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Abstract

Theoretical analysis and experimental verifications are prcscnkxl  for a multi-band

frcclucncy  selective surface (FSS)  with perfectly conducting multi-ring patch elcmmts.  Both

the exact formulation and the thin-ring approximation arc clcscribccl  for analyzing and

designing this multi-ring patch element F-SS. It is found that the thin-ring approximation

fails to prcclict the electrically wicle ring e]cmcnt ENS’S performance. A single screen cloublc-

ring clement FSS is dernonstratccl  for (1) a low-pass FSS that reflects the Ka-band signal

while passing the S-, X-, and Ku-band signals, and (2) a tri-bancl systcm that reflects the X-

band signal while transmitting through the S- and Ku-band signals. In addition, a double

screen FSS with non-similar double-ring elements is presented for the Cassini’s  four-band

system which rcftccts the X- ancl Ka- band signals while passing the S- and Ku-band signals. . .

“1’hc good agrccmc.nt  obtained bctwccn  the rncasurcd  and the computed results vm-ificcl  the ,

single  cascading moclc approach of this paper.



1. lntroclucfion

Frecjuency  selective surfaces (l~SS) have often been consiclcrcd  for the reflector

antenna applications [1-7]. Typically, an FSS is employed for the subreflcctor  and the

different frequency feeds are opti~l~izccl  indcpcndc.nt]y  and placed at the real and virtual foci

of the subrcflcctor.  llencej  only one single main reflector is recplire,cl for the n~ulti-frcclucncy

ope)-aticm.  For example, the FSS on JP1.’s Voyager spacecraft high gain antenna (1 IGA) was “

clcsigncc]  to cliplex S and X bands [1]. in that application the S-band  fcecl is placed. at the

prime focus of the main reflector, and the X-band feed is placed at the Casscgrain focal

point, Note that only one main reflector is required for this two band operation. Thus,

tr’emenclous reduction in mass, volume and, most important, the cost of the antenna system

arc achieved with the I+SS .subrcflcctor.

in the past, the cross-dipole patch clement FSS was USCC1  for the subreflectox- design

in the reflector antennas of Voyager [1] for reflecting the X-band waves and passing the S-

band waves, and the Tracking and Data Relay  Satellite Systcm (“J’DRSS) for diplcxing  the

S- and Ku-band waves [2]. The characteristics of the cross-dipole clement FSS changes

clrastically as the inciclent angle is steered from normal to 40°. ‘J’hus a large band separation

is rccluircxl to minimize the RF losses for Ihese  dual bancl applications. This is evidcncexl

by the. reflection ‘and transmission band ratio (f,/f,) being 7:1 for sing]c. screen 13S [2] or 4:1

for double screen FSS [1] with cross-dipole. patch clememts.  Better elements, such as the.

conce.ntric-circu]ar  or square loop clcrncnts  [3-10] are definitely ncedccl to achieve (1) the.

multiplexing of four frequency bancls, (2) smallc.r  fl-ecple. ncy-band separations (f,/f, less than

1 .7), and (3) less sensitivity to the, inciclcnt  angle variation and polarizations.

Re.ccnlly, NASA’s Cassini  project ]-equired  the use. of multiple micmwavc  frcquemcics

at S, X, Ku and Ka bands for science investigations and clata communication links. A single

1 lGA with all 1+’SS subrcflcctor,  as i l lustrated in l;igurc  1, was pIoj)osccl. This arrangcmcmt ~



allows a Cassc,grain  configuration at X (7.2 ancl 8.4 GIIz) and Ka (32 and 34.5 GIIz) bancls

and a prime. focus configuration at S (2.3 GJIz) and Ku (13.8 CIHZ) bands [5-8]. Circular

polarizations are. required for all frccJuency bands except  the Ku-band. To meet the Cassini

antenna subsystem’s RF requirements, two design approaches as shown in Figure 2, are

proposed. In addition, the F3S scrccn was bonded  on to a Kcvlar  honeycomb panel to meet

the mechanical and thermal environmental recpirements.

‘J’hc.  first approach, implementing the two-screen clcsign, uses two IWS gricls. The

front 17SS gricl is called Ka-add-on  F’SS. It reflects Ka-bancl waves but passes S-, X- and Ku-

bancl waves.  ‘1’hc back 1+’SS grid is called  the 3-frequency 13S.  It reflects X-band waves but

passes  S- ancl Ku-band waves. ‘1’hc resultant 13S rc.fleets both X- and Ka-bancl waves but

passes both S and Ku band waves. The second approach, implementing the single screen

design, uscs only a single FSS grid to reflect the X- ancl Ka-band  waves and to pass the S-

and Ku-band waves. in this paper the analysis, design and performance of a four-frequency

]~SS (S/x/Ku/Ka  bands) with multi-ring clcmcnts  are. clemonstrate.d.  I’he  selection of the

concentric multi-ring elements is because the ring’s gcomct~ conforms to the circular

polarization requirement of the Cassini  project and it is easy to manufacture.

11. Analysis of a Single Scrccn  Multi-ring INS

A mc~cla]  analysis of a single  scrccn  FSS with circular ring patch clement  was

prcscntcd  by Parker, Q [9-13]. I Iowcvcr, their  analysis is limited to thin rings  with

dic]cctric  substrates on onc side of the metallic. scrccn  only. Uor the present multi-bancl

application, wider rings arc rccplircd.  I lemcc a more exact theory is clcvclopcd  fo] rings with

an arbitraly  width  and multiple layers of dielectrics on both sicles of the. grid, as illustratcxl

in l;igurc  3. ‘l-he theory is similar to the. standard modal analysis published by Chcn  [9], I.CC

[10], and by Roberts and McPhcdran  [14]. ‘1’hc expansion function usecl to ~cprescnt  the



curl-c.nt  on the ring is related to the moclal ficl(l in a coaxial wavcguidc  via the Babinct

principle.. “1’hc valiclity  of this analysis and the convcrgcncc  of these expansion functions will

also bc discussed.

in the thcc~retica]  model, as shown in F’igure  3, the FSS is assumccl to be a two-

dimcnsiona]  periodical array of conducting multi-ring patch elements. ‘I%e fields in the free

space region and the dielectric slabs am represented by the Floquet  rnodc expansions. The  -

unknown current J, on the ring clement is rcprescntcil by

.l =  -2-2 x Etom
~.

whcm qO is the free-space wave impcdcnce  and E~n, is the electric field in the

aperture. of a complementary screen with infinite siz,c and perfect conductivity.
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where C ancl D are the unknown coefficients to be determined, and U ancl V are the field

cxpan sion functions (or bases functions). The sttperscripts  v and h inclicate vertically and

horizontally polarized components, as dcfinecl  in [15]. The summation in Equation (2), --

inc]uclcs the superposition of currents 01] all the rings of the multiple-ring element, as shown

in };igurc 3. Next, the expansion function may bc expressed in terms of the coaxial

wavcgu  ide. moclcs [15] as follows:
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in the. case when the wiclth of the, ring is electrically small, the following simplified]

cx~)rcssion  can be used fol Ihc  field expansion function of (2):

(5)
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A matrix  cquaticm  may bc formula{cd  by matching the following three. bounclary

conditions at the region that contains the ring elements: (1) the tangential F; fields are

continuous at z = O; (2) the current on the metallic rings 3, = f? x [11,(0+ )-H,(O”)];  (3) cm

the metallic l-ings, the tangcntia]  E field = O. “l’his matrix cc]uation allows the determination

of the unknown cmcfficients  C and D for the current J, on the metallic rings. Once the

current is fcmnc], the inciclcnt and reflection coefficients at each clielcctric interface. can be

calculated. l~inal]y,  the reflection ancl transmission cocfficicmts  (RP~ and ‘1~~) of the overall

1/SS can also bc calculated, which will ]cad to the determination of the reflected and

transmitted ficlcls.

‘1’wo computer COCICS  were cle.ve]opcd  basccl  on the above analysis. MRINGC cocle

is limited for thin ring  element, since it is based on the thin wire approximation (Eq.  5), i.e.

the ring current has no radial variation nor components. However, MR1NG2C  code  is not

limitcct,  since it is basccl on the exact wavcguide  modal fields shown earlier. ‘1’o check  the

convergence rate and the accuracy of the, codes, the resonant frccpcncy  of the sing]c ring

clement FSS on a 0.075 mm thick po]yestcr  was computed using the MRINC7C code and

compared to the measurccl  rcsu]ts  of [11]. ~lle  geometric climcnsions  of this FSS grid arc
.-

(Se’c ~@rc ~) a=’b=d.g 1“’”$ c=- ~.gs n’n’~ ‘1=’2.25  “n’. ‘J-able 1 S“n’’’’arizcs the ““’’’bcJ’ of

l~loqu et modes necclec] fc)r different dic]cctric  constant of the substrate. I-lere the current

expansion mode number is seven, Note that the results convcrgc,  as 625 Flocluct moclcs arc

used. Furthermore, in Rcfcrcncc [11], it is stated that the same FSS etched on a polyester

substrate (with 2.33 dic]cctric  constant) is resonant at 22 G] 17,. 1 Iowcvcr,  from Table 1, in

order  to get the same resonant frccluency at 22 Gl]z as in [1 1], the cliclcctric constant must

bc. 3.5 instead of 2.33. FoI- the MR1NG2C  code, seven terms in the current expansion of Eq.

(1) are sufficient to obtain the convergent lcsu]ts.



. .

111. Single  SCJWCJ]  l,w-1’ass  (Ka-add-on)  FSS

A single  scrccn,  sing]c ring cJcmemt FSS was fabricated on a 3 mil thick Kapton, as

showJI  in Figure.  4. ‘J’he  good agrmmc.nt bctwcem the computed  and measured transmission

performance of this FSS is illustrated in l“~igurc.  5. The computed data was obtaincc] by

running the. MRINGC COCIC, since  the, wiclth of the ring is only 2 roil. This verified the

accuracy of the MRIGC code.

Next a single  screen  FSS with one to four-ring as the element were studied. The

dcmb]c.  ring (DR) clcmcnt  FSS was found to give the best result. IJigurc 6 shows the

comparison c)f single  rix~g ancl double  ring eJen~cnt  FSS. Note that the doub]c  ring clement

F’SS has a much sharper transition from pass bancl  10 stop band, and the radius rl (or r2)

is the insicle radius of the larger ring (or the smaller ring). The resonant frequency of the

I)RI IRS shifts down when the inner ring is added to the same size single ring clement F’SS.

IIy reducing the DR1 clement’s size, the DR2 FSS has the same resonant frequency as the

single. ring FSS. I lowcver  the losses at Ku and X bands are much smaller than the single

] ing IRS.  ‘1’hcrefore,  the double ring FSS should provide better performance. in a low-pass

l;SS clesign.
. .

l~igure  7 gives the computed transmission performance of this DR2 INS on the same.

Kcvlar  honeycomb panel as in l~igure 2, for inciclcmt angles steered from normal to 45°.

Note. that the resonant frecplcncy  shifted about 1.S G] Iz, lmprovcd performance can be

obtaincc] from a double ring clement };SS with a triangular lattice, as shown in Figure 8.

“1’his ncw 1+’SS’s resonant. frequency shiftecl  only about 1 GHz as the, incident angle  variecl

flom  ncmna] to 45°. Note the cloublc-ring  patch clement  array is etched on a 0.002” thick

Kaptcm shce.t with 0.029 ounce/ft2 coppe]-  ancl then bonded to the Kcvlar  honeycomb pane].

“1’hc computed rcsu]ts  arc obtaincc] using the MR1G2C  code,  because the ring wiclth is fi~irly

wide at Ka-band  frcqucncics.  C)n]y rc~)]c.sc.ntativc. measure.d data at 30° “l’Ii incidcncc  is



IV. Single Scrccm Tri-lland  (3-Frequency) FSS

Similarly, the three-frecplency FSS design and performance are

.
. .

given here to demonstrate the goocl agreement between the computed and measurcct  data.

given in Figure 9.

Again the double-ring patch element array is etched on a 0.002” thick Kapton  sheet with

0.029 ounce/ft2  copper and then bonded to the Kcvlar  honeycomb panel of Figure 2. Since -

the width of the ril~gs are. small compared to the radii, the computed results may be

obtain cc] by either the thin-ring or the wide-rin~  FSS code. C)nly representative measured

clata at 0° (normal) inciclcncc is given hex-e to demonstrate the agreement between the,

computecl  ancl measured data. As can be obsexvcd  from this figure, the resonant frequency

is vc.ry close to the designated 8.4 G] IZ for both ‘1’}3 and TM polarizations even when the

incident angle is changed from norms] to 45°. ‘l’his proves that the ring element IRS gives

much bet tcr performance than th c cross- clipolc  or the J eru salcrn-cross  clcm ents “1’he 1 K$S’S

insertion losses at these  three frcclue.ncy  bancls  arc summarizml  in TABLE 2. Note that the

IOSSCS at 2.3 and 13.8 GI-17, are transmission losses, while they arc reflection losses at the

other frcquemcies.

V. Single Scrccn  4-Frequency FSS

in general, the cloublc-ring  clement  FSS provides two resonances, i.e., onc at a lower

frcclucncy  (causecl by the larger ring) and the other at a higher frequency (causccl  by the

smal ler  ring). Therefore, OJIC might  bc able to clcsign a sing]c screen DR FSS for the

Cassini’s  4-frcclucncy  FSS. Namely, only one D]{ PSS gricl might bc nccdcd  for reflecting

the X- and Ka-band  while passing the, S- ancl Ku-band waves. “1’0 avoid the grating lobe

occur rc.ncc at Ka-bancl,  the single. sc.rc.c.n  FSS is cte.signccl  with a high diclc.c.tric constant (E,

= 11 ) ljuroid  6010.5 substralc. “I”hc MI<INGC  (thin ring) code was next used to chtaill  the



IJigure  10 shows the geomctly  and configuration of this DR l-SS. To provide a pass-

band at Ku-band, the width of the inner ring must be large. ~“’hc computed transmission

performance. of this DR FSS is illustrated in I;igure.  11 at S-, X- and Ku-band for incident

angle  stccre.d from normal to 45°. Rcprcscntative  comparison data between the mcasurccl

and computed x-esu]ts are shown in F’igurcs  12 for 30° incidence only. Note that the

computed results were obtained by running the MRINCiC  code,, since the outer ring is

0.004” wide. At Ka-band, however, no agreement was obtainecl  between the measured data

and the computed results of the MRINCi  C code. ‘I%is implies that the thin ring code  cannot

accurately predict the performance of an electrically wicle ring FSS.

‘1’hus the. MR1NG2C  code is used  to compute the transmission performance of this

single screen  DR FSS. Computed results arc illustrated in Figure 13 along  with the

rcp]ese.ntative  measured results at 30° “J7E incidence. 1 lerc the. agreement between the

mcasu]  cd and computed results vcrificcl the accuracy of MRINCJ2C  code. Figure  13 also

shows that at Ka-band no common reflection band can be found for both the TM and TE

polarizations. This inclicattxl  that the single screen  DR FSS is good only for a 3-frequency
--

I~SS application. For 4-frccplency  FSS applications, the two-screen design should be

in]plcmentcd  with this double  ring element FSS.

VI. Cascading Two Non-Sin~ilar  Scrccns

in %ction  11, cc]uations were clcrivccl  to analyze  single. screen or double. screen FSS

with multi-ring patch elements. This analysis can be further cxtenclccl  to analy7,e an

intcgratcc] cloub]c  scrccn  1/SS by employing the symmetry property and the technique of

image thwary  [6]. In another words, the second FSS screen  is the. exact duplicate of the first

1 ~SS sme.en. 1 lowcvcr,  Cassini’s four-band l~SS (S/X/Ku/Ka  bands) needs cloub]e.  SCI cm l~SS



with non-similar design  [8]. Namc]y, the FSS clmncnt  designs, i.e. the clement gcomctrica]

climcnsions  (especially the pcrioc]icity and the lattice types), arc clifferent  for the two

Scl’ccns!

The cascading of two non-similar FSS screens is very difficult to analyze exactly.

1 lowcvcr,  using the following systematic proccclures,  a single-rnode cascading approach may

rcaclily  bc employed to get a first orclcr assessment of this clouble-scrccn  IRS’S performance.

Col~sider the double-scrccn FSS as shown in I;igure  2b. First, one divicles  the FSS at the

miclcl]e  thickness of the Kevlar  honeycomb. Upwards from this middle plane is considered

the first FSS scrccn  section, and below this plane is the second FSS scrccn  sccticm.  Each

liSS scc.tion can bc accurately mocle]lecl  by the single scrccn  FSS analysis dcscribcd  ear]icr,

Since the dividing plane is electrically far from the FSS grid and the FSS clement spacing

is ICSS than a half wavcle.ngth,  onc can assume that all the modes are clecaying  except the

Oth order mode [19]. Thus onc may next cascade the two sections by converting the

scattering matrix [s] from each section to a transmission matrix [t] and multiplying the

resulting [t] matrices. The converting from [s) matrix to [t] matrix is the same as that

described in [18]. I“’he final [t] matrix product is then converted back to a scattering matrix,
. .

which yiclcls  th c t)-ansmission an c1 lcf lcction  cc)cfficients for the double scl-ecn  l;SS. Figure

14 shows th e comparison of the compu  tccl  and measured transmission performance for this

cloub]c  scrccn  l“~SS. ‘Ilc goocl agrecmen  t verificcl  this ef ficicnt cascading approach. “1’h c

double-screen F’SS pcrformanc  at all the Canssini  frcqucncics  is sumarizcd  in Tab]c  3.

Note that this single mode approximation is similar to the transmission-line cascac]ing

approach of [16,17]. ‘J’hc nice, feature of this simplified approach is that the cascading

analysis avoicls  the specific gcomctrica]  climcnsions of the individua]  FSS scrccn.  In othcl

worcls, the single-mocle  cascading analysis clcpcnc]s  only on the spacer bctwccn  the two I~SS

scrcc.ns ancl the Oth orclc.r scattering matrix of each incliviclua]  scrccn.  It shoulc]  be. pointed



out that this single-mode cascading analysis, however, is better than the transmission-line

approach CIUC to the fact that both co- ancl cross-polarization (i.e. TF~ ancl TM) components

are being consictcrecl.  Furthermore, the Oth orclcr scattering matrix of each individual F’SS

scrccn is computed accuratc]y  with the analysis of Section 11.

.

VII. Conclusion

Analysis, design and test results arc presented for the multi-band FSS with multi-ring

patch c]cments.  Goocl agreement between the measured ancl computed results verifies the

var ious  clcsign approaches clcscribcd in this paper. It is found that the thin-ring

approximation fails to prcclict  the performance. of an cle.ctrically wicle. ring clcrncnt  FSS. To

multiplex the Cassini’s  four frccplcncy  banc]s  (S/X/Ku/Ka)  only the ctoublc screen FSS

approach can give satisfacto~  results. One may further simplify this double screen FSS

clesign by the efficient single cascading moclc  approac}l dcscribccl  in Section V1.
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-.

California institute of “rcchno]ogy,  unclcr contract with the National Aeronautics and Space
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FIGURE 1. PROPOSED CASSJNI HIGH GAIN ANTENNA WITH A FOUR
FREQUENCY FSS
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COMPARISCIN  OF FSS TRANSMISSION PERFORMANCE EIWEEN
SINGLE AND DOUBLE RING ELEMENTS, NORMAL lNCIDENC~
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FIGURE 13. TRANSMISSION PERFORMANCE OF THE SINGLE SCREEN FSS
WITH DOUBLE RING ELEMENT OF FIGURE 10.
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