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SPACECRAFT MULTI-BEAM AND CONTOURED-BEAM ANTENNAS
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Hign-gain spacecreft antennas with multiple beams and contoured beams ara kay componants in satellite
communicetions and direct broedcast systems. This is reflected on the latest genaration of communications
setellites, where the entenna subsystem is the largest subeystem with its weight of mora than 300 kg. The
entannas achieva e lerge communications capacity through multipla frequency re-uses and may be racon-
figured to serve diffarent covarage araas.

The peper overviews the currant multi-beem and contoured-baam entanna technology. Different impleman~
tations, reflector or lens with faad erray or direct redieting array, ere considerad. Tha emphesis is
placad upon systems with offeet paraboloidal reflectors. The limitetione of the offset reflector with
respect to beam scanning end crose polarization ere reviewed. Computar-eided dasign procedures end dasign
examplas ara presented.

1. INTRODUCTION

The antenne syetems cerried on boerd spacecreft have over the lest 25 yeers undergone ¢ rapid evolu-
tion which parellels thet of the spececraft themselves. In fact, the spacecreft system requirements have
bean end continue to be a main driving force behind tha rejuvenetion of entanna thaory and technology
which previously ware considerad to be mature disciplines. This evolution hae baan eupported by the
eimulteneous edvent of ebundant computetionel fecilities.

Early spacecreft were emall, spin-stabilized getellites in low orbite. Tha antanne systeme wara
simple, oftan with a low power in a nerrow frequency band, typically in the VHF band. Currant spacecraft
hava become lerge end highly specielised end often carry saverel antenna eysteme which era teilored to the
role of tha spacecreft. Most communicetions spececraft ere plecad elong the geoetetionary arc some 36,000
km above the gsurfece of the Eerth. The multi-beam and the contourad-baam antennes reviewed in thie papar
ara axamplee of perticularly complex antenne syetems which significently increase the cepacity end flexi-
bility of theee astellite eystams. By international agraement certein frequancy bands heva bean allocatad
for the different setellites servicae end rules heva been sat to minimiza the interferenca with othar
satellite eyetems end with sarth-beeed systems [1] Typically, the uplink signale from tha Eerth to the
satellite end tha downlink signels back to the Eerth use different bande. Some of the most importent fre-
quency-band allocetions for tha fixad satellite eervices (communicetions eetellitas) era indiceted in
Teble 1. Tha frequency allocations differ elightly for three CCIR regions of the world and various
rastrictions may epply so that the full bands cannot be used. Other bande era alloceted for communication
with mobile stations and for direct broadcast. Additionel bande ere alloceted at highar frequencies.
Initially, the lower bands hava been the most popular as the technology has been better daveloped.

Uplink Downlink
C-band 5.925- 7.250 GHs 3.400- 4.200 and
4.500~ 4.800 GHs
Ku~band 12.500~13.250 and  10.700~11.700 GHs
14.000-14.800 GHs
Ka-band 27.500-31.000 GHs  18.100-21.200 GHs

Table 1. CCIR allocations for tha fixad-satallite servica

1.1  Multi-Beam Antennas

Tha finita frequency spactrum availabla and the finite number of slots along tha geostationary arc
for satellitas operating in the same frequency bend ara best utilisad by a multi-baam antenna which illu-
minates the covaraga area by a eunber of element beams. A hexagonal baam lattice is the most efficiant for
contiguous area covarage. If the antenna radiates N beams and the available frequancy spectrum is divided
into X bands or channels so that adjacant baans usa differant bands, the freguancy spectrum can be re-used
MeN/K times. Figure 1 shows diffarent beam topologias whera the number in asch call or beam foot print
gives tha channel number. The more channels the frequency band is divided into, the larger tha spacing
will be betwesn the calls where the same frequancy is re-used and the better the isolation will be batween
thesa beams. However, the number of times the freguency is re-usad will be 1 . In practical systems,
adjacent or overlapping beams may use orthogonal polarisations to improve the isolation or increase the
number of frequency re-usea.

As an additional advantage of dividing the coverage area into smaller celle, the spacecraft antenna
gain is drastically increased. If all the powsr radiated by tha satellite were uniformly distributed over
$9.7 tield-of-view subtended by tha Earth, tho ultimataly achievable gsin would be 22.4 4d8i. This would
require an infinitely large, lossless antenna. In practice less than 17 4Bi ie cbtained towards the edge
of the Earth using @ horn antenna. With a multi-besam antanna, the upper limit on the achisvable gain would
ba est by sise of the slement-beam foot print or by the acceptable sise and complexity of the antenna
system and the accuracy with which tha aetenns can be kept pointed towards the coverage arsa. This shift
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from ths early low~gain over medium-gain spacacraft antannas, which required hugs earth-station antennas,
to high-gein spacecraft antennas with small beam foot prints has in conjunction with improvements in
satsllite power and low-noise receivsrs lead to the introduction of ¢ ratively chsep, emall earth-
station antennas. Mora aspects of multi-beam antannas are discussed 1:mf;—4].

The gimple beam topologiss of Figurs 1 carry some disadvantages. In real life, ths communications
requirements are not uniformly distributed over the field-of-view and a multi-beam antanna system with
many beams requires many transponders and a large switch matrix to provide the intar-connectivity between
the uplink and the downlink beams, Also, it has not yet been practical without the usa of several antennas
or excassivs antsnna losses to radiats elemant beams with the crossovar lavels down from the ream peak in
the order of 3-4 dB needsd for a contiguous coverage. These problems have 1sad to the concept of
contoured-beam antsnnas whara sevsral of tha element beams are combined in a cluster or a composite beam.

1.2 Contoured-Beam Antsnnas

A contourad-beam antenne providss one or mora baams with foot prints on tha Earth tailored to speci-
fic geographical areas. Sometimes thase antannas ara rsgfsrrsd to as multi-beam antsnnas or shaped-beam
antennas. Tha beam-contouring consarvas the satellita powsr and reducss the interferenca both with adja-
cent frequency re-use covsraga arsas of tha same satallite gystem and with other systems. Figura 2 illu-
strates the most common herdwers ussd to ganerata a contcurad beam: a faad array which illuminates an
offset paraboloidal reflector. Each fesd elemant, usually a small horn, generates a scanned pencil beam
which is tsrmsd an slement bsam or a componant bsam. Tha foot prints of thasa slement beams on ths Earth
ara indicated by small circlea on Figure 2. A contoursd beam which providas service to covsrage area A is
obtainad by adding the elemant beams radiatad towards tha coverage araa with appropriata (complex) wsight
factors. Thase weights or faed excitations ars genarated by a beam-forming network (BFN) which often is a
power divider traa with phase shifts providad by line langth differencas at the fead ports.

The fesd erray and in particular tha BFN are tha most critical parts of a contourad-beam reflector
antanna as they must realize the desired faed excitations with accaptable amplitude and phass tolerances
and low VSWRs at both the feed ports and the baam port over the operating frequency bandwidth. The antenna
system is raquirsd to operate in a hostile spacs anvironment with temparature axcursions in the ordar of
-60 to 60 YC or more over the 7 to 10 year satsllite lifetima. The BFNs of most current contoursd-beam
entannas consist of fixad power dividars and phase ahifters. These BFNs ara usuelly implemented in
TEM-line in the 6/4 GHz bands and in waveguide in the 14/11 and 30/20 GHz bands. Waveguide BFNs have lowar
ingartion loss, but are haavier end more bulky than TEM-line BFNa. The stringent matching requiremants
have laad to the elmost exclusive use of hybrid couplers rather than simple 3=port TEEs or B-plane
couplers in tha power divider trea.

Advenced antenne systems includa on internetional -ommunicetions aetallites switches to provida slow-
ly reconfigurable beams to allow e satallite to oparete from differant locetions elong tha geostetionery
arc and to accommodate traffic changes and on DSCS III fully raconfigurable BFNs with veriable ferrite
power dividers. Future systems are likely to include mora variebla power dividers end varieble phese
shifters in ferrite or solid-stete tachnology. This will allow both e high degrae of beam flexibility and
the fast reconfigurebility requirad for hopping and scanning beams with TDMA. Ultimately, EFNs ere
expected to include many ective comp ts to P te for losses. This will provide vary compact and
flaxible BFNs.

If ths antenna syatem only is required to ganerate e single fixad contoursd baam, e shaped raflactor
illumineted by e single feed is en attrectiva golution with raspact to both performance end cost mainly
becausa no BFN is required. This concept is reviewed in Section 5.

1.3 Choice of Reflactor, Lens or Arrey?

Tha use of & focusing device such e reflector or e lens provides e one-to-ons reletion between the
element beams end the fsed horns. This reletionship does not axist in the cese¢ of en errey, where each
errey element contributes to ell element beams, end en errey with several independent beams opereting at
the zams frequency end polarizetion would suffer from significant lossas unless e Butler-matrix type BFN
is used with orthogonal arrey illuminetions for the different beams. In the ceses of multi-beam entennas
where eech beam can be gensrated by s single fsed and of contoured-beams antennas where only e few element
beams are usged to gsnerate the contoured beam, the BFR is much simpler for a reflector and a lsns. As e
result, array entennes have found only little use es spacecreft multi-beam end contoured-beam sntennes.
Nevsrthsless, ws will consider contoured-beam arrey antennas further in Section 7. A review of multi-been
erreys is given in [5].

The choice between reflector end lens is more difficult. In the paet, wost systems have used
reflectors due to their low weight end cost, excellent bandwidth end polarisation properties and the fact
that thsy can be snalyssd very sccurately with ths existing RF enalysis methods. A sair. disedventsge of
the reflector is the need to ues en offget+fed reflector geometry to avoid blockage by the large feed
array, BFH and support structurs., The offsst-fed reflsctor has signiiicently worse scan and
oross-polsrisstion performance and occupies & larger volume on the spaceoraft than a similar oenter-fed
reflectorx.

The lens is a focusing devioe with axial symsetry but without blockege. As furthermors the resaining
dominant scan absrration, coms, may be rewmoved by choosing the innsr lens surface to be a sphsre so that
ths Abbl sins condition is fulfilled, lens antennas have considerabls sttraction for multi-bsam
applications [6]' Dislectric lsnses are far too heavy for uss et microwsve freq ies on s sp raft,
and new low-weight but Slso more complicated lenses such es the snned waveguide lens and the
printed-oircuit bootlace or TEN-line lens cutlined in Pigure 3 have besn devised. Thess lenses may be
attractive in systems with somewhat less than 100 element besams where the number of waveguide or
printed-circuit slements can be kept reasonably small. Ths DEC3 III spacecraft in fact fliss three
multi-beam eoned waveguids lens antennas opersting at about 8 GRs [l]. The bandwidth of a zoned vaveguide
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lens is not competible with thoss steted in Tabls 1. The more broadbanded TEM-line lene hes been
invsstigatsd for use at C band [’I] « However, ite weight was considersd to ba so largs that the receivs and
ths transmit function would have to be combined in one entenne. The matching problem et the inner lene
surfece could not be solved ovsr the combined frequsncy band and led to degradations of the element beams
nsar tha axie. Becaues of their complexity and the still unsolved problems, lens entennas ere not con=
8idered further in this paper. It is expactsd that lens antennae will prove to be more useful at milli-
metsr and submillimeter wevelsngths.

Solid raflectors manufactursd from carbon-fiber re-enforcsd plastic (CFRP) heve become very populer
dus to their low wsight and excellent thermal behavior. Surfacs eccuraciee in the order of 1/100 wave-
length RMS are requirsd to ensure low sidelobes. Solid offset reflectors providc excallent cross-polariza-
tion performance when ussd with circular polarization. Howsver, many domestic systems use linser polerize-
tion. This has led to the devslcpment of griddsd and duel gridded rsflectore to reduce the cross
polerization introduced by the offsst configuration.

2. FUNDAMENTALS OF CONTOURED-BEAM REFLECTGR ANTENNAS

2:1. Basic Definitione

Contoured-beam reflsctor antsnna eyetems hevs e unique sst of performance parametera. Most other
entenna systems, including eerth stetion entennae, optimize the on-axie gain subject to certain eidelobe
constreints oftan definsd by en envelope. The driving eystem parameters are EIRP and G/T with sidelobe
constraints edded to minimize interference. Cross-polarization requirements often only apply near the beam
axis. Whsn en entenne is requirsd to ssrve an area rather than just e single direction, the minimum
coverage area gain and not the peak gain becomee the eignificant parameter. Hence, tha etandard definition
of antenna efficiency doee not apply to contoured-beam antennas. Tha efficiency n of a contoured beam
entenne is defined as the ratio of ths minimum coveregs erea gein MCAG to the gain Gyp Of @ lossleae
entenne which distributes all the radiated power uniformly ecrose the specifisd coveraga arae Q (in
stsredians), i.e.,

n = MCAG/Gyn, (1)
whers
Gyp = 4nA. (2)

Alternatively, the geinkarea product, MCAG R, may be defined. Due to the finite satallits pointing accu-
recy, the gain slope must be controlled within the area of uncerteinty for each earth station. Tha arae of
uncertainty is celled the pointing-error box, aphere or ellipse dependent upon its actual shepa which is
determinsd by ths setellite attitude control system. The coverage araa Q must includa the pointing error.

A pencil beam with a circular foot print is the simplest axample of a heam with an area coverage. If
we essume e Geuseien beam ahape and no losses, the power pattsrn

2
6(8) = 4 10108y 10" %10 (3)

givss the diractivity. Tha polar engle 6 is measured from the beam axis and 8,; is helf tha 10-d3 beam-
width. The minimum coverage aree gain occurs at tha edga of ths coveraga arse , & = 8 _, and is maximizad
for 849 = OJIniﬁ. This result also applies for Gaussian beams with elliptical foot prints. Thus, tha
minimun coveraga erea gain is about 4.2 dB below paak gain for circular and alliptical foot prints. Tha
associatad gainkarea product is 4rn 107 n10 or 15176 degraes®, which corrasponds to e contourad-beam effi-
ciency of only 36.8 per cent evan though that all lossas heva bean naglectad. This afficiency, which
eccounts for the great gain differenca between tha idaal and tha practical global-covarage antenna in
Section 1.1, may be improved by a flattar gain over the covarage aree and a staaper gein fall off at tha
edge of tha covaraga araa.

Whan the antenna system providea multipla contourad beams, tha driving antanna paramatar becomas the
igolation which can be echiaved betwean beams which re-usa tha same frequency band aithar through
spatially separatad copolerizad beams or through orthogonally polarisad beams. Figure 4 illustretes tha
diffarant definitions of intar-beam isoletion which epply for racaiva and transmit satallita antennea.
Whan the satellita antanna trenamits, an eerth station sarved by beam B may rscasive en interfaring signsl
via a sidelobe of beam A. Tha transmit isolation is defined as tha retio of the dasired signel from beam B
to tha undesirad signal from beam A and depends on both the ralativa antanna gein and tha reletive trans-
mit powar, i.e., the ralativa EIRP. With tha setellite entanna raceiving, tha interferanca occurs via tha
sidelobes of tha beam itsalf from earth stations outside the servica eree. If all earth stetions trensmit
with the same EIRP, the raceiva isolation is defined es the retio of the entenna gein towsrds tha earth
stetion in the covarega aree to the antanna gein in the direction of the interfering esarth stetion et the
highast sidelobe level. The racaive isoletion is conamidered to be the wiat difficult es e single high~
lavel sidelobe which falls in e frequancy re-usa coverege, will destroy the isoletion on ell coverage-erse
stations.

The minisum spacing between edjecent copolarised frequency re-uss covereges, measured in beamwidths
of the alemant beams, datarmines tha required epertura sise or resolution of the entenna system. An
sntenne pointing error of ¢ will reduce the minimum coversge aree spacing w 2t. Thus, e lerga pointing
arror may requira a significantly lerger end more complex entenna system.
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2.2. Overview of the Current State-of-the-Art

The INRTELSAT communicetione setellites provide en important example of the prectical use of reflector
entenna eystems with multiple contoured beams. The complexity of in particular the C-band entenna systems
have grown significent for eech new spacecreft eeries es illustreted by the increasing complexity of the
covereges shown in Figure 5. INTELSAT IV A introduced two-fold frequency re-use through two spatially
isoletad hemiephericel beams by meane of an erray-fed offset pareboloidal reflector antenne system [s].
Thie concept wes further developed on INTELSAT V where four-fold frequency re-use was realized by the
eddition of two smaller zone beams in the opposite sense of circuler polerizetion. These zone beams heve
one shepe when the epacecreft operetes over the Atlantic or the Pacific Ocean region and another >ver the
Indien Ocean region {9, 10]. The trends towards both more frequency re-uses end more reconfigurability of
the beam coverege contoure continue on INTELSAT VI. Two hemiephericel beams end four zone beams in
opposite senees of circuler polerization provide eix frequency re-uses. The four zone beams ere
reconfigured for eech of the three ocean regione providing a totel of 14 coverege beams with six ective in
e given ocean region [11, 12] . The echievements and the limitations of this technology ere summarized in
Table 2 13]. It is common prectice to use geparete antennas for the transmit end receive function to
reduce both the bandwidth over which en entenne is required to operete end problems essocieted with
passive intermoduletion.

The increesed number of frequency re-uges sets stringent sidelobe and cross-polarizetion requirements
in the order of 27-30 dB over e field-of-view which extends epproximately $10° from the subeetellite point
to accommodate both entenne pointing errors and the epacecrart pitch biesing ueed to maximize the minimum
spacing between spatielly ieoleted beams. As the spacecreft are pleced above the middle of the oceens, the
beam coveregee fell near the maximum scen angle eo that ecen aberretions degrade the echieveble sidelobe
isoletion. So fer, however, the diameter of the spacecreft entenne, meeeured in wevelengths, hae been
moderete, end the number of beamwidths acenied less then 6-7 half-power beamwidthe. This is demonstreted
by the obeservetion thet for ell eetellites in the INTELSAT IVA, V to VI seriee the minimum eeparation
between two copolerized covereges is about 1.5 element-beam beamwidths for 27 dB ieoletion [14]. Thie
reletionship may continue for significently lerger reflector diameters if longer [/D ratioce or more
complex feed erreys end BFNs cen be eccommodated to reduce the eberretions of the ecanned element beams.
Figure 6 shows the celculated contoured-beam efficiency versue coverege eree size for INTELSAT VI. The two
upper curves epply for a swaller feed element diameter of ebout 1.3 A end in cese of the uppermost curve
eleo the effect of @ slightly increesed spacing between the coverege erees [15] + Other contoured-beam
sntennes elso for domestic/regionel end direct broedcest systems ere reviewed in [16-20].

2+3+ Anelytic Model of Reflector Element Biams

A simple anelytic model is presented for the element beams redieted by emall circuler or squere feede
in an offset pareboloidel reflector with circuler eperture. Effects due to the illuminetion teper end the
spillover ere included to provide en eccurete essessment of the echieveble minimum coverege eree gein. The
model neglects scen abarretions end cross-polerizetion end is thersfore best suited for reesonebly lerge
£/D0 retios end/or small scen engles. Even then we heve found thet the model may give surprisingly good
predictions for the minimum coverege eree gein end the everege sidelobs level. The model cennot be used to
determine the number of feeds or the feed excitetions eccuretely. Therefore, the model is most useful in
initiel trede~off studies to determine epproximately the entenne size end feed complexity given the
coverege specificetions. The deteiled design optimizetion should be cerried out ueing element beans
celculeted by en eccurete reflector entenne enelysis progrem such es GRASP [21].

Let the eperture distribution due to @ single feed be epproximated by
gtp) =a  + O ) 1-(z/0?)", W)

vhere the rediel veriable p < e. The paramater a, is the reletive illuminetion et the reflector edge.
Typicel paramater velues corresponding to en element beam woull be n = 1 end a, " 0.7. We esgsume thet this
amplitude distribution epplies for ell elemsnt beans. As we neglect scen eberretions, the phese
distributions ceused by the leterel displecement of the feeds in the tilted focel plene only direct the
weve fronts towerds the positions in the beam grid. The element beams are epproximated by the normalized
patterna

£308,0) = xe {a Aytkexy) + BAp, q(kexy)]. (5)

The Iunctions A,(X) ere given by Bessel functions A (x) = 2™ (nein1 Jn”(x)/x"” 80 that A (0) = 1. The
ergument depends on the perimeter ke of the circuler eperture in wevelengths and the distence

X" ((u—uj)zﬂv-vj)z)vz (6)

batween the field direction (u,v) and the beam direction (u,,v,) in the uv=plane where u = gind cosé¢ and v
= gir® sing. The angles § and ¢ ere the poler .nd the nhuahai engle in e stendard sphericel coordinete
system directed elong the entennsa boresight. The pattern parameters a end f in ( 5) depend via the edge
taper @, upon the primary parameters

M, = the helf-powar slement beam besswidth, end
8y - the elemsnt bean spacing

ea outlined below. IR order to model the offact raflector and the fesd element including spillover losses,
the following secondary paramaters

- the reletive offset height or cleararnce,
dq = the feed element spaging in wavelengths, and
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910 = helf the 10-dB feed beamwidth

ere specified. Theee parameters are indicated on Figure 7. Given the above primary and secondery
Parameters, the parabole focel length f end the reflector diameter D can be derived. The reflector
Clearance d.s the distance from the parebole exis to the reflector edge, should be so lerge thet no

Scanned baams are blocked by the feed array. The feea element spacing d, and the feed beamwidth 2910 ere
roughly inversely proportionel for a given feed type.

Once the above parameters are given, en initial velues of the reflector diameter b,

the focal length
f and subtended semi engle 8" ere calculat

ed essuming a 3 dB edge teper by the epproximate formulae:

D= 1.029 (1 - 0.212 log, )0, (1)

d‘l = (0.5 + dc/D)D
= (kap + /(kaPp)2 - a,2)72

8% = arctg 44/t - Arctg 4 /2f

(8)
(9)

(10)

where X = 0.97, a1l angles are in redians en all lengths in wevelengths.

Note thet (9) hes no eolution if
9B > Kde/d1. An improved velue may now be calculated for the everege ape

rture edge illumination using

o 2
ag = 107 @G 12,01 4 p25(52,p2)), (an

Given this velue, the values for D, d4, £ and 0™ ere updeted using (7) through (10). The offset paraboloid
is now completely determined, end the pettern coefficients are determined from

a "(ZO/N Lgo

B = Cag)/f (1+n)n] 1

(12)

S0’ (13)
N = [(1+ne2ma r2n% 2) /(14 3ne202)]1/2 (14)
where . 2

-10-(07/8,,.)

Lso = 1-10 10 {15)
gives the element-beam spillover lose. The pattern coefficients are normalised so th
squared gives the directivity. This normalization is convenient fo.
excitations discussed in Saction 2.5. The effect of typicel elemen
very emall, about 0.1 4B or less. The corresponding elenment-beam spillover loss ie more significent es

discussed in Section 2.7, A number of other beem modele or simple dasign rules ara available for initiel
contoured-beam reflector antenna trade~off end leyout [22, 23].

et the pattern (5)
r the normalizetion of the feed
t-beam edge tapere on the directivity is

2.4 Array Elemants

The erray element is a key element in detarmining the overell performance. The feed elemant must bs
chosen in eccordance with the reflector geomatry. For a apacified beam-spacing/beemwidth ratio, BB/A93, a
smaller feed requires a ghorter £/D ratio of the parabola than e larger feed. The QB/AG3 ratio is usually
close to unity correaponding to en element-beam Croeeovar laval of about -3 dB. Tha feed diamatars in the
range from 1 to 1.6 A match well f/D ratios in the range from 0.7 to 1.4. For small £/D ratioe, the
raflector subtended angla beccmas largar and the spillovar losaas smallar. Howaver, tha scan lossae
incraasee. The spillover losses era minimized if tha product 910 is kapt small. This parametar plays the
role of ... array-element quality number and is raletivaly indapendant of tha siza of a particular type of
element es alreedy discussad in Section 2.3. For a small circular fundamental-moda horn the value of this
parametar is about 1.00 whila it is about 1.17 for a small dual-wode or Pottar horn. Small corrugatad
horns are quite usaless as array alemants because of tha larga spaca takan up by the corrugationa. From
thasa considarations it would appear that small fundamantal moda horn would ba the most useful for
contoured-beam antanna applications. Howevar, tha mutual coupling in tha erray anvironment will in
Practice annihilate the excallent theoratical performance of the small fundamental-moda redietor.

Tha circular wavaguide fead elemants discussed above and tha Square waveguide faed alements are used
comsonly in circularly polarised antenna systems. Many linaerly polerizad domestic/ragional systems usa
ractangular faeds of diffarent sises with or without dielactric loading often illumineting a dual gridded
reflactor. The faad hern dimensions ara optimized to match the image of tha coverage area in tha focal
plane of the raflector. These systems "ay realisa very raspacteble values of the minimum cuoverage aree
gain with a minimum of antenna hardwara but ere not dealt with in the paper [24. 25].

In @ dual circulerly polerisad antanna, @ feed elemsnt in conventional weveguida technology consists
of a horn rediator, a Poleriser end en orthomode transducer. In a lerge antenna system with wmany feeds,
this may bs a very bulky and mechenically fragile system. Therefore, microstrip patch redietors hava
racently recaived considereble ettention as a potantial very compact raplecessnt .

2.5 _Network Loas end Peed Excitation Normalization

When - verel feeds ere excited simultanecusly to genereta a contoured beam, the overell edge illumi-
pation ana spillover loss will in generel decrsase. On the other hand, the beas forming network (3rw)
required to gsnerete the optimised amplitude and phase distridbution at the feed ports introduces Chalc and
mismatch losses. This BYR loes increases with the number of feeds ports as more layers of power dividers

ond longer line lengthe are required in the power divider tree. Fully reconfigurable Brie way have signi-
ficantly higher losses than fixed MWde.

e,
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The feed excitatione ey must be normalized by

(16}

4 for directivity
P =tx b fag)? = {

=1 4x19-LBFN/10

Than, the directivity or the gein will be rafarred to the total incident powsr et either the fead aper-
tures or et the BFN input port. The directivity referred to the total redieted powar is derived if tha
excitation normalizetion is

for gein.

N N o
Prag = &% :I.E| jli‘ Ty o3y = 4x, (17)

where Ty is the normalized mutuel resigtance end ryy = 1.

2.6. Mutual Coupling
For a sufficiently lerge array element with e Geussien pattern, the normalized mutue) reeietance is

£, = o (kdy 8 4g) ¥/a1nt0, {18}
Thie indicetee that tha mutual rasistance depends with the approxizatione made only on the product dy,84q,
which tor edjecent faade is equal to tha fead guelity ber. Thus, the requirements for low mutual
coupling and for a swall spillovar 10ee ere in conflict: A large value of a_e‘,, reduceg the mutuel
coupling but increeees the element bean spillovar loss. In e study of feed-arrey directivity, cos 9~
epproximatione to the feed elemant pattern heve been used [26].

The mutuel resistance given by (18) is deri.>4 from an idealized feed pattern end neglects
highar-order modas and crose polarization. It relatas o the small signal which appeers at the port of e
feed when an edjacent feed is excited. This effect is Juite negligible for precticel feed-erray elements
and (16) is a good approximation to the power rediatsd by the feed arrey. Howevar, the affect of the arrey
environment on tha element pattarn is much etronger. This effect, which may be termed mutual ecettering,
eets up tha crose-polar mode end higher-order mod.e et the radiating eperture and hae a pronounced effect
on the croes-polar parformanca.

Much work hee bean carried cut on mutual coupling in phasad-errey antanna syetems using tha concept
of tha activa element pattarn and tha unit call approach. Thasa techniques do not apply to contourad-beem
antanna feed erraye which heva very non-uniform amplitude and phase dietributions. The number of elemante
{e typicelly smaller than in e pheeed array and the alement eise is larger. No elactronic ecenning takas
plece end tha blindnese affecte of ecanning phaead arraye ara of no n. The pt of the embedded
elemsnt pattern is mora ueaful. Tha embeddad faad pattarn is defined as the pattern tha faad rediates in
the array anvironment with tha feed elemant excitad end all othar alemante tarminatad with their actual
loads. Miematches at the fead ports intc the BFN heve bean noted to hava a sigmificant effect on tha cross
polarizetion - in particular for circular polarization.

A comprahansive study of mutual coupling in contoured-beam lntnn.nl faad arreys has bean raported in
[27]. The method of momente ie usad and the results epply to a finite number of circuler wevaguide feeds
in e ground plane.

2:7. Bpillover Loee Calculation

The spillover loss of @ contourad beam will be lowar then that of an element besm beceusa of tha
array fector. The epillover lose ie definad ae tha ratic of the feed power which hit the reflactor to the
total radieted feed power. The total power redieted by the faad erray hae bean celculeted (16). The
elemant beams overlap end era usually not orthogonel. Therefora, tha power intarceptad end radiatad by the
reflactor must be datarmined by intagrating the total raflector far fiald. It is much eimpler, howevar, to
determina the power rediated by the reflector by integrating tha Poynting vector ecroes tha raflector
eperture A s propoesd in [28] « We than obrein for tha amplitude dietribution in (4}

Py mdx B3 et {an txax; )eampA , , (kax, )
rfl 1 51 M8 rikaxyy ner(kaxyy

Hae B, L (kaxg ) /Ganen) ], 119)

where the pattarn coefficients & end § ere defined ebuva. Tha parameter %,,, eimiler to (6), ie the
epacing between the beam centere in the uv-plene. The "crose corraletion® pattern in (19) ie wider than
the elemant-beam pattern axcept in tha cese of unifors illumination. If the element-beam poaitions
coincide with tha nulls of the "cross-correletion™ pattern, tha beams dwcouple and becoma orthogonal. It
oppear that “losess” due to non-orthogonel heams ere of ¢ fundamentel netura end may be reletad to
different mechaniems in differsnt entenne eyetems, ¢.g., BFN losees, epillover losses in reflector aad
lens eyetems and greting-lobe losses in srreye [29].

Figure 8 ehows tha epillover loeeae for ¢ eingla element beam and a clueter of eeven elemant beams.
The feed epacing is kept constant equal to 1.07 A and the beam spacing ie increaeed by decreasing the
focal length. The engle subtended by the reflector inoreasee with increaeing beam epacing, and the slement
beam spillover lose decreeess. The dotted curve is the element beam epillover lose oslculeted eccurately
by a reflector anteana analysie program. The spillover loss of the 7-elament clustar ie much lower than
that of the slemont beam and elmost indapsndent of the beam spaoing. For e fixed reflactor geowetry, the
bean epacing (or the beam crossover level) may be veried by changing tha feed epacing. Table 3 gives the
epproximate spillovar losses of both eingle and uniformly excited 7-element olusters of oirculer
tundamentalemode and dual-mode feeds. The table gives the calculeted spillover loasee for O‘/“, equal to
0.7, 1 and 1.3 correeponding to crossover levele of 1.5, 3, and 5 dm.
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Singls feed Cluster
OB/AG3 0.7 1.0 1.3 0.7 1.0 1.3
TE. 5.7 3.1 - 1.5 1.3 =~
TE"-P'X‘M" 6.8 4.1 2.3 2.6 2.4 2.1

Teble 3. Spillovar loss in adB.

A significent fraction of the large element-beam spillover for small beam spacings may bs recovered by the
erray fector. For the dual-mode feed cluster, where tha greting lobe losses are lerger dus to the larger
feed size, the effect of the errey factor on the epillover loss becomes vary emall for lerye beam
spacings. A hexagonel errey lattice will reduce the grating-lobe loeses. For each fesd typa, e smaller
feed specing will slightly reduce the cluster spillover loss. Ths teble indicates that there is e nead for
improved fead alemants which utilize the focel-plene erea mora efficiently but without high mutual
coupling. Anothsr end probably more promising remedy might be to use improved reflector eyetems.

Even though the spillover loss of a contourad beam cen be considerebly reducad by the arrey factor,
it cen not be nsglacted. In the sensa that this loss represents radieted power, it is very harmful in e
frequency re-usa entenna system if it is intercepted by ths entenna or by other setellite etructures end
re-radiated es cross polerization beck into the coverege or as high sidelobes into edjecent covereges.
Such entsnne~farm effscts ere difficult to pradict es thsy depend upon ths wids-angle rediation from the
feed erray end require spaciel analysis software.

2.8. Scen Charecterietics of Single Raflectore

Figure 9 shows isogain contours for the on-exis end some scenned elemsnt baams for e 3.2 m offset
pareboloidel reflector at 4 GHz with en £/D retio of 1.3, Ae @ beam is scanned a wey frcm boresight, a
gein loss end a beem widaning occur. Theee beam degradations depsnd for e given scen angla upon the D/
retio, the offset engle 8, the £/D retio, end the aperture illumination. For the single offset
paraboloidel reflector, whars the scen degredation is due to astigmetism [30], the scan loes in dB for the
scan engls 8, may be epproximatad by

Ly ® Clna) (DA D/f simd  sird )2, (20)

with C(n,q)= 0.1116[(nﬂ)a+6('l-u)/(n+2)(n+3)]/(1+m). The peremetars n end @, are tha axponent end the
edge teper of the reflector eperture illuminetion (4). For ecen loseee lerger then 5 aB, (20) predicte too
lerge losses. The ecan loes ie not e loss in redietad power ee the BFN loee eand tha spillovar loes. It
rapresents @ loss in tha resolution or the beam-contouring cepability of the reflector due to the widsning
of the alement beems for lerge scan anglee. Some scen degredation may be coupaneatsd for by a more complex
fesd arrey.

The scan loeses of the csnter-fed paraboloidal raflector ere for tha eame ipertura diemeter, f/D
retic, scen engle end eperturs illuminetion ovder of magnitude less then those of the offgst-fed
reflector. The dominent eberretion is due to coma, which hee # minor impect on scen loss end mainly
degredes the sidelobe performance [31] « As the totel scen loss is determined by e combinetion of coma,
highsr-order estigmatism end spharicel eberration, no simple expreeeion exists for ths scsn loee in the
canter-fed pareboloidel reflector.

2.9. Polerizetion Consideretions

Circuler polerisetion weu initially chosen for use in the internetionel communicetione satellite
system beceuse of the Fereday rotetion. When e lineerly polerised signel treversee the ionosphere, the
polerisetion plene undergoes e rotation. At 4 end 6 GHs, the maximum Feraday rotetion is epproximately 9
and 4° with opposite directions for trsngmit end receive (CCIR Report 551-1, Sect. 2.3.1). Thie choice of
polerigsetion wes fortunete from the point-of-view of entenne technology. Circulerly polerized offset
reflactors do not generete cross polerisetion but exhibit e slight beam squint in the plene perpendiculer
to the plene of symmatry [32, 33] + Ths magnitude of this beam squint is given by the epproximate formula

AB » Arcsin(Asin® /éxf). (21)

The direction of the beam movement dspends upon the hend of the polerisetion. The Fereday rotetion is
inversely proportional to the squere of the frequency end preseits no problem sbove 10 GHz. Then,
dspolerisetion 4 by rain b importent end from the point-af-view o! cross polsrisetion, circuler
polerisetion becomss the worst possible choice. The shape of rein drops is generelly sphericel. However,
the ehepe of felling rein drops becomes slightly ellipticel due to the eir rssistence. The rein-induced
ettenuetion end phese shift ere maximum (minimum) for the polarisetion eligned with the major (minor) exis
of the rein drop. No depolerigetion tekes place for linear polerisetion eligned with the major or the
minor sxis of the rein drop. ln prectice, the depolerisetion is minimised for lincer polarisetion eligned
with locel eerth stetion verticel end horisontel (CClR Report 564-2, Sect. 8.2). Thus for frequency re-use
entenne systems in the 14/11 GHs bands end poseibly even the 30/20 GHs bands, linear polerisstion should
he used aligned with the everege locel verticel end horisontel within eact coversge ereca [34]. Nowaver,
this elignment will reduce the crose-poler isolation between edjecent coverege areas under clear-sky
conditions es the polerizetions then no longer ere orthogonal.

1n the single offset pareboloidal veflector, the feed axis is in generel tilted to bisect the engle
subtended et the focel point by the retlector in ita plene of symsetry. This feed exis tilt genaretes two
croas-poler lobes in e linearly pulerised system [)2, 35, 36]. The peak of the cross-poler lobes occurs in
the plene perpendiculer to the plene of symmetry. Por ¢ uniformly ‘lluminated eperture, the peak
cross-polar level reletively the peak copolar level is

Bcroas’Soo = 0:36 8% tem /2, t22)
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where 8% (in rediens) ie the eemi angle eubtended by the reflector. A tapered eperture iilumination will
decresee the cross polarieation elightly. Any eignificant reduction requiree either a more complicated
feed element, ¢ more complex feed errey deeign, or that e gridded reflector be used.

3  OPTIMIZATION OF CONTOURED~BEAM REFLECTOR ANTENNA SYSTEMS WITH FEED ARRAYS

The syntheele of a t d-bean ent eyetem may be divided into etepe. Initielly the fundaxental
antenna performance requirements euch ee

- coverage ereale),

= minimum coverage-aree gein,

- maximum coverege-area gain elope,

- eidelobe and oross-poler ieolation end
= frequency band

muet Be epecified. Next, the antenna deeigner may identify the range of e nunber of antenna paramstere
auch ee

- reflector eperture eiee, and
= feed-errey complexity

and exanine the performance trade-offe versue the antenne eyetem eiee and complexity. Theee trade-off
etudiee require thet optimum feed sxcitations be determined and the reeulting contoured beams be enalyzed
for eeverel entenna configurations. If theee etudiee ere cerried out with eimple enalytic element-beam
modele, lerge eavings can be reelieed in both human effort and computer time.

When e viable eolution hae been identified by these initial optimizatione, an element-beam leyout
with helf-power element beam beamwidth A93 end the element beam epacing 0 will be known. Given this
element-bean grid, the feed-element eiee end the orientation of antenne ou the eetellite, an initiel
reflector entenna end feed array layout may be determined anruring thst no blockage occure. Then, the
detailed optimizetione ere cerried out ueing element-beam date decermined by an accurete reflector sntenna
enelyeis program. It ie deeiradble to include ae many potantial error ecurcee ae poseible. Degrading
effecte not predicted by the eoftwsre can be included by meane of measured data, e.g., of the patterne of
the feeds embedded in the array. In case the reeulte of the optimieatione indicete that the performance
requiremente can not be met, theee requirementa or the range of antenna paiametere being coneidered must
bs revised.

3.1 Optinieation Proceduree

Many different, more or less rigorouely based optimieation procedures have been proposed to determine
the feed exoitatione which provide the "best" contoured beam. It appeare that no optimieation procedure ie
complete. Usually tha antenne designer epecifiee the reflector and the feed arrey geometxy. Only then an
optimization procedure determinse the "bast” feed excitations by optimiestion of the antenna performance,
e.g., gain and igolation, over a finite number of pattern sample points. These eample points will be
termead eynthesis etations ee they may not correspond to actual sarth stations. A more complete
optimiestion cen be carried cut by repeating the feed exoitation optimieetion for a large number of
antsnne geometries. A generel optimisation procedure may cptimiee both elemsnt-beam grid snd axcitatione
but the ueefulneee of the reeulte will be limited by the eccuracy of the elemsnt-beam model. For prsctical
entenns systems, it is etill prohibitive and probadly not deeireble to include in the olosed optimieetion
loop a complete electromagnetic analyeie sith a.o. BFN tolerance analysis and feed-array mutual coupling
enalyeie.

d-baam synthesie ie a power-pattern eynthesie problem as opposed to a field-pattern
oynthuio problem. Furthermore, the power pattern are only epecified in certain regions. The power pattern
in the complementary regione of the far<field ephere and the phaes pattern ehould be allowed to flost in
the optimieation end take on eny valuee which improve the power pattern in the regione of interest. Thue,
even the apparently eimple problem of determining the beit feed excitatione for s specified antenna
geometry ie e complex nonlinear problem and it can not be determined if a eclution ie a locsl or a global
optimum. It appsare often, however, that the optisum ie quite flst ec that small changes in antenna
geometry, initial feed excitatione input to the optimieetion procedure, staticns locations, etc. may
result in quite differant fesd excitations but very often only in smsall changes of the
perfor 1t s ¢ ded to input differsnt initial solutione to iterstive optimization slgorithms
and to oarry out eensitivity studiee of the final solution with reepect to axcitation errors. The
optimisation ie in genersl carried cut on the copolar field only. In systems which implessent frequency
re-use by neans of orthogonal polarisations, the required crosas-polar perforsance is typically
implemented by antenna designs which have low inherent crose polarization.

The following four secticas deacribe a leaat-squares optimisation procedurs with a power constraint,
the tormulation of the minmax synthesie problem, ¢ minmax optimisation procedure which utilises s gezeral~
purpose algorithe which recently has been extended to work more efficieatly on contoured-bean synthesis
problems, and recent progress with minmax or maxmin algorithes which have been developed specifically tor
i:onmud-bo]n reflector antenna syathesis. Many different approaches are described in the litersture

0ge, 37-45],

3.2 Least- thesis

The method, slsc known as the regularisstion method, is explained below using s matrix motation [“]
We define the matrix e = {e ).,' whers ¢;, is the contribution of element b‘- Je 3% 1,2,000,, towerds
synthesis etation 1, i = 1 *,...,n. tvo colum vectore s = [a } and ¢ = {g;] contata the M excitations and
the desired tield on the ¥ synthasis etations. The ammbder of thesis uuhou axcesds in generel the
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number of element besms and e solution cen only be found in e least-squares sense. In order to optimize
the minimum covereage ares gein, the power input to the entenna must be constrained. Therefore we edd the
norm of the excitation vector e, which gives the incident power (16), to the leest-squeres pattern error
by a Legrenge multiplier a. The expression to be minimised ie then

J = (eTeT - gT)W(ea - g) +aele, (22)

where the wiight matrix W is e diegonel matrix end the euperscript "I denotes conjugete treneposition.
Thie gives the following matrix eque’ ‘on for the unknown excitetions e

(eTWe + a)e = eTWg. (23)
Initielly, we only epecify the amplitude of the desired field on the syntheeis station by
95 = (6opy #0402, (24)

where G, is e gein normalisetion constent, p; the desired raletive gein level, end £_, e path length
correction fector if flux density rather then gein ehell be optimized. As gein nomﬂutxon constent we
cen use the peek echievable minimum coverege eree gein (1) with e back off. This requires that the engular
eres 0 of the coverage eree be determined.

The reletionship between the Legrenge multiplier a wnd_the incident power is esteblished by meens of
the eigenvelue equetion corresponding to (23). The matrix «TWe is Hermitien and the positive real
eigenvelues end the eigenvectors may be determined by stendard techniques. We expand the unknown
excitetion vector in the complete basis formed by the eigenvectors. The expansion cosfficients ere deter~
mined in terme of the Legrenge multiplier @ which in turn is derived from the power constreint (16).

The epecificetion of the deeired field (24) implied e conlﬁont pettern phese. TO remove this
limitetion in e heuristic wey we include e phese fector oxp(j@x ) which is updeted iteretively. At the kth
step we determine the pattern phese from the excitetions derived in the k-1th step by

N N
3 kgl 5 0% e, (25)
xp(®) = T oy leyy/| 0 eyl
A nev right-hend side of (23) is celculeted end ¢ new velue of o murt be determined for eech step in the
phese iteretion. However, the eigenvelues end the eigenvectors remain the same throughout the iteretion.

The iteretion is termineted when the reletive chenge of the leest-squeres error (22) decresess to e
specified velue.

3.3 Foramuletion of Minmax Synthesis Problem

The lesst-squeres sclution discussed ebove will in many ceses be very good except, possibly, on e few
criticel synthesis stations. A minmax method may improve the performance on the these criticel stetions
generelly st the expense of the everege perforaance over ell stetions. The minmax optimisetion problem
consists of finding the feed excitetions oj eo thet the reelised power gein

N
puj = lj’;', .j‘upjlz (26)

minimizes the maximum velue of the residuel cr pattern error
tg = vy lpytegGoi-pyl (27

over ell pattern constreints i, i.e., synthesis stetions s end polerisetions components p. In (26) end
(27), the following notetion hes been used

1) field towerds stetion s in polerisetion p from element been j,

foe path length compensetion fector tewerds stetion s if flux density is optimised,

) polerisetion selector equel to 1 or 2,

Py desired reletive power level for pattern constrsint i, often Py = 1 for coverege-eree
constreints, ; * 0 for isoletion constreints end p; equal to e specified gein roll-off
function with 1 back ofi if e reference pattern th be erforced,

s synthesis stat.on number, 8 = 1,2,...,M,, snd

vy weight fector used to equalise coverege end isoletion constreints.

The rssiduels for coverage eree pattern constreints which exceed the gain goal ere set aqual to sero.

The minmax optimisetion problem consists of detarmining the feed excitetion vector e which minimizss
the maximum residual

Tainmax > ®ax £y (2m)

The corresponding least-squares error (22) minimises ths everege devietion over ell stations. The weight
tactors w, and W, ere uaed to increase the magnitude of the residuale in isoclation ereas to correspoad to
the magnitude of the copolar residuals in the service erea. If the minisus coversye area gain is NCAG, the
saximus sidslodbe (cross-poler) level is KEL and the coversge sred weight fector is uaity, the minmax
sidelode (cross-poler) welght fector

¥ = (G,=NCAG) /MBL {2%)

will squalise the residuals. The weight fectors behave slightly differently in the minmax and in t n
least-PQuares optimizetion. The best egresment between the two optimizet/ons is obtaimed 1t woww, 0
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3.4 sSynthesie by Generel Minmax Algoritha

The generel minmax elgorithm ie an extension of the itarativa method deecribed in [41]. Lat the
columa vector X, rapresent the axcitation vector et the kth etap of the iteration, !L“‘k) tha aseociated
error or reeidual (27) et tha ith pattarn conetreint, the column vactor b,, en approximation to tha
grediant of tha rasidual with raspect to the axcitetione and the column vactor h en increment to tha
excitation vector. Then,

T, (h) = max (£, (%, )+by, Th) (30)

ie @ linear epproximation of the minmax pattarn arror {28) for small valuee of | hl = uxlhjl. At each
etap uf tha itaretion, tha linear eubprobleam (30) ie eclved by linear programming eubjact to a bound on
the solution,t h k< Ay, giving tha solution hy. The vector Xy+hy ie eccepted ee the nev approximata
eolution if the non-linear objective function has decreasad. Otherwiee the etep ie rejected and repeated
with e smallar Ay. The bound A, raflecte the region near x, whera {30) ie a reascnable approxisation to
the original non=linear problea and it ie adjuetad cutoutfccuy during the iteretion. Tha approximatione
to tha gradienta are updatad using e rank-one formula by Broyden [48],

T T
Biger = byt (£ 00 +hy )-byi Tiy 1 /10 Thy by o 31

In e contoured-beam optimization, the number of synthesie atetione cen be lerge in particular when a
global envalope constraint in anforced ae in Section 4.2 orx when eeverel contoured beams with common
axcitatione ere optimized eimultanecusly ae in Section 4.3. A eignificant amount of etorege ie nesded for
the derivativs matrix and lerge linear programming problems must be eolved at each atap of the iteretion.
In practical problems, however, the number of etatione whera the pattern error {residual) ettaine the
saximum value ia small ocompared to the total number of etationa. Tharafora at each etep, we identify the
staticue within a apecified range of the lergest reaidual. These etations define the overell pattern arror
? in e neighborhood about x, and ere called the ective atations. Working mainly only with the etatione
within e renge of the lergeet reaidual, we realiea lerge esavinge in etorege and computing time whareae tha
convergence propertiee remain the sams. The derivative matrix ie stored end ypdated only for the ectiva
etations - typically about 1/5 and leee of ell atations. The eisa of tha linear prograsming eub problems
era reduced by the esme proportion. Mowaver, ell atatiome are etill che<tad et each etap of the iteretion
and tha active aet ie updatad ae required. The gredienta of tha raaiduals which ara active et both x, and
“k’hk ere updated by (31}, Por the nevcomere we use e differance epproximation einca we have no eatimate
bxk of the grediant et x,.

In case of e ainguler problem, the itaration may b elow b the p a ie caught in e long
velley with etesp aidee [49 « It ia e charectariatic of e einguler problim that with N axcitation
veriablea, the number of woret atatione vhere the reeiduale are equal to tha maximum reeidual will be laee
than ¥+1. The number of woret etatione ie generally considerably lase than the number of ective etaticne
used in tha iteration and leaa than tha number of excitation varisblee even in the final etages of the
iteretion. Thue, moet d-beam eyntheeia problems appear to be einguler. When we decide that the
proceas hae been ceught, wa apply e “"epeciel” non-dascent itaretion to bring the procesa out of tha
velley. It can be proven that tha axtended method theoreticelly hae tha same convergence propertiee ee ite
pracessor wherede in prectice the nev method ia considerably faster and cen handle such bigger probless
within the same computar memory.

3.5 Specielieed Minmax Algorithms

The ¢enerel winmax algorithm providea tha maximum degree of freedom in the deeign. We may choosa to
optimiea only tha asplitudes, orly the phaess or both tha amplitudea and the phacee of tha excitations
with only small changee of the eoftwere. Also, ths location of tha elemsnt beams may be optimieed or
degreding affecta euch ea BFM frequency diepersion and BYV rendom errora could be accounted for. Mowever,
the generel elgorithm dose hot take advantage of the apeciel propertias of e apecific contoured-beam
synthesis problem as opposed to, e.¢., Ricrowave network synthaeia problems. The generel algoyithm doee
not usa the closed-form analytic derivetive of reaiduala which ere available in apeciel cases dut usee
approximations derived by finite differences and Broyden'e formule. These spproximstions ers both more
time consuming and wora inaccureta. They may result in a reduced rete of convergenca in the final stages
of the iteratiom, where a lerge linear prograsmming probles may have to be aclved at each atep.

A aimpla minmax elgorithm hae besn proposed by in [30] to be applied in casen with amplituda only or
both amplitude and phase excitation optimisation. For the excitation normaliestion (16) with no losa, the
derivative of the ith residual £, (27) with respect to ay ia given by

£y ’(‘;g?ti‘:"u" ';§|'u‘3"‘3]' o

The fector w /(f,.G.) haa besa auppressed. It is further shown in [so] thet the gredients V£, are
perpendicular to the sxcitation vector. At each atep in the iteration, the sctive atationa ere identified
and & best search direction ia found by solution of a system of linear equations. The length of the
incresantal vector 48, to be added to the excitation vector &) in tha kth etap ie detarnined very
afficiently by & linesr search.

¥e found that each atep i the itaration proceeds extramely fast compared to the geaera) miamax
algorithe and that very often good results sre obtained. The range of the residuale which define the
active atations gradually decreases during the iteretion. In our implememtation, the method sometimea
Tequires very maay itaratisns to terminate. When the mumber of active stations becowes equal to the mumber
of excitations, tha 1inesr system of agwations used to determine the aearch direction becomes ainqular and
the itexation is forced to termimate.

Mecently, the cocavergence of the method bas been considerably improved by aihg the best sesarch
direction by solvisng & linesr prograsming probles and improving the linesr search [St]. Only the worst
atstions are conaidered in (he scarch divection determination. The vesults iadicats that order-of-
sagaitude saving ia computar time miy be realized whem clesed-form derivetives sre weed instead of
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derivetive epproximations. A possible futurc exteneion may be to implement e hybrid algorithm which would
use enelytic derivetives whenever they ere eveileble end derivative epproximations otherwise.

4 SYNTHESIS EXAMPLES

The optimisetion procedures described in Section 3 have been implesiented in a eynthesis software.
This section gives three examples of results obteined with this softwere packege. Other recent design
examples includes dual-mode entenne optimisetion [52] and en offset side-fed Cassegrein entenne with ten
contoured beams | 53 ).

4.1 Antenne without Stringant Sidelobe Specificetions

4alal. Contoursl=besn. snteona.spesificitions

The optimizetion of e contoured-bean reflector antenne system for e European Communicetions Setellite
coverege ie provided to {llustrete the design procedure. The entenne is e trensait entenne with the
requirements outlined below:

¥requency band: 10.7-11.7 GHs
Polerisetion: RHCP

Nin. coverege area gein including

BFN loss and spillover: 28 J8i

Max. pattern slope ia coverege erea: 5 dn/degree
Nax. copolar sidelobe level: ~20 4B

Min, crose-poler iscletion in coverege eree: 30 a8

An erea coverege including e 0.2° pointing srror wes specified. The number of feeds was anticipated tn be
between 20 and 30 and the antenne envelope should be compatible with the ICS pletform end the Ariene
leunchar. The feed element wes chosen to be ¢ small conicei horn pleced in e hexeganel grid with en
element spacing of 1.07 A et the center frequency. The coverege wes composed ¢f four isoleted stetions end
¢ lerge erea specified by e piece~wise lineer contour. The eree specificetion wes converted into discrete
stetion specificetions by eddiag synthesis stetions ineide the piece-wise lineer contour. It wes found
that 8 spacing between the samples in the uv-plene of

Byy = 0.0148,, (33)

with the elament besm beamwidth AG; in degrees, geve e reescnsble trede off betwesn eccurecy end
computation time. This corresponds to ebout 60 per cent of the maximum Nyquist szapling spacing \/D end
ellowa for truncetion effects near the edge of the coverege, the tilt of the effective aperture plene
elony the plene of the reflector rim curve, etc. When ¢ lerge renge of elemant beam beaswidths is being
considered, {t becomss necessery to use more than one coverege sampling spacing. Figure 10 ehcws the 38
synthesis stetions representing the ECS coverege for the half-pover beamwidths 2° end 1.5°% The spacing
(33) betwsen the internal ssmples is 0.015 corresponding to 0.86°. For the helf-pover beamwidth equel to
1.2°%, the zample spacing ves reduced to 0,012 or 0.69°%, and 81 synthesis stetions were obteined.

falad..lodtdal.ontinination.vish.aoalytis. slensot_beses

The preliminary design trede=off wes cerried out with the enalytic beam model for the beasmwidths A8,
» 2,0% 1.5° and 1.2° to determine appronimately the reflector sise end the numbar of feed cicoent. In
each cese, the beam gpacings 9, = 1.2, 1.1 end 1.0 A8) were considered. The ini.iel Leam grid> set up
included all slemont beama with e distance less than 4, ., from the neerest stetions. With Ag, « 1.2%, 1.00
end 0,80 8,, ¢ total of 27 initisl beam grids vere considered. In each cese, the flux densities on the
Eerth were optimised teking into eccount the path length differences between the setellite end the
synthasis stetions. An initiel sst of real excitations was obtained Dy the least-sjuares slgorithm end
used ep startiag point for the sinmax sigorithm which elso veried the entenna pointing end the beam
lettice orientation and spacing. All the excitetions ere real-valusd beceuss the element beans sre
real-valued.

The configuration with 88y = 1.5°% 850 = 1.65° and initial velus #, = 1,637 vas found to give the
beat compromiss between antenne complexity and perforsance. Nowever, the optimus is quite flet. Pigure 11
shows optimizad the slement~beam lay-out, which includes 24 slement heass, end the {sogain contours of
theoptimised contoured besm 1, 2, 3, 5, 10, 15, 20, 25, and 30 49 below peak gain. The number of “ective®
stations ia the sinmax optimisation is 17, which {s well below 24, the number of slemant beams. Thin
indicetes that ve are dealiag with 8 singuler problem. Only four least-squarss residuals exceeded the
sinmax residusl. The essocisted synthasis stations belonged to the set of “ective® stations in the minmax
solution. The analytic beam mode) provides sn initial satenna geometry shown in Pigure 12 ae seven from the
dish. Tha feed lay=out is tha image of the elwment~bean lay-out in Figure 11,

$alad...0i00). 000004000400 vi50.R0/GT0. sl 0000t Laans

The initial anteans geomatry was further optimised waing accurets elemeat heam data detarmined dy %0,
GTO and Whittaker recosstruction. Theee beams are complen-valued sc that both feed excitation amplitudes
and phases vere optimised. Tha {nitial least-squares feed sncitations were determined using iteretive
updating of the pattern phase and used as starting point for the minmax excitation optimizavion. The
optinised excitationn wers inspected for vweskly excited feeds. Thess feed wers eliminated and the
excitations of the resaining feeds re-optimized. Table 4 susmarises the priscipal rasults with sn eeaumed
B loss of 1.4 dB.
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Least-squaree Minmax

Min flux Min flux Min gain Spillover

Analytic beam model:
ell 24 beanms 27.85 28.31 28.09 -1.02
PO/GTD beame from GRASP:
all 24 beams 28.21 28.40 28.17 -1.21
~beams 18, 20 and 22 27.81 27.97 27.73
=beams 20 and 22 28.15 28.26 28.02

Tabla 4. Resulte of ECS optimizations. Levels in db and dBi.

Several observatione may be mada. Firetly, the least-equaree eolution ie in all caees quite good compared
to the much more time coneuming minmax eolution. Secondly, the prediction obtained by snalytic element-
beam model ie vary closa to the one obtained ueing a much more accurate slemsnt-beam model. The elament-
beam modal ie quite eaneitive to the value aseumed for the feed quality number 4.8,,. Thirdly, daleting
feed or element beam 18 has a eignificant impact on the aclution eo that caution should be exerciaed when
feeds are eliminated. Tha optimization shonld begin with a generocus number of feeds which graduvally ars
removed. Each time, the excitations of th: remaining feeds must be re-optimized. Figure 13 and 14 ehow the
elemant beam half-powsr contoure and the contourad-beam ieogain curves derived by meens of PO, GTD end
Whittaker reconstruction at 10.7 and 11.7 GHz. The decrease of elemant-beam half-power beamwidth with
increasing frequancy may be noted. Tha agraement with the analytic beam modsl in Figurs 11 ie good except
for a elight widening of the low level contoure in Figure 13 and 14 due to the ecan aberrations neglacted
in the analytic elemant beam model.

Tha finita tolerancee of ths BFN, mismatchss, frequsncy dispersion in tha BFN and mutual coupling
will cause the realizsd feed excitstions to deviate from the optimum values determined by the eynthaeie
eoftware. Excitation errore not accounted for will degrsde the antenns performance. Soms of the degrading
effecte may be included in the pattern optimizetion. Thue, it has become common practice to carry out ths
sxcitetion optimization aimultanacusly at both edges of the frequsncy band if the antenna is requirsd to
oparata over eny significant bandwidth. Table 5 eummarizes tha reeults of computer simuletions of the
effect of rendom excitetion errore on the minimum coverege area gein. For the rsngs of errors and ths
configuration considered, amplituda errors seem to be mors esrious then phsse srrors. For prscticsl
applications, the everage axcitation error should be leee than e few tenth of e dB in amplituds and 5% in
phaee.

Paak excitstion Gain degradation dus to
amplituda phaee amplitude phees  amplitude

error error only only end phase

0.3 a8 3° 0,19 48  0.00 48  0.17 &8
0.6 a8 6° 0.32 a8 0.09 dB  0.44 AB
0.9 a8 9° 0.61 @B  0.16 dB 0,66 4B
1.2 a8 12° 1.16 48 0.24 48 0.88 4B
1.5 4B 15° 1.12 48 0.32 4B -

Table 5. Degredetion of the minimum coverege eres gein es e function of random excitetion amplitude and
phese errors.

4ala4_  Usasuracenti_on_skiay=fed.contourad-boan_sntenns

In ths Europesn Space Agency's COBRA (contoured-beum reflector entenne) program, the prototype of the
entenne described ebove wes designed, manufectured, integreted end tested {54|. The rms devietion of the
meesured amplitude end phese excitetions from the nominal velues ere indiceted in Teble 6 et the edgas end
the cantar of the frequency band.

Fregquency Amplitude Phesa
10,7 GHs  0.58 dB  5.6°
1.2 Ghs  0.24 dB  5.9°
1.7 GHx 0.59 dB  6.5°

Teble 6. Rms deviations of excitetions at feed ports.

Figure 15 shows in full line the messured copoler contours 1, 3, S5, 10, 15 snd 20 dB below peak gein et
the edges end the center of the frequency band. The celculeted contours 3 end 20 dB below peek gein ere
superimposed in dotted line. The egreement is feir epart from 11.7 GHe whare strong mutuel coupling
effacts between the small circulerly polerised feeds not eccounted for in the enelysis ere believed to
degrede the minimum coverege eree gein from 28.1 to 25.6 dBi et Bercelone. The cross-poler discriminetion
wes better then 28 dB et the design frequency {55].

4.2 Impact of Globul Sidelobe Conetreint on Frequency Re-use Antenne §ystem

The interference between the different eetellite communicetions systems has in the past been control=-
led by coordinetion such thet any new system would not cbatruct the existing systems. In the future, it
likely that communicetions setellite antennas must meet reference pattern spscificetions similer to those
which elready epply to earth-station antennes and direct-broadcest setellite entennes. This will conserve
the finite evailable frequency bandwidth and geostationary erc. Such antenne reference patterns ere
difficult to define for e contoured beam, which may be of e compliceted shape. They will complicete the
entenne degign process es many more synthesis stations must be considered. This example investigates the
potentiel impact of e globsl pattern envelope constraint on an antenna similer tc the Intelsat VI 4-GHs
hesi/sone antenne elready considered in Section 2.2. This entanns elready meets stringent sidelobe
requirements in the edjecent frequency re-use coverege ereas.
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422:1.__8idelobe enyelopes of current antennas

Figure 16 ehows the calculated isogain contoura et MCAG (the minimum coverage area gain) and 27, 30 ?
and 33 4B below MCAG for the Intelgat VI Indian Ocean region (IOR) zone 2 beam at the lower edge of the
4-GHz band where the probleme with sidalobes and the roll-off of the pattern from the coverage area are

the most savere. The four epatially jeolated zone beam coversgee are indiceted by the four piece-wise

linear compoeite coverages. We note that fairly high sidelobes extend from zone 2 towards zone 4. The

figure also shows a number of linear eegmente which extend from about 1° inside the zone beam coverage to

about 7° outgide. Figure 17 ehowe the euperimpoeed cuts along these gain roll-off pattern traces. The

horizontal angular ecale givee the dietance from the point where a gain roll-off pattern trace intereects

the MCAG contour. No tracee away from the Earth are considered. In these directions, the eidelobee are much

higher. The full (dotted) line near 0° repreeents the max’ wm (minimum) envelope of the pattern traces. The

full (dottad) lina further away indicates the <nvelope ot most (all) of the traces. The dot/dash lina

indicatee the additional degradation caused by the calculated line length dispereion in the beam-forming

network. In a practical antenna, several other imperfectione will degrade the performance.

42222..G3ip_roll=of £ optiwization

Jigere 19 infiraten e larerice i em syurhesre oF ations vE=d in +thae q“f{m(:nfinn. Tnitiallg, no
gain roll-off stations (indicated by 7) were used. The optimization then uses 176 stationa and 36 beams. It
is carried out at both band edges simultaneously so that the number of pattern constraints is twice the
number of stations. Figure 19 shows the resulting gain contours at the lower edge of the band with isogain
contours at the MCAG level and 27, 30 and 33 dB further down. The levels do not include losses and give
directivity. The minmax solution is superior to the least-squares solution on the worst stations and
improves in this case the MCAG level by 1.2 dB. The sidelobes are higher than in Figure 16 but the fit to
the desired compogite coverages is tighter.

Figure 20 shows the optimized gain contours obtained for carefully celected sets of gain roll-off
stations. Initially, gain roll-off stations were set up from the edge of the composite coverage with a
maximum tolerable field level calculated from a gain roll-off reference curve. This may lead to the spe-
cification of critical synthesis stationa which with the minmax algorithm would destroy the overall antenna
performance. With the gain roll-off curve used in the optimization, it was found that no gain roll-off
station should be placed closer to the coverage area than 3° for this gone bsam. Also, no stations should
be placed in (the polar) regions where no feed is available for controlling the pattern. The resulting 265
synthesis stations are shown in Figure 18 with deleted gain roll-off stations marked by circles. The sidelobe
performanca has been considerably improved while the MCAG level has been reduced by only a few tenth of a dB.
However, the gain slope of the edge of coverage has been degraded. Increasing the number of feeds slightly
will improve the MCAG level and the gain slope but seem to have little impact on the s.delobe performance.

4.3 Reconfigurable Antennas with Shared Excitations

Increasing satellite lifetimes of 10 to 14 years have accelerated the need for the same spacecraft to be
able to provide different services over different coverages at different times. The full range of possible
Tuturé Fequiremencs Lo & Bpacecraft CTNNoL T8 EATICLPATRA TOY BuCh & 1oNg TING and CRh PYODAGLY ofly DE WL
by s fully rsconfigureble antenne system. Such antsnne systems do not require 2ny speociel synthesis softwsrs
es the entenne may be optimizsd seperetsly for e¢sch coverage requirement. Howsver, they ere excessively
complex and sxpensive to implement, and in prectice, less complsx end mors rslieble systems with limited
rsconfigurability ere implemented, e.g., o8 in ths Intelset C-bend hemi/zons antsnns systems by means of
switchas. Such a case is considered in this section., A set of sharsd sxcitetions is optimised to meet the
Intelsut VI Atlantic and Indisn Ocesn region sone 2 beam coverege requirements. The sharsd excitstions would
then by switches be combinsd with ssperets sets of uniqus excitstions for ssch oceen region. In eech ocean
region, the sidelcbe requirements in the edjecent zons beam covsrsgss ars included.

Figurs 21 snd 22 show the 185 aynthssis stetions used for the Indisn Ocssn region zone 2 beam
optimisstion and ths 218 synthesis stations used for the Atlsntic Ocssn region sone 2 beam optimisstion. Ths
minimum coverege eres gein is optimizsd subject to meeting e sidslobe isolstion of mors thsn 30 48 in ths
edjecent sons beam covereges. First, ths two sons beams will be optimised independently of sech other. Then,
U bwo svow beaat will be ¥ Delesd abeultensowily shail g wee g alesent Lewsd «ikh [Sank ekl eenLhEnLonE .

4:3:1.0ptimisation with ssparate excitations
A initial optimization is carried out for each coverage separately. Figure 23 and 24 show the contour
plots of the two optimized zone bsams. The optimizations are carried out using the analytic element-beam

model. 1sogain contours are shown through the minimum coverage area gain level and 20, 25, 30 and 35 4B
further down. The minmax pattern error is slightly larger for Indian Ocwan region zone beam.

fadad.OpSinizaticn.of. abazegd. sucatations

At this stage, the two sets of axcitations obtained by the optimization of each ocean region
separately are inspected and each excitation is assigned to one of the following three BRNs:

BFN 1 generates the excitations only used by the Indian Ocean region sons beawm,

BTN 2 which generates the excitations only used by the Atlantic Ocean region zone beam, and

BN 3 which generates the excitations which are shared for the two sone beams.
The total number of element beams is 46. The breakdown of the elemsnt beams and the excitations betwesn
the two 20ne beams and the three BMis is given in Pigure 25. The combined synthesis problem consists of 61

daifferent axcitations and 403 synthesis stations. In this case, the synthesis is carried out so that the
powet llsetion Seowwer BFR | 4vd BF% § Bur b indien Oceen Tegion £0TU eEs Wl batwees TPR 1 wok BTN S
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for the Atlantic Ocean region zone beam are optimized by the program. Figure 26 and 27 show the contour
plots of the two optimised sone beams with shared excitetions for the analytic element-bean model. The
minimun coverage area gain (or rather directivity) and the minimum sidalobe isolation are liated in Table
7 for the case with separate excitatione and with sharad excitations. The table givee date obtained both
with tha analytic element beams and with element beams calculated by an accurate reflector analysie
program.

Analytic element beams PO/GTD element beame
Separate Shared Separate Shared
Min. gain:
Indian 2 26.18 4Bi 26.19 4Bl 25.91 dBi 26.00 dBi
Atlantic 2 25.58 dBi 25.36 dBi 25.32 dBi 25.17 dBd
Min. isolation
Indian 2 33.09 48 33.10 a8 32.29 4B 32.55 48
Atlantic 2 33.81 4B 33.10 48 33.09 4B 32.55 dB

Table 7. Parformance with separate and with ahared excitations.

Thue, no degradation has takan place for the Indian Ocean region zone beam which had the largast minmax
residuel. Tha performance of the Atlantic Ocean region zone beam has been “squalized® ao that minmax
reeiduals now are idantical for the two zone beams. The agreement between the reeults obtained by analytic
beams and PO/GTD beams ig eurprisingly good.

5 SHAPED CONTOURED-BEAM REFLECTOR ANTENNAS

In this Section we consider an alternetive contoured-beam reflector antenne requiring only e single
feed. The surface of the offset reflector is ehaped go that the modified wavefront elong the originel
reflector surface provides the desired wevefront. The devietion from the paraboloidal surface ie so small
that the amplitude distribution elong the originel reflector surfece remains essentielly undistorted end
only negligible cross polarisetion is genereted. The similer surface sheping technique has previously been
utilized for a jspanese experimental Ke-band communications satellite [56, 57].

5.1 Optimisetion of Aperture Phase Distribution

In our version of the synthesis technique, the phase of the aperture field is expanded into Zernike
or circle polynomials, i.e.,

P = I L ™ R, (30)
n=t feen

where p and ¢ are the poler eperture cecordinates and ¢ .. = cm.. The Zernike or circle polynomiels find
use in optics for orthogonsl exparsions in circuler epertures. The polynomials are simply releted to the
scen aberretions such aa sphericsl sberrations, estigmatism, coma, etc. [59 « Rapid celculetion of circle
polynoaials is possible by recursion. The expansion coefficients c,, take the role of the feed excitstions
in the erray-fed reflector. For e particular set of expansion coefficients, the field is celculeted on ell
statione by e simplified and fest phyeicel-optics integretion ecross the deformed reflector surface. The
ganeral minmax routine described in 47] is used to determine an set of expansion cosfficients which
optimise the gein on ell synthesis stations. The procedure hes eleo been utilised to synthesise ellipticel
beans with very low sidelobes [58).

When en optimum phase distribution hes been detarmined, the shepad reflector is derived by e
rey-treoing procedure from the offset paraholoid used as initiel solution. The optimisetion of the phase
sxpansion coefficients is numsrically more difficult than feed excitation optimisation. The element beams
are simost orthogonel end verying one feed excitation affects only few stations. The phase expansion
cosffioients, on the other hand, irteract nonlinearly and vsrying cne coefficient will affect all stetions
but by very small amounts.

Tha reflector sheping procedure has been applied to the ECS coverage already considered in Section
4.1. The design wes cerried out et 11.2 GHs using the offset paraboloidal reflector similar to the one
considered in Section 4.1 as starting point. An optimized surfece deformation which gensretas the
contoured beam is indicated by the three-dimensional plot in Figure 28. The optimised shaped reflector
antenna system was enalysed by physical optics. Figure 29 shows the calculeted copolar isogein contours at
the edges of the frequency band 1, 2, 3, 5, 10, 19, 20, 21 and 30 4B below peak gain. The calculeted
minimum coverege eree directivity of 28.81, 29.21 and 28.84 4dBi et 10.7, 11.2 and 11.7 GHs compare
fevorsbly with the corresponding minimum coversge erea gain velues of 27.93, 28.18 and 28.10 4Bi of the
erray-fed reflector. No attempt wes made tc suppreses the sidelobes. The antenna was assumed to be
circulerly polarised. The cross-poler perforsance was found to be very sensitive to the cross-polar
performance of the fesed. Even low levels of feed croas polarisation would generate “hot spote” of cross
polerisstion in the refleotor fer field.

5:2 _ Measurements on Shaped contoured-beam Reflector

The shaped reflector contoured-beam reflector wes re-optimised with ¢ smaller offset angle °o to
allow the use of a linearly polarised feed horn which wae aveilable. A wodified aperture phase expaneion
was determined with significantly lower sidelobes et the cost of a reduced minisum coverage area gain. The
shaped reflector was manufactured for the scaled frequency band 16.4 - 18 GHe in order to reduce the
reflector eies tc be within the limitations set by the eurfece machining equipment ivailable. The antenna
measuremente were carried out at the spherical near-field test range at the Technical University of
Denmark. During the ant the feed horn was found to mcve and it was necsssery to
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strengthen the feed support etructure. Figure 30 compares over an extended enguler renge the meseured end
the calculated co~ and croee-poler pattern cuts along the planes of maximum end of minimum beamwidth. The
agreement is excellent apart from the engular region 7% ¢ 8 ¢ 14° in the plane of the narrow beamwidth,
where scattering from the enlarged faed support etructure appeers. The measured minimum Coverege eree
directivity of 27.3 dBi occurs at the high end of the band where the predicted velue ie 28.1 dB. The
chaped reflector antenna holds significent advanteges over the array-fed reflector antenne for
applicetione where no reconfigurebility and only e eingle beam is required. No BFN is required and
complicated mutual coupling effecte in the feed erray are evoided. The BFN end the epillover loeees ars
absent or drestically reduced eo that the gain delivered c¢en be higher. Sheped reflector antenne syetems
ere in repid development end major future progress is likely with the recent edvent of rigoroue methode
[60 + Work is aleo being carried out on duel reflectore [61?.

6 DUAL REFLECTOR SYSTEMS WITH SMALL SCAN DEGRADATIONS

The duel offeet Cessegrain or Gregorian reflector systeme permit cancellation of the croee
polerizetion for e linearly polarized on-exie beam [62]. This is echieved if the exas of the feed, the
eubreflector end the main reflector are edjusted according to the condition

tan y/2 = 1/M tan $/2 (35)

where y ie the engie from the main reflector axis to the subreflector exie end ¢ the engle from the
subreflector exis to the feed axie (see Figure 31). The velue of the eubreflector "magnificetion”™ M
determines the eubreflector type:

(1) M> 1; The subreflector is the convex brench of ¢ hyperboloid with the eccentricity
e= (M+ 1)/(M=- 1),
Thie is a conventionel duel offeet Cassegrein.
{2) 0 < M < 1; The subreflector ie the concave brench of e hyperboloid with
e= (1 +M/(1 =M.
This is either the front-fed or the side-fed duel offset Ceseegrain discussed below.
{(3) M < -1 The eubreflector is an ellipsoid with
e=(M+ 1}/(M-1).
This is e convantional dual offeet Gregorian.

Dual offaet raflactor configurationa which fulfil the condition (35) hes no first-order eestigmatism which
otherwise is the dominant acan eberretion in offaet refiector antennes [30]. Conventionel compeneeted dual
offset Ceasagrain and Gregorian antennas, M > 1 and M < -1 above, are difficuit to design with no blockege
for larga acan angles, and the faed errey is lerger than in the ceae whera the main reflector ia uaad ea
single reflactor. These problems are reducad when 0 < M ¢ 1 for tha two different configurationa in Figure
32, which both are designed for e £10° scan. In Figura 32a, the feed arrey is located in front of both tha
subreflactor and the main raflector and the system haa baen tarmad it the front-fad offset Cassagrein
(FFOC) antenna system [63] + In the second configuretion in Figura 32b tha feed array end tha subraflector
ara plecad on either sida of tha main raflactor. Thia system has been termed tha aide-fed offaat
Cessagrain (SFOC) antenna syatem [53]. 8oth the FFOC and tha SFOC have uniqua acan propertias ovar the
full £10° fiald-of-view dua to tha larga focal langth of tha main raflactor. Tha large fiald-of-view
requiras thet tha subraflactor sisa ba comparabla to tha main raflactor sisa. For contiguous Farth
covaraga, tha faad array sisa ia axcaaaiva and tha systess wmay not be competitiva to an arvay antanna.
Howavar, tha inharent property of a raflector antanne ayetem of aasociating aingla faads with high~gain
spot beams makas tha configurationa shown in Figura 32 vary attractiva candidatas for maating partial
Barth covarage raquirementa with many high-gain beams.

6.1. Bcan Propertiaa of tha Froc and tha Sroc

Figuras 33 and 34 ahow tha calcuiatad principai co- and c¢roas-polar pattarn cuta for sacondary heama
radiatad by smail linaarly polarisad conical horna placed at tha locstions which ara corrasponda to beans
on axis and with 10° downwazd acan, 10° upward acan and 10° latarel acan. Tha diametara of tha feads ara
1.8 A (FFOC) end 2.2 A (8roC) and corraspond to a beam apacing of 92 per cent of tha beam width. This ia
cloaa to tha apacing which givaa tha highaat gain at tha cross-ovar lavei for multi-beam applicationa
whara sach beam is radiatad by a aingla horn. In each case, the feed location ia optimisad to minimisa tha
pheea errora and tha feed axia ia aiignad so that tha cantral ray hita tha cantar of tha main raflactor
aurfaca. For both tha FrOC and tha SroC, tha diametar D of tha projactad apertura ia 120 A. Tha smali
feeds provida only a slight apertura tapar., This aituatior exhibita both tha highaat aidalobea and tha
largeat acan losaas. Tha calculatad peak diractivity, peak aidaicbe lavai and peak aidalobe iavel for tha
two configurations ara givan in Tabla 8. Tha peak directivity ia broken up into a number of afficianciaa

Gae ™ Map Mar Map S0 (36)

whera

Nap ia the apillovar efficiency, (tha fraction of the feed power which hits the main raflector),

Mgy id tha ralativa projected arsa (the ratio of the areaa obtained by projacting the main raflector
rim into a piana perpendicular to the direction of the acanned beam and intc a plana
perpendicular to tha direction of tha on-axia beam),

n" ia tha apartura efficiency including losa dus to phasa arrora, amplitude tapar and crosa
polarization. (Thie lose in dominated by the phasa arrors essocieteld with the scan as the
apsrture illumination ia almost uniforwm), and

G, i the peak echievable directivity =D/ (31.3) dBi for D = 120 A).
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Beam direction Ng Nar Na Directivity Sidalobe Crosa-pol
dg dB dg dBi dB dB

FFOC:

on axis ~4.62 ] -0.03 46.88 -28.38 -48.68
10° downward -3.48 +0.78 -2.28 46.52 =3¢.63 =-38.06
10° upwerd -5.87 =1.07 =1.58 43.04 -23.14 =35.52
10° sidewerd -4.78 -0.07 =0.63 46.05 =33.63 -37.40
SFOC:

on axie =-5.09 ] =0.02 46.42 -28.01 -54.78
10° downwerd -4.68 +0.34 =-0.36 46.83 =33.28 -40.20
10° upward =5.72 =-0.52 -0.24 45.05 -29.88 =-37.49
10° sidewerd =-5.29 -0.07 +0.03 46.20 =30.25 -41.56

Table 8. Peak directivity budget and peak aidelobe level of FFOC and SFOC.

Dua to ths reletively small faad siza and small engle subtendad by tha aubreflector rim, tha fead
spillover ie large. The large scan causee e eignificant chenga of tha relativa projected eree. As tha main
reflector is closer to verticel for the SFOC thsn for the FFOC, the aree lose for upwerds scsn ia smaller
for ths SFOC. The aperture sfficiency ia, except for the on-exie beam, dominated by pheee errors, i.e.,
ecen aberrations. Ws saa that the affect of thase phasa errors is emallar for the SFOC. The smallar ecen
aberratione of ths SFOC slao follaw from the pattern in Figuras 33 and 34. The sidelobea and tha croee
polarigstion era lower for the SFOC than for tha FFOC. Ae the eparture diameter increasae, e.g., to 240A,
the superiority of the SFOC with respact to slactric performance ia accentuatad. For both configuretione,
the ecen loseee sre highsr for beam scenning in the plans of symmetry then in the perpendiculsr plane. In
tha plane of symmetry, the scen losses due to pheea errors are elightly highar for downward ecen, but they
sre compeneeted by rsd»csd spillover end ares losses. In 8 practical daeign, the entenne sxis should be
repointed to equalize “hs overell ecen loss in ell directione or give preference to critical eraae in the
coveregs. Comparisone with the singls offeet parsholoidal reflectors ehow that the FPOC echiavas similer
scen performance ee 8 single offsst parebole with an £/D retioc equal to about 2.6. The SFOC is comparabla
to e eingls offset persbole with en f£/D of sbout 5.6.

More deteile including the initiel deeign of e fsed errsy to ganarate 10 contoured beama out of the
SroC ere given in [53]-

7 CONTOURED-BEAM ARRAY ANTENNAS

Tsble 2 indicetsd the significant growth of the fssd srrsy eize for eech new INTELSAT spacscraft
esries. If the trend towsrds lergar end rediating eperturss snd f£/D retice continuse, ths fssd errsy sies
will ultimately excssd ths rsflsctor size and the entsans mass end volume requiremsnts will havs s
tremsndous impact on spacecrsft deeign and lsunch cost. Thus, it may become sdvsntageous to "discerd tha
rsflsctor end turn the fssd srrsy towerds ths Esrth™ and uss it es s directly redieting srrsy.

7.1 _Arrsy Excitation Optimiestion with Psncil Element Bsams

Ws considsr ths plsanar errey configuretion in Figurs 35. It coneiets of N, slements in s hexsgonsl
lettics. Ws defins X; slement beams redisted by the errey in s hsxegonal lettice ovsr ths field~of visw
ehown in Pigurs 36. Ths hslf-powsr beamwidth of ths slement beame ie dstsrmined by the srrsy diameter D
and is for s uniform errsy illuminetion spproximatsly A03 = A/D. The optimization of ths errey excitstions
to meet specifisd oovsrsgs and isolstion requirements is csrrisd ocut by ths slgorithms diecussed in
Ssction 3 but indirsctly by optimizing ths sxcitstions of ths slement beams. Than, ths srrsy sxcitstione
srs cslculetsd from the slement-beam sxcitations. Ths optimisstion vis the slement beams is much more
sfficisnt than s dirsct optimisetion of ths srrsy excitations becsuse

{1) the number of slemant beam ie in gensrsl much lsss thsn ths number of srrsy slements, and

{(2) the slemant beam srs slmost orthogonsl to sach othsr over ths fsr-fisld pattsrn in the ssnee
their pattsrn only overlsp little ss oppoesd to ths erray slemasnt pattsrns, which ovsrlep
completsly. As s rssult, ths optimiestion ie s more well bahavsd problem.

The number of srrsy slamente for 8 given sparture sies is detsrmined by the reguirement that no greting
lobes £sll in the fisld~of-view. The antenna designer may chooss ths slement-beam positions independently
for sach coversge ares of e multi-beam srrsy entenna. This ie not poseibls for s reflector antenna. Ths
sperture sise in vevelangths and ths sngulsr extent of ths coverege srea determines the number of the
degrees of freedom of the eynthesie problem [“]- In most csses, the beam spacing csn be chossn s littls
larger than the beam width ae in the case of s rsflector antenna. No sdvantages srs geined by choosing the
beam epacing eignificantly smallsr than ths beam width.

Pigurs 37 shows sa optimised contoured beam for sn srrsy consisting of 169 conical horns with e
diameter of 2.84 A, The srrey diameter ie identicel to the sise of the INTELEAT VI hemi/eone rsflector. By
grsdual removsl of weakly excited arrsy slements followed by re~optimisstion of ths remaining excitstioas,
the number of errsy slemsnts oan be reduced eignificantly. A full eccount of the design procedurs end many
design cases have been giver in [65].

This paper ie based on work parformad, in part, for the Burop Space Technol and R h Centrs
(ESTEC) of the European $pace Agency and, in part, under the sponsorship and toem;ﬁ direction of the
Iaternational Telecommunications Satellite Organization {INTRELEAT). ARY views expressed sre not
necessarily those of INTELSAT. The author wishes to thank R Jorgensen, TICRA, K Pontoppidan, TICRA, PR
Frandsen, TUD, and Antoine Roedexer, ESTEC. The author ie grsteful to former colleagues st INTELSAT in
particular to DK McCarthy, W Bornesann and WJ English. '
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Multi-beam beam topologies for frequency re-use.
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Vigure 17 Gain yroll~off patterne treces and envelopes

ofr 1-6 IOR zone 2.
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Figure 21
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Figure 22 Synthesis stations for Atlantic Ocean
region zone 2 beam
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Figure 24
Atlantic Ocean re-
glon zone 2 beans
optinized separe-
tely

Figure 26 Indian Ocean region zone 2 beam opti-
mized with 23 feeds common with Atlan-
tic Ocean region zone beam
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Figure 28 Deviations 82 of shrped reflector
surface from paraboleid.

Figure 29 Isadirectivity curves £6f shapod ompe
reflector at edges of frequancy band,
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Figure 23

Indian Ocean re-
gion zone 2 beams
optimized sepa~
rately
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Figure 25 Shared and separate excitations for

Indian and Atlantic Ocean region 2 beams
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Figure 27

b Atlantic Ocean re-

| gion zone 2 beam

L optimized with 23
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[ Indian Ocean re-
glon zone bean




iy

e e

MW

M

i
j

: 4-23
3
: 30 36
3 dBi dBi
g 20 20
4 D
: 10 10 .
ng Feed axis
0 0
Subreflector
° ) axis
J, main reflector
-10 -10 I— ] == axis
i r
-20 -20 o0 8 20° 2

Figure 31 Conventionsl dual offset Cassegrain
Ccompenaated for cross polarization
and aatigmatism

Figure 30 Measursd and calculsted principal
pattern cuts at 11.7 GHz for shaped
contoured-beam rsflector.
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Figurs 32 Altsrnativs dual offset Casseqgrain
antennaa compenasted for croas pols-
rizstion and sstigmatism
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Figurs 33 Principal pa*tsrn cuta for element
beams in 120} ¥voC,
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Figure 34 Principal pattern cuta for element
beama for 120\ SrOC.
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Figure 37

Optimized INTELSAT VI
Atlantic zone 2 ceam
vadiated by a direct
radiating array.
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