 4.

There have been many good references on the mechanical design and
fabrication of composite structures in recent years, as the technology has
cinerged to a broad base of applications. Jones [1] and Tsai [2] provide a
good treatise on the mechanical properties of composite and honeycomb
structures, and Schwartz [3] provides an overview of the current state of the
art for composite fabrication processes. In this section the electrical proper-
ties of the materials used in FSS arrays and fabrication processes specilic to
FSS structures are reviewed.

Frequency selective surfaces and grid arrays consist of conductive gTIC
arrays, usually thin capper Lun on a dielectric film or structure. The electrical
design and performance of the FSS are directly affected by the electrica
characteristics of the supporting film or structure. If the FSS is supported
simply by a film, the ' :trical design is straightforward, using the known
electrical properties of the materials. If the 599 .r arid array is supported by
a structure, the electrical design must include the effective electricul proper-
ties ol the constitutive materials. For a fiber-reinforced composite, this would
include the fber, polymeric resin, adhesives, and core. The electrical design
must include any air gaps or spaces that may be present elther as open cells
in a foam or composite core or as porosity in a polymeric composite. For
most applications of technological interest, the FSS is fabricated on a
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dielectric film that is supported by a structure. The electrical properties of
each constituent aré reviewed, first separately and then as a structure.

Geunerally, the FSS screen is fabricated by the thick-film chemical etching
ol a copper-coated thin Rhn using standard circuit bourd processes. A (ypical
film that might be used is Kapton polyimide Alm {rom DuPont. Mylar has
been used in the past, but it has mostly been repluced by Kaplon, Kapton is o
well-characterized and stable film that has found broad appiications in
Hexible circuits, It has excellent thermal, dimensional, and radiation stability
and s readily available as Alms from 0.5 to 5 mils thick, either plain or
metallized with copper. Its dielectric constant is between 3.23 and 3.4 in the
gigahertz frequency range, with o dissipation fuctor about 0.008, and ils
temperalure apphication vange is —269°C to 400°C.

It is possibie to employ the same chemical-ctching techniques directly with
a metallized composile facesheet. For flat surfaces there are several suppliers
of metallized glass—epoxy sheet material, and the FSS can be directly
tabricatedt on the material, For designs where the surface must have a Bnite
dielectric constant of moderate value, the FSS is tubricated onto a prepared
material ot known dielectric property. An example of such a malerial is RT
Duroid from the Rogers Corporation. For a curved FSS design, it is usually
not practical to metallize the structure, so the FSS array is fabricated on a
Kapton screen. -

As shown wm Figure 6.2, the composite facesheets comprise a structural
fiber that is supported by the polymeric resin. The choice of (he fiber and
resin system is determined by the electrical, mechanical, and environmental
requirements that FSS will see. For most applications the materials are
selected to minimize (he electrical loss and o optimize mechanical strength
and stiffness, but for some specific spacecraft applications the environmental
requirements detlermine the selection and choice of materials.

For a well-designed and fubricated composite, the Gbers and resin are well
distributed over the surface area. Most structural composites have S0 (o 60%
fiber content by volume, with the balance being the polyineric resin. For VEry
thin composite fagesheets, there may also be some degree of porosity. The
composite facesheets are tabricated as a faminate from several layers of fAber
and resin lamna. To maintain quality control over (ke fber and resin
distribulion, the fber and resin lamina are obtained as manufactured prepreg.
The prepreg is obtained with a fixed fiber and resin content, with the resin in
a partially cured state, in one of two primary forms, depending on fiber
placement. The first is a unidirectional tape, available from 6 Lo 12 in widths.
In this form all Lhe Abers are aligned parallel (o each other. The other form is
a prewoven cloth mimpregnated with resin. In this form there are usually an
equal number ol fibers oriented parallel and perpendicular to each other.
Dozens of different fabric weaves are available to give a broad selection of
fiber areal densities and mechanical properties. Prepreg fabrics may be [rom
30 to 60 in wide. The weaves are lypically fine enough to provide a balanced
distribution of the fibers, so there is no anisotrapy of the electrical properties
for Lthe frequencies of interest,
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The prepreg is oriented i1n several layers to provide the desired structural
properties. Prepreg unidirectional tape is usually 3 to 4 mils thick, prepreg
fabrics 5 to § mils thick. Thinner weaves and areal densities to produce 1-2
mil thicknesses are available as specialty products. The prepreg lamina are
cured thermally to the desired structural shape either in an autoclave at 50 to
200 psi pressure or, for thin laminates, under a vacuum bag in an oven at 15
psi pressure. Typical facesheets for FSS applications are 10 to 20 mils thick,
to minimize the amount of structural material to minimize electrical losses.

Electrical properties of the composite facesheets are determined by the
constitutive electrical properties of the fiber and resin. The fiber and resin
each have distinct electrical properties, but when they are fabricated as a
composite the resuiting material has homogeneous electrical properties.
Because of the complex microscopic behavicr for the constitutive materials,
there 1s no direct analytical approach to determine the dielectric constant or
loss tangent. An approximate technique to estimate the dielectric constant is
to use a rule-of-mixtures approach:

Ecnmposite = L?Ef 2 VE + i/:pfp

where V; is the percent fiber by volume, V. is the percent resin by volume, V,
1S the pmcent porosity by volume, and €rs €ps and e, are the dIEIE:CtI'IC
constants for the fibers, resin, and porosity, 1espectwely. The porosity 1s
included in the determination of the electrical properties because even 2
small amount may aflect the resonant frequency for FSS arrays. The porosity
1s usually air or vacuum and has a dielectric constant of unity. There is no
direct approach to estimate the loss factor for a composite material. For

accurate modeling, both the dielectric constant and the loss tangent are best
determined by measurement as described in Chapter 1.

The prunary selection requirements in the choice of material system are
the radio-frequency (RF) compatibility with low dielectric loss, survivability
in the application environment, and the ability to manufacture a low-
thermal-expansion, dimensionally stable composite structure. The impor-
tance of these requirements depends on the application of the FSS. For
ground-based applications the most significant requirement is the material’s
electrical performance. For an aircraft radome application the environmental
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‘the surrounding environment. Since the structures are made of dielectric

materials, they generally have low thermal heat capacity and thermal conduc-
tivity. For interplanetary spacecraft the thermal snvironment that the FSS
sees strongly depends on the spacecraft trajectory. For example, the Cassini
spacecraft has a planetary trajectoiy = hore it will undergo a Venus. fly-by to
gather momentum to reduce the transit time to Saturn, Near Venus, the FSS
on the Cassint will have a high solar thermal input, but near Saturn it will
have only a fraction of the solar thermal input. Thermal control may be

assisted by thermal control coatings, but currently available coatings have
measurable dielectric loss and aflect FSS array performance.

The fibers provide the primary structural properties for the FSS in a
composite structure. Dielectric fibers currently in widespread use in compos-
ites are glass, quartz, ICevlar 49, and Spectra 1000. Glass and fused quartz are
inorganic fibers, whereas Kevlar 49 is an organic aramid fiber and Spectra
1000 1s an oriented high-density linear polyethylene fiber. Glass fibers are
available as E glass or S glass in developmental form as hollow fibers, with
similar mechanical properties and an improvement in their electrical proper-
ties. Table 6.1 summarizes the electrical properties of the fibers.

Glass fibers are the most commonly available fibers, and hence the least.
expensive. Fused quartz has the lowest dielectric constant, but is the most
expensive. Hollow glass fibers have up to 30% hollow volume and are
attractive for weight-sensitive spacecraft applications. The Spectra fiber has
the lowest density and a good combination of electri~~' 1nd mechanical
properties, but it is thermally unstable at temperatures above 130°C. This
would seriously limit its application for many uses. The mechanical proper-
ties of the fibers determine their use i dimensionally stable applications.
Table 6.2 gives the fiber longitudinal cnefficient thermal expansion (CTE)
propertics and the resulting thermal expansion for a quasi-isotropic compos-
ite. The CTE of quasi-isotropic composttes presented is an analytical result
that assumes a 60% fiber volume with polymer matrix of a typical epoxy. The
results are based on using niicromechanical modeling of composite laminates

TABLE 6.1. Electrical Properties at 20°C and 10 GHz of Common Dielectric Fibers
Alone and as Composites (assumes 40% epoxy resin)

stability and dimensional stability are important, since the radome may Fiber Composite
experience a thermal environment from —40°C to +60°C in air. For a space T e ‘
application of an FSS, the thermal environment may range from — 100°C to Fiber Dielectric Constant Loss Tangent. Diclectric Constant Loss Tangent
+ 100°C for a satellite in an earth-based orbit, to — 130°C to + 175°C for an S-2 glass 323 007 3.90 014
interplanetary spacecraft such as NASA’s Cassini interplanetary probe to E glass 6.13 004 4.70 015
Saturn. For earth-based geosynchronocus and low-earth-orbit satellites, the Fused quartz 3.78 0001 3.52 017
temperature range varies from time period in and out of the view of the sun. Kevlar 49 3.9 010 3.45 015
Within view of the sun, the FSS will approach thermal equilibrium, though Spectral 1000 2.30 .0004 —— 0
there may be significant thermal gradients based on the angle of the field of Hollow S-2 glass 3.20 A0 3,20 s

view. When the satellite FSS is out of view of the sun, the FSS loses heat to Hollow E glass 3.5 - 004 3.70 0.014
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TABLE 6.2. Mechanical Properties of Composite Laminates Using Dielectric Fibers

Keviar 49 E Glass CQuarlz

Fiber CTE, longitudinal - 1.1 1.55 [1.50
(X 107" m/m*C)

Fiber CTE, liansverse 28.0 1.55 0.580
(X 107" m/m°C)

Resin CTE, bulk 55.0 55.0 55.0
(X 107° m/m°C)

Quasi-isotropic composite CTE 0.7 10.6 5.0

with the method of Chamis [4]. As can be seen from Tables 6.1 and 6.2, even
though the quartz fibers have better electrical properties than other fibers,
they cannot produce the most dimensionally stable composite laminate. For
this reason Kevlar is used on many spacecraft FSS that require dimensional
stability due to thermal gradients on the structure. This becomes even maore
unportant as the application frequency increases and the physical sizes of the
FSS elements and their tolerances decrease,

Next to the fiber, the seicction of the polymeric vesin has the most
significant effect on the electrical and mechanical performances of the FSS.
The primary consideration in selecting a vesin system is its electrical proper-
tics and its environmental stability. Many commercially available structural
resing are used i composite applications. Hundreds of variations are based
on blending and addilives of resins to modify their mechanical properties.
Fortunately, the electrical properties of structural polymeric resins when
grouped as a class do not vary much within the grouping. The four primary
classes of resins used in radomes and antennas are epoxies, polyimides,
bismaleimides, and cyanate esters (also known as polycyanates). Polyester
resins have found use in some nonstructural applications. The most coni-
monly used resin is epoxy, but other resin systems have found applications
based on their mechanical or thermal properties. In general, polymeric
systems have smaller dielectric constants and loss tangents than do fibers,
with variations due to the amount of cross-linking and heteroatoms in the
polymer,

When thermal stability is a primary consideration, the most important
physical property to compare for thermoser polymers is their glass transition
temperature, 7,. Physically, above the I, the polymer softens, and its
modulus decreases several orders in magnitude while its thermal expansion
increases significantly. For most thermosets, 1, is either at or near the
polymier cure temperature, The physical propertics of the resin remain
constant usually until 30°C below T,. Table 6.3 gives representative physical
and electrical properties for polymer resins for each of the four classes. All
data are from manufacturer’s datasheets. The estimated dielectric constant
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TABLE 6.3. Estimated Physical and Electrical Properties of Selected Resins

Polymer | T, (°C) B Loss Tangent € curnposite
Hexcel Flal 174) 3.03 0.010 3.42
EpOXY

YLA RS-3 260 2.80 U.001 333
cyanale-ester ¢ | :

Langley NR-150 314 = Akl 0.005 3.48
polyimide

Hexcel F-652 315 3.05 .06 3.45
bismaleimide |

for the composite is based on the rule-of-mixture approach, assuming 60%
Kevlar 49 fibers and no porosity. |

As can be seen from Table 6.3, the cvanate ester has (he best mix of
electrical properties and temperature stability. The cyanate ester is processed
similar Lo epoxy thermosets and is now available from several sources. Figure
6.3 shows the cyanate-ester electrical properties as a function of frequency
and temperature. The cyanate ester has a very. low loss factor, and ils
dielectric constant is stable over a wide temperature and frequency range. It
also has excellent environmental stability, as shown in Figures 6.4 and 6.5.
For geosynchronous and especially low-carth-orbit satellites, a source of
environmental degradation is from solar radialion captured in the earth’s
gravilational held. A typical one-year radiation accumulation {or o spacecraft
in low earth orbit 1s T-5 Mrad electron equivalent radiation, with variations
due to aititude and inclination. The cyanate ester {5] shows no degradation at
10-Mrad and only minimal change at 1000 Myrud. A typical epoxy has a
radiation threshold of 10 Mrad before showing significant change in mechani-
cal propertes. It 1s expected that the electrical prapertics will be altered at
sumttar rachation exposures levels and that changes in the mechanical proper-
{Ies occur, |

The composite fuacesheets or FSS grid arrays on Kapton fitm are bonded
onto the core with adhesives. Most structural adhesives avatlable are epoxy
based, bul acrylic, acetate, and other types of adhesives are also used. There
are (wo criteria for the selection of adhesives for FSS applications. The Hrst
1s that the adhesive should have a low eleclrical loss and a stable dielectric
constant, The second 1s that the adhesive should have good mechanical
properties at the maximum and minimum lemperature extremes, The adhe-
sives should preferably be unfilled, because most of the f{illers that are added
to tmprove mechanical strength have high electrical loss. For bonding the
facesheets onto the core, either ilm or paste adhesive should be used. Film
aclhesives are available in -3 mil cured thicknesses. The amount of adhesive
should e mintmuzed to reduce their effect on the electrical design. 1§ there is




i R NS | ST Bk B
L]
4

B s T PR e w e p—

FIETTIIE e ETRROREE TR PTEETE P ) oS AR

204

FREQUENCY SELECTIVE SURFACE MATERIALS AND FABRICATION

Dielectric Constant as a Function of
Temperature and Frequency

A X: log frequency (Hz)
Y: temperature (°C)
2.4 - Z: dielectric constant

zZ
Dissipation Factor as a Function of
Temperature and Frequency }
0.0100 4 X: log frequency {Hz)
Y ¥: temperature (°C)
0.0080 = Z: dielectric constant

FIGURE 6.3 TElectrical properties of 2 cyanate-ester polymeric resin. (Data courtesy
Dow Chemical.)
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FIGURE 6.5 Mechanical stability of a cyanate-ester polymer resin in a space environ-
ment.

a significant amount of adhesive, it should be included as an element 1n the
electrical design. Thick bond lines can act as discontinuities i the electrical
performance and at high frequencies they can become critical to the pérfor-
mance. Film adhesives have an advantage over past adhesives in that they can
more eastly be incorporated into the electrical design because they can be
treated as isotropic materials of known thickness and electrical properties.
They bond well to both honeycomb and foam cores. Paste adhesives have the
advantage that the amount of mass for the adhesive can be reduced when a
honeyvcomb core is used. This is accomplished by applying the paste adhesive
onto the honeycomb cell edges with a brush or roller. However, their
nonuniform application may complicate the electrical design,

Two types of cores are generally used in the fabrication of IFSS dielectric
structures: honeycomb composite and polymeric foam. The two most com-
mon dielectric honeycomb cores are Nomex- and Keviar-based cores. Both
are aramid-based materials. Nomex 1 made [rom an aramid paper, and
Kevlar from aramid fibers. They are held together mechanically by phenolic,
epoxy, or polyimide resins. S-glass and quartz fiber based honeycomb cores
are also available. Of the three resin types, the polyimide-based cores have
the best electrical properties. Both perform simularly electrically; but Kevlar
has superior mechanical properties.

A third aramid-based honeycomb core, Korex from DuPont, has recently
been introduced. Korex has better mechanical properties than Nomex, and
its core has a dielectric constant between 1.06 and 1.09, depending on
polarization. Both Nomex s1:¢ orex can be shaped over curved surfaces and
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casily machined. The Kevlar core 1s stiffer and 1s dithicult to conform over
cuirved surfaces. Special machining techniques must also be used. Honey-
comb cores typically have better mechanical properties per weight of material
than foam cores, but they are more expensive.

Many available foam cores have good dielectric properties and mechanical
integrity, from polyurethane- to polymethacrylimide-based foams. Foams are
isotropic in mechanical and electrical properties, which are highly dependent
on the density. Typical polyurethane foams have a dielectric constant at 10
GHz of 1.i2 with a loss tangent of G.002. Polymethacrylimide foams have a
dielectric constant of 1.06 witl a loss tangent of 0.0008 at 10 GHz and a
dielectric constant of 1.1L with a loss of 0.0034 at 26 GHz. Most foams are
easily miachinable and can have either composite facesheets or IFSS gnd
arrays on Kapton film grids bonded onto the surfaces.

For ground-based, aircraft, and shipboard applications, moisture absorp-
tion by the core can signithicantly aftect the electrical performance of the FFSS.
Foam cores may absorb up to 5% or more by weight moisture. Epoxy-based
honeycomb cores may adsorb up to 19 by weight moisture. Glass-polyimide
or quartz-polyimide honeycomb cores have the least moisture absorption and
are recommended for applications where moisture absorption is considered a
problem.

Forming the core maternials must be considered in the electrical design.
When two FSS surfaces are supported between two facesheets of dilterent
geometries, the interaction of the core must be taken into account. If an
isotropic foam core is used, the varying thicknesses with their associated
electrical losses must be considered. If a honeycomb core is used, how it is
formed 15 an important consideration. Nomex cores can be heat-formed over
curved surlaces so that the cell walls can be made normal to the FSS grid
array surfaces. If the honeycomb core is not heat-formed but is machined out
of a large block of matenial, the cell walls are not likely to be normal to the
ESS surfaces. In this case, the apparent loss of transmission through the
honeycomnb cell walls must be laken mto account. When the cell walls are
normal to the surfacs, it 1s usually a good assumption that the honeycomb has
minimal clectrical interaction, and can be assumed to have a dielectric
constant of unity with no loss. This is a good assumption at lower frequencies
because in a typical honeycomb core the cell walls only constitute 3-5% of
the areal volume., This assumption fails at higher frequencies when the
clhuracteristic cimension of the 55 grids is similar to the core wall thickness,
usually 1-3 mils. |

6.3 FABRICATION OF FSS GRID ARRAYS AND STRUCTURES

The fabrication process for the grid elements on the curved surface of the
FSS 15 a critical technology., The NASA Voyager X- and S-band FSS showed
that the grid clements were distorted during manufacture. Even with grid-
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clement distortion, the Voyager FSS performed within specification. The
emergence of three- and four-frequency FSS at higher frequencies requires
more attention to grid dunensional tolerance and registration alignment
between layers. Fabrication is an involved process, covering art generation
and etching ot the FSS pgnid array, composite structure fabrication, integra-
tion of the grid surfaces, alignment and bonding, and R¥ testing. The entire
process may take several months to complete. A bleck diagram of typical
processes involved is shown i IMigure 6.6. The exact processes involved
depend on the size and complexity of the FSS. The art generation and
etching processes have been well-developed from the circuit board industry.

The most difficult process is the fabrication and integration of the FSS
grid elements with the dielectric structure surtace. Three primary techniques
tor 1SS gnid fabrication are used on a curved surface, The first is to form the
grid elements on a single tlat Kapton sheet and heat-form the surface to a
curved geometry. This technigue was used on the Voyager spacecraft. The
second technique uses multiple Hat strips of gid elements on Kapton
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precisely placed on the curved surface. This technology has been used on
ground-based planar array antennas, commercial satellites such as Intelsat,
and scientific interplanetary spacecraft such as NASA’s Cassini mission. The
third technique is to image the grid elements directly on the curved surface
by as photolithography process. This can be accomplished either by fabricat-
ing a mask of the grid elements covering the complete surface or by using a
laser to directly image each grid element and to image the periodic grid array
across the surface in a stepwise manner. This last technique is still in the
developmental stage and has only been demonstrated commercially for
simple grid-element patterns over small surfaces of low curvature.

The most common technique is to use the grid-element-strip approach for
large FSSs. The element strips must be carefully aligned with one another,

‘Since it is difficult to produce a precise overlay of grids, it is better to design

alignment points on the art work and use them for alignment. The integra-
tion of an FSS grid array surface into a composite structure is illustrated in
Figure 6.7. It shows a multiple-surface FSS structure that has a three-
frequency surface and an additional Ka surface. This FSS design was dis-
cussed in Chapter 4. The two FSS surfaces are formed independently of each

FORM FRONT SCREEN SURFACE FORM BACK SCREEN SURFACE
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FIGURE 6.7 Multple-screen FSS [abrication pir::-cass.
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other. The grid elements are laid down on tooling specific for the geometry of
each surface in the stripline approach already described. This process s * .o
consuming due to the care and attention needed to maintain resistration
alignment. The dielectric prepreg is laid up over the grid array anc cocured
with the composite facesheets. The resin from the polymeric prepreg provide
the adhesive bond. For this approach, use of a low-iiow resin will not distort
the original grid-element alignment. The core is then heat-formed, bonded
onto one of the two surfaces, and machined to match the geometry of the
other FSS surface. The other FSS surface is then bonded to the machined
core surface with the grid array. The original tooling is used throughout this
process to provide the proper dimensional surfaces and to maintain align-
ments. After trimming, the FSS is available for RF testing to validate its
performance. Close attention to detail and alignment is very important for a
fully functional and low-loss FSS. Registration accuracy is very important for
FSS applications in which the grid layers are in close proximity. Prooise
alignment fixtures must be utilized.

Spectal consideration must be given (o developing FSS for spacecraft.
These considerations involve structural, environmental, and contarhination
requirements that are general to spacecraft as a whole but have a direct
impact on spacecraft FSS. Agrawal gives an overview of the spacecraft design
process as a system., with spectfic chapters related to structural design,
thermal control, and communication systems [6].

The primary structural requirements are that the FSS structure must
survive launch loads and vibrations. The maximum limit load factors are 3-3
g's in axial and lateral loads, varying on configuration and launch vehicle.
Each launch. vehicle has a specific launch load profile. This affects the FSS
because the load requirement is met by adding sufficient structural mass to
the dielectric structure or support structures to provide required mechanical
properties. The added mass directly relates to additional !osses in the FSS.
performance and is incorporated into the design and loss budget. Another
mechanical requirement is that all honeycomb core structures must be vented
to allow for launch depressurization. The dimensional stability requirement
to maintain grid tolerance also has to be maintained and incorporated into
the design.

Environmental and contamination requirements result from the local

environment and proximity of the FSS to sensitive optics. The most basic
environmental concerns result from the temperature and vacuum environ-
ment of space. The goal of the thermal control is to minimize temperature
variations to mamntain good RFEF performance. As mentioned, this is usually
achieved by the application of a thermal control paint or coating. The space
vacuwum environment makes eiectrostatic discharge a concern. Since I"SSs are
made of dielectric materials, this is a problem in FSS design. This require-
ment i1s met by careful design of the grid elements to dissipate charge buildup
or by having a slightly conductive thermal control paint. The requirement 13
usually stated as a minimum surface resistivity to he achieved. The materials
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must be able to survive in the radiation environment of space, since radiation
can degrade the electrical and mechanical properties of the FSS and support-
ing structures. Scientific mnstruments on spacecraflt otten have special addi-
tional requirements. If there ure optics within the proximity of the ESS, there
may be specific contamination requirements for material outgassing. A mag-
netometer scientific would also levy magnetic requirements within its ficld of
view. This is just a brief list of environmental requirements that are general
to most spacecraft. The specilic mission and operation of the individual
spacecraft will have direct requirements that must be incorporated 1nto the
design and fabricution of spucceralt FSSs.
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Active Beam Control Arrays

LANCE B. SJOGREN, RF Proclucts Center, TRW Electronic
Systems and Technology Division, Redondlo Beach, California

With electronic devices embedded into then periodic cells, trequency selec-
tive surfaces {(ISS) are capable of a broader range of tunctions. The ecarliest
proposal for an array of this type appears to be that of Lee and Fong 1]
involving the periodic loading of a corrugated surface with negative-resis-
tance devices. It was envisicned that such an array would have the capability
to amphify or shape a beam.

Aided by recent advances in the tachnmlﬂby for high-frequency integrated
circuitls, such active FSS are now a realily. One mm;:-]f.: form ol active array
consists of a metahization gid periodically loaded with bilased hinear diodes.
Such an array 1s capable of modilymmg the amiplitude or phase of a quasi-opti-
cal beam under external control. Since conventional high-frequency circuits
that perform such tunctions are known as control circuits, this type ot array
has been given the name beant control array.

7.1 BACKGROUND

7.1.1 The Series-Resanant Beam Conlrol Array

Beam control arrays developed up to now have been based on the series-res-
onant “self-resonant” grid [2,3]. This FSS consists of an array of strips
interrupted by gaps at periodic intervals (Figure 7.1a). In simple terms, ths
grict appears to a quasi-optical beam as an inductance (due (o the strip array)
in series with a capacitance (due to the gaps) (Figure 7.1{b}. In an active
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