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Chapter 1 

Introduction 

1.1 Phased Array Antennas 



allows sc.;iniii~~g, or tlirccting. l l ~ e  bcairi l)rotl~~cwl 1)y lhc array to tliff(~ent clircct ioi~s 

ill spacc. 

Antenna arravs can by usctl instead of fixed aperture ailtciliias, s11cI1 as reflectors, 

in n varicty of applicatioi~s. This is d ~ i c  to their ability to: (a) r c d m  apcrturcs that 

nlay 1w cxpensivc~. difricult. or cvcn irnpossiblc to realizc 11siiig a singlc fixed a p c r l ~ ~ r e  

antenna; ( 1 . ) )  allow s l ~ a p i ~ ~ g  of tht. far-felt1 p a t t r n ~ ;  a d  (c) produce 1)cwns that can 

be rc-positioned c1cctronic;illv 

Largc a1w1 tlircs arc rcq~iired to whicw high spatial r (w1~tioi i  111 r i ~ d i ~  ils11o1ioi11y 

applications7 for cxa~nple, wlicre the roquirc~ncnt of apcrt~lrc tliarnct,cw ol: scwrwl 

kilortictcrs is i ~ o t  uncoiliiiion [Fourikis, 19971. Rdiz i t lg  slich largc apcrtuws nrol~ld 1)t\ 

prac lic.;~lly impossi1)lc. let do~ic. n~clchanic.all\- st ceriiig t hcni toward s l )cdic  c1irc.c lions. 

Ewn  ii  it wcw possible. tllc cost ivoulcl 1w prollil)iLiw, as t lie apcrturc\ arca is typic ally 

directly relatcd to cost. In sucli scenarios. t l l i n i ~ ~ l  array aut.ennas can be 11sct1. wlicre 

the cstciit of tliiii~iii~g cBan bo govcrnecl l)v t he systcwi l)~iclgct, For cxarriple. t l ~ c  vcry 

largc array (VLA) ratlio ; ~ s t ~ o r i o ~ ~ i v  I'acilitv [Napier. e l  al., 19831 cur~\ists of 27 25-nictc~ 

rcHcctor at~tcil i~as arrangctl ill a Y-slia~)cd array. The length of arm of tile Y is 

about 21 kilo~netcrs 

Arrny niitc m a s  t iln also 1)c ~isctl to prorl~iw hr-ficltf p a t t c r ~ ~ s  with highly tfircct ivc 

~ r i a i i~  bcai~w a i d  1oiv sitlc lolws. rcquircd by sat,c\llite ground stations, for cxainplc. 

They call be Icss cxyeilsivt~ t liar1 fixed apcrturcs and easy to ~~ian~ifacturc .  e.g., usirlg 

inicrostrip ;~iitcnila 01~111(wts. h I ~ r ( ~ o v ~ r ,  the c~loctronic ~ ( ' a ~ l i l i i ~ g  c apaldity of ,may 

w n t c n ~ ~ ~ ~ s  ~iimkcs tl1c111 s11iti1l)lc for s~~rvci l l ;~i~cc tmd radar tilq)lic.atio~~s. For clxainplc. 

they can rcylace thc rcliwtors whic.11 arc continuo~~sly rnec11aiiic.ally-roti~to(I ill azimutli 

to pcrl'oriil tlel ection iFll(1 t rxking 211 airports. ~ I ~ c t r o ~ i i ( .  st.ii~lrli~lp, can 1 ) ~  (lolic ~llut'h 

fast cr t l ~ i i  i ~ i o ( ~ l ~ ~ i i c a l  st ( \ (>I  iug, wliil(~ r q i i r i ~ i g  i ~ ~ i ~ i i i ~ x i l  ~ ~ i ; ~ i i i t ( ~ i ~ : i ~ ~ c c ~ .  

Tllc maiu tlisadvailt qy olarray antciliias is tlie clcf'on~~at iou of t hc. far-licltl pat t c r ~ ~  

iis t l ~ c  main 1)carn is st~a1111ed iliva? froin tlw broatlsitlc tfirettioii (pcrpentlicular to t hc 

arrdv). As the. s( an aliglc int rcascs, t liv a i i tc i~~ia  gab tlct rcasc3s i i i~ t l  the wi(lt11 of ~ t s  

111ilii1 l ) ( w 1 1  ~ I ~ c T C ~ ~ S ( ~ S .  T11is tlrawback can 1)c allo\xitctl to a great oxtcl~t 1'3' 1is11ig 

nullti-facctcd arrays. 
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T11c rccvii.c pcrforl11allc.c of 11igli gain a ~ ~ t c n i i a  ilrrA>rh is of1 ~ll(>il~ilr~'d AS a signal- 

to-noise ratio, or spc~c4icd1,y as tlic> gai11-t o-noix t (wpcwt i ~ r c  ratio, G / T .  The g y i l i  is 

i ~ (h i cwd  1 ) ~ .  t11v struc.tilrc of the i ~ ~ ~ t ~ l i ~ ~ i l .  cxm~prising the arra?. dircctii~ity il11t1 (>1c1nent 

gai~i ,  anel is r(di~(.cd by lactors siich as ~ l ~ u t u a l  c.oiipling, c lc inc~~t  ohmic. loss, f c ~ d  o1111iic 

loss. ant1 inlpc~(lanc~c 111ismatc.11 (liilkccl ~~ l~ i e \ \ ' h i l t  to t 1 1 ~  111~tllill c.e)iipling). The i~oisc\ 

tcmpc~;ltiirt~ has co11Lri1)iit ious lroni how t 11c recxivii~g 1)eal11 is illill~iinatctl I)y i~oisc 

soilrcc's (ar~tcnila noisc): lor otainplc t l ~ c  slq. has a tcrl~pcratllrc> ol  abut 3"K, arid thc 

earth is al)out 290•‹K. Thv t ~ ~ ~ ~ p ~ r i l t l l r t .  also has coil1 ri1)iitions lroir~ ohn~ic  1ossc.s il l  

tlic clclncl~ts a d  i r ~  the lccd 1)ctwc~w thr  ele~ncwts a i d  the rcceiiw, a~i t l  h i l l y  iron1 

t11(~ rccvii-c>r itwll. So lossc~s arc> iln1)ortaiit Iwcal~se they col~tril)utc twice ill the. G / T  

~ ) e r f o r ~ ~ ~ a ~ i c ~  1 1 i d  r ic .  1)ot 11 i l l  rc~cliic~ii~g 1 1 1 ~  gain a l ~ d  also in iiicrcasil~g tht. noise po\ver. 

For oxainplc, a 2t1B loss in ccic.l~ ol  the e l (wci~ ts  wit11 lwtls will co11tri1)iltc -2clB to 

t l ~ c  gain a ~ d  +2clB to t11c rioisc. so th r  G / T  changes by -4dB. 111 this thesis. t11c.s 

lossc~s are not explored fiirthcr: the rcwarch c~nyllasis is tlircct ctl towards t11c array 

gcom>tric c.onIigi~ratiol~ ancl t11(> pcd'ornianc.c\ ~nt~tric. is gcncrally confinccl to only the 

gco~nc>tric. dircctii,itp. For the el(mr11t esa1n1)lv. tliscilssed in C'l~aptcr 3, a g a i ~ ~  t l ~ c  

ol-mic. Iossos are not atltlresscd, jiist tlic polarizatio~i loss in thc w ~ l s c  o l  o1)timizirg 

t110 polarization purity. antl the fewling accaimcy for the circ.iilar po la r i~a t io l~  ~riotlcs. 

So t l ~ c  prlornianc'e 1ilt3tric.s in Illis tlwsis are t>sst>ntially i11cle1)e11tl(wt o l  t11(. 1ossc.s 

i l l  t l ~ c  levels aucl clc~llcuts. Howci-cr, t l ~ c  c h i c c  of sl~bstratcl pcmnittivit,i~ for 1 1 1 ~  

r > l ( w ~ c ~ ~ t  six(>, atltll.csscd ill C11iiptc.r 3 ,  has solnc impac.t on the lossc>s in the s(ws(> 111;it 

this c'11oic.c il1f1nc11c.c~ t 11r c1loic.c 01 su1)stratc (ar~cl tlic xu1)stratv losses) a ~ ~ d  lliay also 

alI'c.ct tlw 1111iti1al cwii1)lil1g, t l q ) c l d i ~ ~ g  011 11ow t l ~ c  a ~ ~ t c r ~ n a s  arc 1)uilt. I t  slwuld alm bc 

11otct1 tllat t 1ic sran loss. w11ic.11 is ~notlell(d h r w  fro111 (>st a1,lislicd c q ) c r i ~ n c ~ ~ t  a1 rt~siil ts, 

actlially i11c.llit1cs sorw ~ l ~ l ~ t  ual cvup l i~~g  i1111)acd . To S ~ I I I I ~ I I W ~ ~ ~ .  it is cw1p11;isiml 11151 

i t  is tllc :lrril,y gcunctr>- tliat is lwing addrc>wd.  antl t11at t1ie c>lomc.~~t. S c w l  a ~ ~ d  1ni1I11ill 

cwupling l o ~ ) s  arc  lot trcatctl dircctly in t his t llesis. 

Tlic tlicsis also lwuscs OII  high clircc.tivity (<lI~out 20tlB or I~iglwr) x rays .  This 

Ilioalis t l ~ a t  ol)stacl(~s ant1 t l ~ c  ~ l ~ o w ~ t i n g  p1atfor111 (lo 1101 11ai.c a major i1111)ac.t on 

t hc h a m s .  \\'it 11 1 1 1 ~  ~)ossil,lc c x c q t  i o l~  ol  t 11c (let ails sl1('11 iis t 11~1 o ~ I ' - ~ , ( ' ~ ~ I I I  cross- 

polarizatio~~ ol C'l1n1)tcr 3. E'or low dircctiirity arravs (al)ol~t 10tlB or lowcr) t l~crc  arc> 
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1.1.1 Multi-Faceted Antenna Arrays 



1.1.2 Conformal Antenna Arrays 

1.2 Applications of Multi-Faceted Antenna Arrays 



civilian and cwrirricrt iiil sj.stcriis. as cla1)or;itetl 1)clow and sliininarizctl in T,il)lc. 1.1. 

Esarnplcs of clsist irig applicat,ions iricludc t lie riiissilc site rwtlar (LlSR) sj-sten1 

arid the PAVE pliwsetl array warning systcrii (PAWS). Thc MSR systcrii. built, in the 

l970s, pro\.itlcs licniisplicrical cowrag(-. It i:, a 4-hc.c\ pvr;micl s~rpportirig idcriticitl 

plal~tir arravs ~ i t ( h  ~olitiiiliilig 5000 raclitit irig ~ l e~ i i i t~ l t s  : U I ~  1ia5 ki (1imwt or of c i l )~)~ l t  4 

meters iind a face clcvatioii iinglc of 63" [Bcll L~il)or;i to~~vs, 19751. Tlic~ PAVE PAM'S 

syst,cm \\-as tlcsigrictl lor \varni~ig of missiles and satcllitc trackiiig [Haft: 19781. It is 

c.ornposcd o l  two arrays wliich t ogel licr cover 240" in aziriiuth ( i . c \ .  . 2 laws o l  a 3-lace 

pyramid). Each ;irrily 1ia.s ,i diaiiict c>r o l  ; h o l ~ t  31 11ic'f crs and corit airis li'!lZ crossed 

tlipolcs o1.w ii c*ond~ictrng grouiitl plaiic~ [Fo~lrikis, 19971. 

Apl)lics. (1 t '  lolls 

h1issilc sitc ratl<ir s\-stcw [Bcll Lal)or;itorics, 19731 
PAVE PAN'S ~varriirig svsteni [Holt, 19781. 

a High-perlorniancc GPS receiver for radio riavigation and 
li~li(liiig IleJp a t  com~ii(~rcial airports [P;itlros et al.. 19971. 

a LEO satellites [C'aille ot al., 20021. 
Conii~iunicatio~i lo laiitlrovcrs r~ioi-ing ovcr rollgli tcrrairi 
[Bralidwood, 19981. 

a hlliltiplc Sliip1m;irtl SATCOM anl ,en~~as [E'c~lstewtl. 20001 
a Satclllitc tracking for ilcroiii~ntic.al SATCOnlI 

[hlilira ot a]., 20021. 



Thc 11sc ol ~ii~ilti-la;lc*ctcd R I I ~ C I I ~ I ; ~  arrilys has also I ~ c c ~ i  proposctl lor a varioty of 

q)~)l icat  ioi~s. Paclros, ct i l l .  (1997). iiiic~stigatcd t I I P  11sc o l  ;I ~il~ilti-lilcctcd w i l t  ( l i ~ i ~ i l  

c.olliposcc1 of l,wo stacked 6-lacc ~yr;ui~itfs for a higkl)(~rl~)~111i111~'~~ g l o h l  positionii~g 

syslo111 (GPS) receiver to l x  uscd a t  c.o~i~ii~crcial airports for ~~avigat ion and Imcling 

hclp. Cilillc. c t  al. (2002), dclno~~stratctl the use o l  a 24-ft~cc pyrai~~idal  a i~ t (wl~a ,  

whic.11 cor~f 'c)r~~~s to a lo~v cart 11 orl)it (LEO) satcllit c. Each im-iiy was coinposc~l of six 

inicrostrip ptc11 mtcwrias. The aiitri~lia cwrmd 360" i l l  azi~initli alitl (1" to 62' i l l  clc- 

vat ioi~,  ail(] alloivcd lorming up t o tllrcc. s i l r ~ ~ i l t  allcolis 1)cains to c111al)le coinn~unic at io11 

wit h sr\,rrill grouncl st a t i o ~ ~ s .  

Applicatioiis in moldc satellitc conin~u~~icatioiis i~~c.l~itle lising ill1 i l l l t ~ l l l l ~  i~lwcle 111) 

of 6 filccs of ;I tIotl(xahcdron (12-facc polyhcclron) for satclllitc con~~nunic~ition (SAT- 

COM) l,o laidrovers nloving over rough terrain [Branclwood, 19981. and for providing 

aoronmt ical SATCOM [Fdstmd. 20001. [hliura r t  al.. 20021. hilidti-Sacct,ccl ai~tci~nw ar- 

rays c m  poteidiidl~ rcylncc 1i1otorizc4 ginhwlcd rctllcctor aiitci~i~;ls ~no~i l~ l ,cd  oil irio1)ilc 

terminills [Targol~ski, 20041 to pro\.itfr silt c>llitc> coil~mui~icwlioi~s on-t l~c-l~iovc (SOTM). 

h[~ilt i- lac~t c d  i i ~ ~ t ( w ~ ~ a  m x y s  wcw also prol)os(d for lise as actii-c> p l ~ t l s ~ l  array 

radars. Applicatioi~s iiicllldc 11orizon slirveillal~cc [Tru~ik al~tf Pat el. 19971 (i.c., scail- 

11i11g ill aziinlitli oi~ly);  volu~l ic-scal~i~i~~g s ~ ~ r v e i l l a n c ~  [Mhtcrs ct al., 19981. [Tru~ili. 

2003], alitl slliphoard aiid ]ai~d-l)a:,cd t.rac.king autl discririiinntio~~ [Jablo~l and Agrawnl. 

2006] ( t  hc~  c~n-cmgc rcquirciiicmt pvr fact of' t11c forlricr cscecds that of thc latter). 

The use of a 4-CUT pvrm~iclal arr;l,v lor rcl~iotc terminals o l  indoor wirc~ltss LAX 

S J I S ~ C I I ~ S  was d(~inoi~sl rated i l l  [Ih~irti (>t d.. 19971. \vhor(> circularly polwrizccl patch ail- 

t Pllllil 0 1 ~ 1 l l ( ' r l t ~  \\.('I (' I ~ S C ~  1 0  hlll)I)S('bS llll\~illlt(Yl llllllti-pilt 11. . Jd l l l l lO~  a(], ('[ ill.  (2002), 

ii~vc~sl,igatctl t11r lisc o l  a 4 - f a ( ~  pyramid m t l  a 7-lacc pyra~uidal lrust~iin antcnila to 

rcpliw t l ~ c  cllrrci~t. 70-nlctcr rdIcc*t.or ai~tcima ~iscd for SAS.4-s D t q )  Sl)ac'c' Xdwwrk 

[Ili~l)rialc. 20031. Finally, ~ i u l t  i-facctcd arrays may hc used ill sil~art antcilila sysl,c.iiis, 

n h w  11i1ilti1)lc ir~tlcpcwlciit I)c.ai~~s may bc protlticctl ~ini~llt.ill~c~ol~sly I)y a siiiglc or 

~ i i ~ i l t  ipk\ lwos 

A:, ;I Iii~al ilote oil applicatioi~s. it sllo~ilcl I)(. iiotc~l that t l ~ r  iiicloor prol)agiition 

c~i~vironii~cwt is vcrj. tfifrPr(~llt, fro111 that oi satc~llitc ant1 n~os t  radar c ~ i ~ i - i r o ~ ~ ~ ~ ~ c n t s .  E'or 

iidoor. t l l ~ r c  1s (1~11s~ 11lllltil)iltll. Dilrmwt I)(~illrlfurl~~il~g algoritlil~~s wo111(1 ~)rol);lhly 
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1.3 Motivation and Approach 



1.4 Contributions 

Dvsig~~ing any a i~ t  ('1111il r c ~ l l i i r ( ~  i l ~ i ~ l t i p l ~  ( ~ x p t ~ r i i ~ ~ c ~ ~ t  a1 it~\riitiolls. This ~ c s ( ' ~ I T ( ' ~  I)iiilds 

1lpOll alltl ilrll)ro~~cs t1lC ~ L i l t t '  Of tllC art ill tlcsigllillg 1rllllti-fil('ot(\(1 i l ~ l f ~ l l l l i l  ilrl'ilyS. 

;111(1 i~iinh ;lt ~~rovidiilg clficic~iit I)CILIIS  to first, cwt tlcsigi~s to ~ ~ ~ i i ~ i i ~ i i ~ e  t11(' 11111111)(~ or 

cs~ )c+~nc .~~ t~d  it orat iolls. T ~ I C  ( 'o~~t r i l ) l~ t io~ls  of this I .cs( \~I~( .~I  t o t 11v foiir (l4g11 st agcs 

o11t linotl il l  Sc~.t  ion 1..3. ilrc 1)ricily i~~trotlllcccl liorc a i d  clahorat c d  i l l  tlle following 

cl~apt us. Tlicy i l~cht l (~ :  
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1.5 Organization of The Thesis 

This tliesi\ is orgaliizccl 21.5 l01lon.s. C'liaptc~s 2 tlirougli 5 1)rcsc~nt the contrihutio~~s 

ol t11i.s work to the f'ol~r dcsigl~ slagos. Dvtailcd iiilorniation ahout p r ~ v i o ~ ~ s  work in 

c ' i ~ ~ l i  stagc is p r ( w l ~ t ( ~ l  i l l  1 110 r(+,p(-'(.t ive c~11,iptcr. Cl1a1) tm 2 ilivolves the gcul~~c>t ric 

tlcsig~l ol  p\mn~itlal  alid pyrmlitlal S r~~s t  11111 ant(~l l la  al.rii>!b 1111~1 int ru(111c~'s IIPW t (~511- 

i~icp~c'st u c l c t c n ~ ~ i ~ ~ c  th(4r o1)l illla1 c.ol~ligl~rwtiol~s. C'hapt cr 3 illwst igatcs thc c irc~llarly 

pol;u-ixcd circdar 1)at(-li m t c ~ i ~ i a  w ~ ~ l  as t l i ~  m t ( w i a  ( h ~ ~ i t , .  i ) r~s(wts  ti tliorougl~ 

cmlnation of  it,s polarizatiou pcrforniancc~. and out1ilic.s 1 1 1 ~  criteria fur s c k t i ~ ~ g  t lic 

patc.11 tlil~~cnsions that optilriizc polarizat io11 p11rit.v. C11aptcr 4 foc~~scs  011 the dcsign 

o l  t l ~ c  planar ilrrays si~pport.cd l q  tlic al~tcl~ria 1ac.c~ am1 t q h i ~ i s  11ow to s ~ l c c t  the 
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array parametcm oS nn~lti-facctcd antenna arrays lor Lhc p r p o s r  o l  pcrSc)rr~la~lc~ wal- 

unlioll. Chapter 5 prcsc~lts thc c.omprehellsive evali~nl ioll Sralncwork used to c o l ~ ~ p r c  

tlio pc~rSorllia~ic.e of plaiiar, ~)yralr~idal, and 1)yramitld ln~st~irr i  antenna arrays. A 

s11llllllar.y ol co~ll ri1mtioiis am1 conclusions arc-' g i i w  in Chapter 6. 

Tliroc ~ L I ) I , ( \ I ~ ~ ~ ( ' C S  arct provitkl. A~)pc~ id i s  A prcscl~ls so1110 1)asic 1)a~kgro1111(1 

iiifori~~at,ioii i l l  the thoory oS a~~ tcmias  aiid a111 ulna arrays v,-liic.l~ is Srcqucnl ly roScnwl 

lo tllroi~ghous thc thesis. Appendix B prescwts i~lCor~rialion alwut t.hc i~~~lric\ric.wl 

~llcthods wed iu the gco~~lctric design stage. Fillally. Appendix C dcscribcs 11ow the 

di~iiensions of  pyramids and pyrsn~iclal h s t a  arc colnpi~tccl for use in the geometric 

dwign and porlor~na~ic~c cwall~ation stagcs. 



Chapter 2 

Geometric Design of Multi-Faceted 

Arrays 

2.1 Antenna Structure and Scan Requirement 

A 11111lti-faic.ct:d ai~t,enna array is simply a roilvex polyl~cclron. 4 polylwclro~~ is a 

tl~rcc-dimcwsi( ) i~al  solid t 11at cwr~sists of polggoi~s joincd at (hcir cdgcs. A liiw that 
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N for a pyramid. 
Q.9 = 

wlicrc. is thc total nlirnhcr of f;lc~)s (or arr;~yh) ill  t 1 1 ~  st r11rt I I ~ C ' .  

Figures 2.2(a) and 2.2(b) illustrate tllc full and gencml lle~nisphcricd seal1 c-ov- 

cr;lgc recl~~irc~ncwts, r'csl)cwtivclv. Usirg spl~er icd coordi11atc.s. gcucwl hclnispl~cricd 

cowrage can 1)c o x l ) r c ~ ~ d  as Lhc angular il~tcrvrd: 

For full (acllit h to l~orizon) c.ovcrngc, 01=0 and 02=7r/2. Using a ~ ~ y a m i d ; i l  array, the 

scail rcyuircllm~t is diviclc>tl among t1w .V sidc f a c ~ s  of' the pyr;ur~id usi~lg a sii~iplc 

vrit erion: 11s~ faoc I allen w t ( ( L  - I)$, I % ] ,  r ( .g i \~ t l l c~~  of 8. This caritmion is 

illustrated in Figurw 2.2(c) i u d  2.2(tl) for the ;,-face 1)jmmicl in Figure 2.l(a).  The  

Figurc 2.2: Illust r:ilion of the (a) full. ant1 ( 1 ) )  gcllcr;il hclnispl~c~ic~iil s c m  (.owrag(\ 
r( \(p~ir(>mm~t.  A I I ~  L h  (~or rc~s l )c )~~( l i~~g  s ~ * t  oral (wrcwgt> orit (>ria 1isi11g :l 5-f;iw pm111i(1 
(c and (1). and a 6-Eac.e pvralnidul fr~rust~lln ( c  allti 1). 
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Previous Work 



is dctcri~iiiictl grapliic~ally 1)asctl onc of two (.rileria. Tllo first c~itcrion involves ii~iil- 

iir~izi~lg thc ri~axiinum scail angle, wliilc thc otlicr c.rit,erion involvcs ~~iil~lriiizing t hc 

total nu~nber of array clcl~lci~ts (i.c., rnasimizii~g tllc c l c ~ l ~ c ~ l t  spacing), siich that grat- 

ing lo1)es do iwt appcar in \.isildc space. Tllc dcsiglls rcsillt ing froin tllc two criteria 

are ~ i o t  tli(1 sa~iic~. 111 ot 1 1 ~ ~  worcls, tlw for~~ic>r is ( - ( l~~:~l iz t i t io~~- l )as~( l .  while t I iv lat,ter is 

ilot. T l l ~  lot t 01 criterion rcwlts in a large1 ~naxi i i iu~r~ sew1 ai~glv, ailti 1ic1icc liiorc> scan 

losses, as wlll I,(- swli in Chapter 5 .  \\';ite~s. ~t ill. (1998) applic~l Corc\,'s inctt~otl. 

to e l c to rn i i~~~~  the fa(,(. clcvalioii of 3-, 4, ant1 5-1ac'c pyru~iitlal activc ;~rr:iy radars 

for covcragc cxtcnding froill xcilith (HI=()") to horizon (d2=9Oo) or to 43" elevation 

(H,=47). 

Eidstcatl (2000) ilscd ill1 approac.11 siluilar to that ol' Klnctzo to c.ompiltc3 Illc PIC- 

vwlioi~ of cvllcctioi~\ of 3-, 4-. and k i d ( >  facilig a l~ t  cwnns ; ~ l i t l  3-. 4-, and 5-sitlc faring 

al~lciii~as plus ;i zciiitli-facing iti~trnna. d i s t r i l~u t~d  iir01111(1 a ship T ~ I C  g ~ ~ ) i i ~ e t r y  is 

t111is ( ~ l ~ ~ i ~ i d ~ l ~ t  to tllitt of ~),vrii~llid~ aiid 1) j~~ii ie l i i l  Srliht a. r~sp(~ctiv(-ly HC wnsidorod 

full l~c~liisplicricd coverage will1 mid nit llolit roll and pitch ofL~cts. HC dctcrlnii~od 

tile elevation ii~lglcs nun~crically using a syil11)olic. rnatlleiuat ics soltwirc. Jathm and 

Agrawal (2004) provitled an otprcssiol~ to conipiile the face clcvatioii of :V-face pyra- 

mirls giwn i r  gcl~cral I~eiilisplicric~;~l c.owragc rcclilircllienl. Tlwir dcrivatiun was bawd 

on I(niotzo~s t ( Y  linicpc :111tl was providccl in [Jirl)lon and Agra~il l .  20061. Tlicy also 

usc~l Corcy's glap111c:il t1pl)roac.h to tlrlcr~iiiric~ tllc facac &vat ion wliicl~ iiii-lsiinizrs t lic 

t~l(mcwt sl):i&ig for 3- :uid 4 f a w  pyr:m~(ls. 

Tlw contril~lllioi~s of pre\.ioils rcwiirc~li ilrv s~lin~narizcd in Tal)lc 2.1. Tlw t able 

sliow that Ihr fact c~lwtrtion of N - f a c ~  pyra1nid:d frnsta for t lit. castJ of gclicr;ll 11cwii- 

spllc~ricd coverage rcquircmlcwt has not 1)ccn adrlrcssctl 1)oforc.. It will I)c ntltlrcssctl in 

Scctiol~ 2.3. It also shows t h r t  i~lnlost all 111c4hods arc. ccll~alixation-l)asccl, esccq>t for 

Chrcy's mc.lliod Illat nl;isi~liisos tlic olc~ricwt s1);rc.ing ;it t l i ~  cxpcilse of a larger miisi- 

inlilrl scam iillgl('. It w 1 1  bo ~ O ~ I I O ~ I S ~ ~ ; L ~ ( Y ~  ill Sect ion 2.3.2 t 11:11 t lir c~clli:ilizatior~-1)asccI 

approach is 1101 ;iln.a\~x opt i~ri;il. ;i~ld :1 n ~ n .  o ~ ) l i ~ i ~ t i l  iil)l)roi~('li will 1 ) ~  1)r(\s~llt(~l.  
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Table 2.1: A sunmiary uf prc~vious work in tleter~r~inirlg the facc clevat ion of pyramidal 

2.3 Optimal Face Elevation 

. . 
Source Struct~ire Coverage 

Full 

Full 

Ckncral 

Knit tc.1 (1965) 

Krrict zo (1967) 

Corcy (1985) 

Ap1)roacli 

E~~~~eliz;itic)i~-l)iisc~ci 

E(l1i;1liz~tion-t)i1~(~~1 

E(lllnlizwtion-t)iis~(l 

3- arid 4-Swe pyramids and 
5- t i rd  6-fi~cc p,i~riimicl;~l 
f'rusta 
N-face ~)yra~riicis mci A-f'acc 
pyrair~iclwl f'r~isl n 

A singlc array 
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Figurc 2.4: The gcwinctry of a pyr:~riitlal l rus tu i~~.  Tlw fare clc~ill,ic)l~. $,,. is ii~c~a\urccl 
ill tllc slliltld planc as L ~ p , ~ p ~ .  In t l ~ c  .rz-plan(>. dl ant1 d2 d c i ~ o k  the elevation scilll 
rcclliircmci~t . Tllc itngle dll tlcfii~cs t.11(. Imrtlcr l)c\ln.ccn t hc c-overizgc' arcas oS tlic t,op 
a l ~ d  sitlc fiic'c~ 
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2.3.1 The Equalization-Based Approach 

Pyramidal Arrays 

111 prev io~~s  rcscnrch, e.g.. [Kl~ietzo, 19G71. [C:orey, 19851. [.Jablon and Agr;iwal, 200G], 

[Khalifa aiicl Vtl~iglian, 20061)], thc facv (+vat i o~ l  tvas ol)t aincd 1)). cydizi i ig  t 11e Inax- 

~ i i i ~ i i i i  of[-axis scan a~lglcs. For t11c pyr;tiiiitlal al1tc11n;i array, t l~is  is tlol~cl I y  vcluat i ~ ~ g  

the al~glcs nip, m d  3,,, given by (2.5). Thc rcs~dt.ir~g fiicc c+vat,iou aid I ~ ~ ~ ~ ~ I I I U I I I  

sc,aii al~glc Sol gonorti1 hc~ii~isl)licrical cw\x1ragc arc c*oii~~)utetl as follo~vs [1<11alifa and 

\ri111g11al1. 20061)]. Si1lc.c the nuli11)c~ of faccs ol t l ~ c  pyraniitl. .V, is a l  lcast 3 ,  tllcli 

?;,, and ?;,, arc a u ~ t , e  anglcs. Mortwclr. since the. cosine E I I I I C ~ ~ O I ~  1s 111011ot0im~~lly (It>- 
A A 

crcasirig in Lhc. il~t,twal [OO. 90"]. t h m  il~stcad of cqui~t i l~g cos ' ii,,, .I;' and cos ' r r , ,  .v2. 

oiic can cqliate. 

Figlirc\s 2.5(a) mt l  2.5(1)) 1)lot t11c. 1ac.c ~ l ~ ~ i t t i o i ~ ,  L I ~ , ,  mtl  the 111dxi1111lir1 st.iL11 a ~ ~ g l e .  

y,,, of tlw pyraniid \wslls :Ir. rcspec.tivcly. for four tliff'crc~~t, cowragc rallgcls. T l ~ c  figure 

slio~vs that L',, i~iid ?[, d ~ ~ r ( l i l ~ ( '  as  ii~cw;~scs. I-lo~vc\-or, t lip rat c of clccwasc I ) cc~ )~ i~c~s  

i~cgligihlc for !V larger t l ~ a n  abo~l t  7. 

Pyramidal Frustum Arrays 



Tolal number of faces. N 

9 ,,- 12 

Tolal number of laces, N 

(11) klaximum s c : ; ~ r ~  atiglc, y,, vs. N 
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I I 
6 8 10 12 6 8 10 12 

Total number of faces. N Total number of faces. N 
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t811cll a foasihle solulion will not, esisl. For example, when N=4  a d  02=900, tllcll 

Bb=G0.3". Tlicwforc., a S~asil)lc solutio~i of (2.12) cari~iot 1)o foulld for coverage rauges 

[Q1, 90•‹]. wllcrc 8, > 60.3". Thc lack of a fvasiblc solutiorl indicates that a pyramitial 

arriy sliollltl I)(. usctl instcad, since. thc covcragc range lics so far bclow zcnith Illat 

tho use of thc top face b(~co111cs imncccssary. 

2.3.2 The Minimax-Based Approach 

a d  for t l ~ c  marc cuniplicatccl case of' thc ~)!~ralliitl:tl friistiil~i, tllc proI)lcr~~ is t l ~ ~ l i ~ ~ c ( l  

as: 

Minimax optimimtion prol)l(w~s arc  typic all), solvcd i~imcrically, 0.g.. [kIadsc.11 and 

Sc~l~jx~r-,Jac~ol)sol~. 19771. 

Not,(> that, 111~1ike t11c cclnali~;it.ioii-I~iisc~(-1 a~q) ro ,~c l~ ,  <I fcuil)lc soliitioll ol (2.16) 

alwaj~s vsists for ally \rillid (wr(mge rang(.. 111 siicll casts, \vl~cii tl~c' soliltion of (2.12) 

is illf~'ilsil)l(>. the so11itioi~ o f  (2.16) has 0b=81. This illdicat('s tllilt the top f;1('c is 1101 

~lrwlotl, i.c., a p~ra in id  rakllcr than a pvralllitlal fi-listillil sllolild be I I S C ~ .  I~lforlllatioll 

a l~out  tllc I I U I I I C ~ ~ C R ~  nlethods ~iscd to solvc~ (2.15) a i d  (2.16) is givcw in Apl)c~ntlis 13. 

Tlw val~ic~s of c1 aiid 7 ol,taillcd by solviilg (2.15) a d  (2.16) arc ]lot always tllc 

same i)s tllose found usillg tllc (\~lliali~;ltioil-bi1~~(1 approac.11 (Scr.tion 2.3.1). 111 fact, ill  

millly cbi~scs, lhc millilllax-l)ascd approac.11 results in lo\ver (i.c., Iwt t (T) values of 7 .  as 

will 1)c claI)orilt ctl in Section 2.3.3. In otllcr wortls. t1w cvllldimt ioi1-1mcd approach 

dew 11ot a1w~j.s givr t llc. o~) t  imal valllcs of c: illl(1 -y. All ( ~ ~ i l l l l ~ ) I ( '  is s11u\vi1 in l-?igurc> 2.7. 



2oi b0 4 30 &l A 
Face elevation. vp (degrees) 

Figiirc 2.7: T i ~ o  csanlplcs illitstratil~g w11c11 the l1w ii~asi~iuim scar1 aiigles c*or~~l)ut(d 
using t IN. cclll~1lizatiol1-l)i1s(~cl mtl  i~iil~i~nas-t-,ascd approacllcs are tllc saille and w11c11 
t llcy arc) tlilfwe11t . for a 3-facc lyraniitlal arrav: ( a )  i,,,,,,,, =>, iv11(\11 t llc c.ovcr.agc3 
I.iLiIgC is [oO.  go0 ] ,  ~ i l d  (1)) ?bmm < I V ~ I ( Y ~  1110 C.C)Vc'riLgC rang(' is [OO. 40•‹]. 



2.3.3 Comparison 

( f )  I\' -+ cm 

Figure 2.8: TT'lic. tliIlrrc>nc.c. I ) c ~ t \ 1 - 0 ( 3 1  t l i ( \  iiitlxill~liill s(.;i11 ;111g1(x ol)tain(d using t11~ 
o(~~~;1I iz :~ t i e ) i1 -1 ) (~~(~(1  , ~ l )p ro :~ (h .  -,,(,, a i d  t,liclt o l ) ta i~~ml using t 1 1 ~  ~ ~ ~ i ~ ~ i r ~ ~ ; ~ x - l ) : ~ s ~ ~ ( l  ap- 
~ ) r~ i l ( ' h ,  n~,,,,ll. for p~ r i~ l~ l i d i i l  ~ I I T ~ I Y S  ~vitll dilkrent va1uc.s ol iV. T h  darker t11~ slliltle. 
t,lw Iwrgor tlw diIIiw1lc.c~ I ) c ~ t w c ~ ~ l  y,# <, ant1 T,,,,,, . Valid c.ovcngo ranges liavo 0, < Q 2 .  
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( t i )  1v=4 ( 1 1 )  M=5 

(t) A' -, a 

solution as tlcscrihctl 1)y (2.14). 

For h01 h ( ' h h h ( %  of lllldt i-hWtct1 iL1 TdYS. ( 1 1 ~  ~ R W  11l('( ll0ds i1rC C ( ~ L I ~ V R I C ~ ~  ilSJrllll)- 

lotic:ally, i.e., ;is A' -+ cm, ;is h w 1 1  in Figurcs 2.8(S) 2.9(1).  For t l ~ c  pyramicl, E'igilrc-\ 

2.8 shows t 11;it t hc two ~~~etliotl : ,  its(. ~ q u i v a l c ~ ~ t  at ant1 near full hc~ l i i sp l~ (~ ic .~ l  ( ' o v ( ~ i i g ~  

(01=0 and 192 + 7r/2) for miall ,V. However, t 11(. t1ifImwc.c bc~t\vccr~ y,,<, i111d A~r,I1,,I1 

ill(-rcwscs ilh N ( I C C ' ~ O A S ~ S  a l~t l  ;is HI apl)roac.llc~s B2. Tllc s~rlall valncs o l  LV arc3 t hc most 

useful. as will bv slion.11 in Cliaptcr 5. Tllcrclorc, using tlw r1li1li111ilx-l)asct1 approach 

provitlcs a significmt improvcwlc~~lt over 1)rcviously rcprt,ctl rcwdts. 

On ( I N >  other 1l:intl. for tllc pyralllitlal fru~t~urrl. the two methods itre tquivalc~lt for 

H2 -+ 7r/2. of ~ 'o l~rsc ,  011157 \ + 7 1 1 ~ 1 1  w feasil)le soht  ion cxist S ,  AIor(w~,cr, t,ll(\ (liiI'cwlic>c 

1wt.wc~11 ant1 j(,,,,,,, ~ I I C ~ C ~ ~ S  as ,Ir (I(~~roas(~s.  This lligl~ligl~l s b(w4it of wing 

t 11c ~ l~ i~~ i~ l~as - l ) a sc . t l  npproiic~li. 41nilar 1 o t 11(1 I)\  I alllit1 c.asc. Fi11dl\7. 1110 11or1 iou of 
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2.4 Impact of Far-Field Approximation 



I sol I 
7 oa 10' 10' 

D~stance to array, d (multiples of 2 6 ~ )  

Dislance to array, d (mulbples of ~ d / i . )  

10' 10' 

D~stance to array, d (mult~ples of 231%) 

', l3; 32 10" 10, to' 

Distance to away. d (multiples of Z ~ I A )  

frcq~lcncy of 1.53 GHz. a i d  ~isirig D=8X. 10D"A alliouiits to a rlist.alicc of al)out 123 

mclcr:, t o t lic mtc~ilna. 

2.5 Lower Bounds on the Maximum Scan Angles 

Scctioii 2.3 prtwntc~l ii~ctliods to colripl1t.c the csact optillis1 ~niwilllurri xai l  aliglcs 

for pyramids m d  pyramiclal frlista wit11 a givcr~ riuiiiber of faccs. ;\I. Howcvcr. it is 

also llscfril to c~wiiiinc\ tlic lonw l>or~iitls o n  the ~ilasi~ri~iiii sciin aiiglcs, n,t,,,n. ol)t.;liii(d 

as A' + a. lo1 ,I g i \ w  c'uvcmgc raiigc 0 E [0 , .  O r ] .  S11c.h iliforiil;~tioli 1icll)s tlic ; i i i t ~ ~ l i ~ i ~  

(lc':,igiic\r 1 o d~t (~r i l1 i11~ 111~ i l l i ~ ~ i i l l ~ i i l i  r(d~it'tioli i l l  ii~axiril~ilii S C . ~ ~ I  t l i i l t  C i l l i  1 ) ~  i l t . l i i (~\ ' td  
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Sirnilwrl!r. l,lie lowor 1)olirlcl Sor t11c p\.rainicld I ' r ~ ~ s t ~ ~ r n  ( ~ 1 1  l)e dcrivctl using t l ~ c  

ccp~ali;l,at ion-basctl approach. as s l~o\ \ -~i  i l l  Figl~re 2.11(h), wl~cro 7 ~ ,  +yf, +if, =QL. 

H o \ \ - c ~ c ~ .  the ecl1lali;l,t~tio1l-I>i1\(~cl appro;icd~ fi~ils to liiicl a feasiljlc soliitio~l 11ndc.r t l ~ c >  

cm~tli t io~i i l l  (2.14). Blit sii1c.c t l~a t  cvutlit ion ~i~clic~atvs 1,llwt a pysalnicl. rather t1la11 

~)~rril~l~itl i l l  f r~~st l i ln  sho~~lcl I)(> usocl (Section 2.3.2), tllen the l o w r  I)oliild is g i \ rc~~ 1))~ :  

Figinc 2.11: Illlistration of 11ow t l ~ c  lowcr l)oii~~tls on tlic l r ~ i ~ ~ i l ~ l l l l ~ l  sc;111 m g l ~ s  arc 
clct cri i~ii~cd for tllc (a)  pyramidal and ( I ) )  pyrali~itlal frlist liin antcmia arrays. As :I; -t 
m. t l ~  aziii~iil l ~ ; l l  s ~ n  rcyuircii~cnt l)ccoi~~cs infii~it csilnillly ~111illl i ~ l l ~ l  ~ I I C  11lii~i11111lll 
swil ai~glc 1 ) c ~  o111c.s cloir~ii~ilr cvl hy thc c h x t  iou s c ~ r ~ i  rqiiircwicwt only. 



Equat.ions (2.15) m d  (2.19) sllon. Illat 1 lie lower I)oill~ds on 7 acliicved usillg the 

pyraniid m d  r he pyramidiil frustliln arc. 45" a ~ ~ d  30". rcspcct,ivcly. g iwn a full h n i -  

splic.rica1 c,overwgc rcquironlcwt. i l l  a g ~  coilicwt n,ith [Krnct zo, 19671. Moreover, they 

s11on that ~isirig multi-la-lcctcd arrays ~ ( Y ~ ~ I ( T S  the I I ~ W S ~ ~ ~ I U I ~  S('illl i l r ~ g l ~ s  for i ~ ~ y  co\.- 

cwgo rarlgc. For w r y  lirnit(4 co\-crago ra1igc.s ( H z  closo to mlit l i) .  l~owovc~r, it iilay 

I)(. X I I ~ I ~ ~ . I ( Y I ~  t o  I I S ~  a singlc p l n ~ ~ a r  arraj7. This 1s l)eca~lsc I11r i~~cmxsc> 111 7 .  a11c1 the 

tissociatcd scml loss and 111utun1 coupling iilcwaw. arcb ofl'set led hv t l ~ c  l o w r  m t c ~ m a  

cwnplcsity. A more clal)oral,c t l im~ssion on clloosi~~g t l l v  array slrlic.t.urc~ (plmar .  

pyralllidal, or pyrnlnidal frlist unl) and 1 1 1 ~  11111111wr of Sac(>s. 'V. is prcscli t~d in S C C ~ ~ O I I  

2.6 ant1 Cliapt.cr 5. 

Irr ordcr to rc~l11c.c the nlaxin~uln s c m  allglc hcyontl the l ) o u ~ ~ d s  givcw al)cwe, an- 

tc1111a arlays 111wtle ol  otllcr.. lnorc c.omplcs poly11cclr.a call I)c used. 01ic  alt~rnativc: is 

t l ~ c  stac.kcd 1))-rtir~iitls s11ow11 in Figure 2.12. which is similar to 1 1 1 t ~ t  1lsc~1 in [Pildros 

cl ill . 19'371 T l ~ v  fwcs of the polj-1icclro11 c.oi7cr r~oli-ovcrlill)pi~ig soclors ol t11(. llclni- 

s p l ~ c ~ k a l  I-olur~ie. a l ~ d  y is r e t l 1 1 ~ ~ 1  IN d i ~  i d i q  t110 olwat ion scan rcquircwic~~t among 

two s ~ d c  facvs. mstcatl of onc. This idcw is si~liilar t,o tlivitlil~g t110 azimutl~al scan 

Sallgc ;llllOllg tllC side ~ W C S  0s il p~7l.;llllid Or a 1)yrillllidill f~ll~t11111. It Ci l l l  IN' ~ l l O f ~ 1 1  

tliat the. lower 1)olllld 011 7 achieved usilig this slruc.turc> is 22.,j0 for 1'1111 1icrnisl)hcricd 

covcragc (using a similar argu~licmt Lo that  ill Figure. 2.11(a)). This Surllicr rcduc.tion 

in 7. Ilowcvcr, tunics a t  tllc cqml se  o f  nior(\ C O I I I ~ ~ C X  i ~ l ~ i l l y ~ i ~  alld i~~ i l ) l emwta  t im .  
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2.6 The Effect of the Number of Faces on the Max- 

imum Scan Angle 
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Mnrrmm rennh angle. 8, (degrees) 

wliich is typically tlircctly relat,cd to t l ~ c  a ~ ~ t c ~ m a  cost. T1iercli)rc.. only v;llucs oS 'Y 

1111 to 12 ivill I ) ( \  c o~~s i ( l (wd  11(w. 
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50'r 7,560' 

m 4 0 ' ~  ); 150' 

rn 30; ); 540' 
E 0 20'. 1;130' 

'0 15 24 4 5  M 75 93 
Minlrmm renw a g e .  6, (degrees) 

E / 
f 

' 0  I5 30 45 g0 15 90 
Mmrnurn zmnh a@e. 0 ,  (degrees) 

2.7 Summary 
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Chapter 3 

The Circular Patch Antenna 

Element 

3.1 Introduction and Previous Work 

Circula~ 1)atc-11 a ~ i t  cwiias arc' witlolv iisotl in 1 l l i 1 1 1 ~  :ipl)Iic'ilt ions owing to tliclir c.on~pac+ 

IIOSS i111cI P;ISO 01' l i l i l ~ l l l h~ t~ i r i~ lg  i l~ld iiitqgatiou wil 11 ~t hcr circ*i~it ( ~ l ( b i ~ ~ ( ~ i ~ l  s [Vtii~il~Iiil~l 

a i d  Aiitlcrscw. 20031. Tl~cir  alq)licatio~is i~icluclt' stilcllitc, rrchic.illar (aircrraft, c.:irs. 

l~iisscs, t railis), 1)cm)iial (ccllplio~ic~s, PDAs). arid nioldc c~ommiinic~~itio~is. Pat c.11 ail- 

tomas  ill gciwral arc low-gairi o l ( ~ ~ ~ i ( w t s  [H i~ i i~ ( ' i ~ .  19981. A~ltc~illli~ arrays typicxl1,v 
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cn~ploy Ion-gain C I ~ Y I I C ~ I ~ S .  ~ ~ p e ( * i i ~ l l y  W I I ~ I I  scmiiing is r ( ~ p i r e d .  in order to  iniiiiiniz~ 

tllc rctlliclioi~ in g i n  \vhcii tlic arraj. innill 1)cai11 is s c a ~ n c d  anxy from 1)roittlsitle. 

hlorcovcr. circ d n r  pat c.11c.s arc. slight 1)' ~ i ~ l i l l l ( ~ ~  tIlill1 thcir s(11lare or r ( ~ ' t  i l i ~ g ~ l l i ~ ~  (~1111- 

t,crl)arts [Wat(diouse. 2003]. 

Circdar polarization (CP) is typic.dly nscd in satellite coii~ii~~li~icatior~s,  ii~clnding 

~~iivigat ion syst(w~s, s i i w  its l)olarizatio~l c~fic~ieiicy is not dIccletl 1)v Faraday rotati011 

in the ionos~)licr~. unlikv l i i l c w  polarization (LP). For C'P antwi1as usctl for rn~iltiplc 

satdit .c coiii~ii~ii~ic.alioi~s. tlic polarization purit,v is 1)articlilarly iii~portant. 1)otll i l l  

thc tlircctioii of'inasin~nm gain a i d  also in the off-mis tlirc~ctioiis. C P  can also 1)c used 

to illitigiit~ liilc-of-sight r~lliltipat 11 f a d i ~ g  ill i n ~ l i l c  c'oi~liil~ii~i(';ltion ~vstciris because 

t 1 1 ~  ni~ilt ipat 11 t cncls t o I ) ( >  (1~1-1)olarized. c. g.. [I<;-ljiwara. 20001, [Ymg ;ir~d R;~liiliat- 

Sitillii, 20021. Scailiiiilg arrays wit 1.1 CJP rail iisc' scqwi~tiill c~lci1ieill rotatioil [Hall 

ct al.. 19891. for cxalnple. to  inlprovc the. polar i~at ioi~ plirity. Sovcrtliclcss, wlictlicr 

a sii~glc i~ i~ tcnna  or ail a i~ t en i~a  array is 11setl. t l ~ c  co-1)olar gaiu a i d  tlic. polnrizatioi~ 

c+Iicknc.~. still tlcl)ci~tl oil t11v cross-1)olar patterns of the a r~ t c l l i~ i~  clri~~cwts Tllcsc\ 

factors inoti\wtc ail iil\vstigatio~~ of' tile up1)e~ 1)011ii(ls 011 t 1 1 ~  l ) o l i ~ r i ~ a t i ~ i i  purity of 

the circular l ~ t c h  ai~tciiiias. Incorporating lactors sllcli as inost fii~itc groni~dplanc 

cbfSc:cts or inutllul ro~~plii ig,  will iionnally afrvct I . 1 1 ~  polarization purity, ill particwlnr 

i l l  t 1 1 ~  direct loris aloi~g t l ~ c  g r o ~ ~ r ~ t l ~ ) l a i l ~ .  Ho\~cvc>r, ill  inult i-fac*cjl cd ant c ~ n a s .  t lw 

tlircctioi~s o l  I I I ~ C T C S ~  ;IS(> ;1\~il\. Sroi11 1 1 1 ~  g ~ ~ ~ ~ ~ ~ ( l l ) l i l i ~ e .  i . ~  \ v i t l ~ i i ~  ill ruost 03' ilI)ol~t 

I)roatlsitle as (.a11 l)c scwl ill Figurcs 2.5(1)) a i d  2.6(1)). 

Tile polarizat,iol~ p~n-it.y o l  ; u ~  L P  or C P  a111 c1111a ma?; bc. tl(wri1)cd 1)y t 11c cmss 

polariza 1 io i~ ratio (CT'R), d(~fii1ct1 as t1w r<it io or caress-l)olarizatioi1 to co-1)oliirizat ion. 

Hamcn [Hailscw, 19871 ii~\~c.stigatcd thc CPR of c.irc.ular a i d  scluarc patcd~cs. u s i ~ ~ g  tllc 

cavity i~~ot lc l .  Imt oidy lor tlw LP  caw. 

The C P  kr-licld pattcmls m d  thcir c~oiiipol~ents arc aziiin~l hdly syiiiii~ct,ric. as 

will I)(> sho\vi~ i l l  S(1ctioi1 3.3. u111ilie the LP 1)at tcnls illiislri~ted in [ V ; ~ L I ~ ~ I ~ ~ I I .  19881. 

C'orrcs~)onclingli-. tlwir CPR 1)chvior is quit (> clillcre~~t l r o ~ i ~  111(> LP cast C'P circ-ular 

patc.11 d(wigl1s c.olltillll(~ lo  of illt(T('s1 i111d h(\\'('l'ill l l i l ~ ~  1)Wll pl 'ol)O~~d. C.g.. [Hllilllg. 

19841, [\Vong ;~iid Cliioli. 2001]. [Boccia ~t al.. 20031, and [Bnsilio e l  al.. 20051. For 

1 hcso (l(~sigiis. oi~ly 1)ilt t ( T I I  ~111s of t I I C  CO- and cmss-polar pat 1 ~ 1 1 s  wrc. prcwwl cd. 



3.2 Antenna Structure 
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Side view 

Plan view 



3.3 Far-Field Radiation Pattern 

wllcre the liricarly polarized c~omporicnt,~ arc: 

w11(w Q aiicl $ arc ,init vat t 01s along th(> Q m c l  ch (1irvc.t iui~s, l ~ ~ / " ' = l ~ ~ ~ ~ J , ,  ( k o )  IS t lw 
A pcwk vollitgc at t .1~. etlgo o l  t11r patch, n is tllc patclr radius. aiicl k=" . J ,  is t110 Bcw~1 6' 

f~inction ol t 1 1 ~  first kiid and ortlcr 7 1 ,  aiid J,, =(Jn+l - .Jn a i d  . J~=( J , ,S1  -t .In 

\ v l i c w  ,/, = J,, (kc1 sill 0 ) .  A tiiri(\ ( ~ ~ ) c I I ( ~ P I I ( ~ c  of (Jut  is ~ISSII I I I ( ' (~  for t lic fields. E(l~i;lf ion 

(3.3) shows that only tlic 1/=1 rriotlc 1)attmi is iioil-~ero at  1)ro;ltlsiclc. as illlistratcd 

in [Va1iglia11. 19881. Otllcr mo(1~s haw thcir peak gains a t  mid-clcvat ion aiiglcs. 

tlopciitli~~g oil 17 aiitl ct, as nrill bc~ ch1)oralctl 1)elow. 



wlicrc t 1ic 0- mid $-coinponoiits are: 

rcy)c'ct to 4, 1111likc the cos r i ( p  ~rlodos. Fur (~xi l i~ipl(~.  Figure. 3.3 sl~uws li~war ])lots of 

iiirori~~ation ahout thc graphical rcpresciitat ion ul ratliiitiun pat tcrlis). Tlic pat tori1 

iiiagi~it11~1os are o11Iy p l o t t ~ d  above tlic .r!/-plaiic~. Howover; thry arc3 syi~in~ct.ric a lmit  

(:lit pat t c~ i i s  (lo iiut cllal~ge n11ic~11 Tor a F ,  nl)o\.c> 2, and (lo ~ ~ o t ,  c l~a l~ge  inuch for t h ~  

Iiiglwr 1110dcx So. E'ig~irc~ 3 . 3  is rq)wscut.at iw uf all 1)ractic.al 1)oriiiittivitics i l l  t llc 



C'HAPTER 3. T H E  CIRCC'LA R PATCH ASTE-YlYA ELL;.\IEST 

3.3.1 Assumptions and Limitations 

T l ~ c  riug sourcoc inotl~l for thc circ*~ilar patc11 aiit~1111a. ill (3.3). assu1ilc.s ail iniiliitc 

groundplane. 111 ~)r;wticc. a Iillitc gro~il~tlplanc~ can :~lli:ct the i11ipctlunc.c i l ~ l  tllc 

l)atterii-sl)(~c~ilit.a~lly at luwc~l(wa tioil anglcs. SiniilarI>-, ally surf;ic.c wtvos OII a con- 

tinuous snl)sli.iltc inay also all'cct the p i t  tern. Finitc groundplaiic~s may i~~lprovc tho 

po1;irizatioii purity at lonr-clcv;itio~~ aiigl(~s. Houwc.r. i11 thew cascs, thc gro~ii~tlpl;inc 

s t ruct~ir i~.  i~~c.l~itliiig its edges, coiuprisos it ilcwssiiry part of t11e aiitoi~lia ;d t IIC siiipJ~ 

ir~;~giict ic riilg su11rc.c: that is ~isctl licrc. mo<l(k ollly part of silcli ;I radiatii~g struct,iirc. 

Tllc iinpact 01' ;I sii~all gro~iiiclpl;~i~c~ is (l(~111011str~~t~d ill Swtioil 3.2. 
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3.4 Cross Polarization Ratio 

3.4.1 Co- and Cross-Polar Patterns 

The polarizatioi~ of an  antcni~a is that, of thc plaiw wave t r ans i~~i t t cd  by that  a i ~ t c ~ m a .  

T11v SOMO of ~ ) o l i i r i ~ ; ~ t i ~ i l  of C'P 11~1s l)ooi~ a so11rce of cmgoii~g co~d'~~sioii  l ) ( ~ t w ( ~ ~ ~  the> 

i l l l t ( ' l 1 l l ~  and 1 1 1 ~  pro~);lgation (-or~il~il i i~it i(~s,  SO t 1 1 ~ '  (Icliiiitio~~s I I S O ~  Iierc arc. I)ridly 

rc\,io~vcd ill  ord('r to avoid mhiguity.  Accortlii~g lo t hc IEEE sti~r~tlartl [IEEE. 19791. 

a i d  ~ s s~ i i n i i l g  a t iiiic tlcpei~tlcim of ~ 7 " ' .  t 1 1 ~  scnsc of CP is t l c t cn~~ i i~od  by vicwii~g t11~ 

polarizat io11 PIAIIC, \vlli(+ ( V I I ~  a im t 1 1 ~  ~,I.~LIIS\TCTSC clv(*tric Iieltl vcc-t or., with t hc w . w w  

tlirc>ctioli ilioving away t l ~ c  ol)sc-.r\.c.r. Al a fixed poilit i l l  space.. if tlicl tip of t l ~ c  \-cclor 

rot :itc>s (.lo(-kv is(. as a fliii(.t 1011 of I i iw .  l 1 1 ~  \~il\ 'e is right-11a11d (RH) polarized. For 
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couillcr clockwise rotation, it is Icft-lialld (LH) polarizctl. If tlic tiiiw ~ I O I ) C ~ ~ ~ ~ C I I ( Y ~  is 

takm as c . I u t ,  t1m1 tllc RHCP niitf LHCP arc rcvcrsed. 

Csii~g lllc coinplcs vcctor rcprcscntwlioll [Stutznlan; 19931. m c l  assunling RHCP 

is I l l ?  (80-pol:irizntion. t110 c~oii~l)lcx unit vodors asscxkited wit11 tile two ort11ogoii;d 

C P  polarixatioii states, i.cl.. c.0-poliiriziltiori (RHCT') ;iiid cross-~)olari/,alioil (LHC'P). 

arc: 



Fig~lre 3.4: 

polarization, 
For 1 1 1 ~  n = l  

Tllc relatiollshil) I)ctwccl~ tllc tlircc*tiorls ( m ~ i t l l  anglcs) wl~cw t l ~ c  co- 
IF!;;' 1 ,  peaks a i ~ d  tlw sol)strat(~ reliltive pcrmittii.ity Sor i l lodrs 2 and 3. 

In1 ~uodc,  1 F,, 1, always peaks at  0 = 0". 

3.4.2 Maximum and Distributed CPR 

1 E!.;!] (0: ( j )  1 
R!;~(O!  4) = 20 log,,, Rl7'.l (0; 0) = 20 log,,, 

~ P ? ( o ~  @ ) I .  
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Figure 3.3: C!i~ts of tlic dB-scAe ~~~agriituclcs of tllc co-1)olar (solid) autl cross-polar 
(dot tctl) patter~is at. Q = 0'. of CP c.ircbi~lar patch a~ll.c~nnas o f  nlodcs 1. 2. mtl  3. using 
tli1I'cwnt s11l)st rate ~elalivc ~wn~~i t t iv i t i cs .  Th(1 cmnspontling pat.ch ratlii~s is 1ist.d for 
eacli a i ~ t o ~ ~ n a .  c.oiifiguratio11. The patlcrils arc s v ~ r ~ i ~ i ~ ' t r i ~ '  ~ I I  ( p .  

The CPR. R. as defiiwd ill  (3.9); ushg  t l i ~  ai111)litlide ratio. is rctlatccl lo / I ( :  ~isiiig: 
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Tlierdore, a lwt t,cr polarization purity trarislatcs iiito a low valuc of t l i ~  CPR or ail 

axial ratio magnitucic> whic.11 is chsc to 1. Fig~ii-c 3.5 shows that. for the. n = l  rriotle, 

tlic pircst 1wl;irinnt ion is i i l~i lys  acliievrd at broaclsidr. wlirrc R[']=o (R!:~=-W) 1111d 

IAllIl=l. 

111 multi-facet ctl antclnna arrays. a d  ot l i c ~  1)ract ical sccwarios out liiictl in St.c.1 ioii 

3.1. tlic aiitcniia is not r c c p i ~ ~ d  to covcr all clireciions, iiicludiiig along tlic. gr0111id- 

planc This is fort uit 011s hcc~ausc~ a fini tc grol~l~tlplanc affclcts 1110 acmraq-  of t hc ring 

sollrw niot lcl at  low-clcva t inn angles. as notcd ill Scct.ioii 3.3.1. Illstcad, t . 1 ~  pat t crn 

modcl is only required to cover a liir~it~cd scml sector aro~lntl broatlsitlc, viz.. an aiigular 

iiitcrval tlcfiricd as: 

The inini~~~ii iu  CPR (coiic~~poliding to tllo l)c1st polarimtion plritj,) ovvr this sc.uii 

sc.c.t or 1s dcfiiicd as: 

nl;;!,, = 20 logln ~ I I ~ ~ I ( I ? ~ ~ I ( H .  (1)). 
(I,@ 

(3  13) 

For the 1)romlsidc motlc. O1 call l)e set to 0". For liighcr ~ ~ ~ o t l c s ,  H1 sho~llti 1 ) ~  scd 

to a largcr value to niaiiitaili a dcfiricd val~ic of CPR. Figure 3.3 shows that for tllc 
I l l  I11 n=l ~i~oclr., R,,,,,, i l l ~ i ~ ~  oc.cllrs a t  8=0•‹, ~ 1 1 1 ~ ~ 3  IFrr 1 v~nislws  lid 1in1ce ~!,,!,,=-m. 

I For liiglir~r 111odcs. R,::!,, varic~s c l q ~ o i ~ d i ~ ~ g  011 t lie c ~ t e n t  of t t~o  S ~ ~ ~ I I  scc.tor ((lie m ~ i t  11 

i l~ ig lc~  81 illal B 2 )  nilel i t  docs ~ io t  o r ( w  ill tlic c l i 1 c ~  lion wilcrc / is i~~iixil~~lli i i .  TI1v 

I I I ~ X ~ I I I I I ~ I ~ ,  or nvrst, C'PR owr t hc scaii scctor is sil~iilarly clrfinctl as: 

sc.xc:h of tlic 2D ~I);".P of tlicl p;ltt(\ril hil~('t ions is rrquired to fiid R!::!,,. mtl  (his is 

11o11-tri14d. Fi~i;illy. tl~cl (list rihu[,ul, or I I I ( Y ~ ~ I .  CPR owr t hi> SCNI swtor is clehwd 21s: 



3.5 Results 



CHAPTER 3. THE CIRCULAR PATCH A:\TLYX14 ELL;!I/IL;ST 
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Figure 3.6 (right) i11~0 d l o ~ s  a siidrl(w (.111111gc~ ill t l~ ( '  i31110 01. R!::!~,  Sol id1 t11rc~ 

motlcs. i m r  6'2=750 when f 7 = 1 . 1 .  T h e  rwson for this c - l ~ a n g ~  is Illat, the\ cross-polar 

pat teru clwrcascs near that anglc and t l~cii  incwascs rapidly as 6' i n c ~ a s c s .  iintil tlw 

ctrpolar arid cross-polar pat terns cventiially l)ec.oinc\ ~eliiid at 6'=90•‹. This can t)c s c w ~  

lrom 1 1 1 ~  p a t t t n  c.lits sl~owii i l l  Figurc 3..5 (scc~)i~t l  row). The chai~ge in tllc c,=1.25 

curve iiear d2=400 for thc broadside inoclc ( n = l )  call also 1)e explai~ietl usiug tllc 

pattclri~ clits i l l  Figurc 3.3 (lcft-ri~ost iigurc. on tllc third row). T l ~ c  co-1)olai- patter11 

starts  to clccwnsc~ n w r  H=40•‹ wlde  t l ~ c  c.ross-polar pattor11 starts  to ii~croasc~ ilcar tllat 

a i ~ g k .  0 1 1  t 1 1 ~  othor IIRI I ( I ,  for t 1 1 ~  I ~ i g l ~ ~ i -  111odvs t)oth t l ~ e  co-polar and c-russ-j)ol;rr 

p;~t  t c ~ i i ~  ( h i l 1 1 ~ ~  ~ 1 1 1 0 0 t 1 1 1 ~  iiS 6' varic\s l ) ~ t i ~ ~ ( ' i ~  0" and 90". 

Figure 3.7 sla)ws similar rcsillts for tlw dist.ritmt(d CPR,  R'~". whirl1 is 01 ~ 1 1 r s ( ~  1css 

t 1 ~ 1 1  01 ~ ~ p l l  to R;,';!~, It is (nl~fir i l~il t  R"" c d i i 1 ) i i  s sili~ililr t r c ~ ( 1 ~  iis tllosc (~xliil)it(~(l 

by R!:!,~ in Figure 3.G. The results hcrc proviclc the clcsigner with knowlc~lgr ul  t l ~ c  

limiting 1)olurization puiity for a. lwrgc. gioliiit1~)lmc i i i~~)leinci~t ation. For c s a i~~p l c .  
[ ' I  Figlircbs 3.6 ui~tl 3.7 slio~v that for- the r r = l  modc. wllri~ 0 E (0. 30"). 1)otll Rn,,,, a i d  

-111 R (*ail be rctl~iced drnniaticall~~ bv usii~g a moclclled pat(+ radius oS 0.26Xo (t,=1.25) 

ii~stend of. lor rsariq)lc. 0 29Xo ((,=I).  

Sincv the. r~~ag~~ i t i i c l e  of tlic axial ratio, 1/11. a d  t lie CPR,  R. arc related using 

(3.11). 1111 cs11il)its siiniliir t rc~ncls as those, csliibitcd 1 '3~ R i11 Fig1irt>L3.6 a11d :3.7. 111 

otlwr words, a low value. of R corrcsponcls to  a value of IAl t l ~ a t  is c.losc to 1. i.c., O 

dB. E'igllrc :3.8 l l l l l h t l ' ~ ~ ~ ~  ill1 ( b~ l l l l l l ) l~  for f1lC 11=1 1llod~. If p lOt~ the l l l i l ~ i l l l l l l l l  i l ~ i i l l  

r a t h  (A!,,(, n h ~ l l  c*orrespoirtls to tllc iilaxiir~im C F R ,  wrslis t11c. patch racli~is iultl 
1.1 t 110 i r ~ ; ~ s i n ~ u i ~ ~  zcmitl~ ;iiiglc, rcq)cc.tivcly. It cs11iI)its silnilar t x h v i o r  to t hut uf Rn,,, 

S ~ I O W I I  111 Fig111.v 3.6. 

Finally. wi: mt,e that t,lw choice oS rclativc permittivity oS ;11)o11t 1.25 Sor tllc 

c~lc~iilcnt has ail i ~ ~ ~ p o r t  will impact oil an itrray syst c ~ n .  If t 11~1 ;irr;lj. is const riictc(1 wit 11 

a ( v l ~ t i i i ~ o u s  ~ l ~ h ~ t r i i t ~ ,  t h 1  this is i i l ~ ~  11cilr t . 1 ~  viilrie which h 5  t 1 1 ~  1cw-A s ~ ~ r f a c c  

L Y ; ~ W ,  il11(1 1~i1:;I i1111t i i i ~ l  c ~ ~ i p l i i ~ g  (Privt~tc' (wrli~Iiii~ic~at iuil wit 11 Id. Sldt l i ) .  SO 1 1 1 ~ 1 ~  is 

a clou1)l~ 1)cnefit lor array pcifoririancc 1,- using c, % 1.25. So111r foain riliitc~rials aiv 

avai1al)lc lor this snf)st ratc I ~ I I ~ .  
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3.5.2 Application to Multi-Faceted Antenna Arrays 
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- s -lo + Pyram~d 
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0 . .  - 2 -Y] o-."-'0..a..6 - 
- 3 3  6 9 
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Total number of faces N 

3.6 Effect of Implementation Tolerances 



wlltw l3I1 a i d  Etl  i ~ r ~  giwn ill (3.3). The p i ~ ~ a i ~ l r t ( ~ s  .r,, r,). 811d TI ro~) r (w~l t ,  

~ O ~ ( T R I I C ' C S  ill aiii1)litucic~. pllase sllift. arid fwd position. rc~spcc.tivcly. For an itfcal 

iiii~~lcii1c~iitatio11, T, = IT], = TI = 0. 

Figure 3.1 1 shows linwr 1)lots of tlw ro- a i (1  (TOSS-polx pa1 t c ~ ~ s ,  d:)] (9 ,  d) a i ~ d  

k;':I(e. o), b r  a 1)m;dside-iii(dc patrll nit11 air air sobstratc (6,=1). with and witllout 

i i~~p lc~nc i~ l a t i o i~  to1crmc.c~~. Tlic pat tcrns arc roilq)uted ming (3.8) and (3.18). Tlic 

c ross-1)olai p ; i t t e~m arc c~lil,irgPcl 1)y a l i i ~ ( ' ~ ~ i  f i l ( ' t 0 ~  o l  six Tlio figlirc slio\vs 1 11iit . i l l  

the p r ( ~ i i r ~  ol' toloraiires. tli(1 ( ross-l)ola~ ~ > i l t  Lor11 iio loi~gvr ~ - m i s l ~ ( ~ s  at  t)roa(lside~, 111 

otllcr words, tlic ~)vliirizatioii a t  broadsitlc is dliptical, rilther t hail pcrlcctly c.irc.lilar. 

Figlirc 3.11: Lincwr plots of' t hc. lllilgllit lid(> of t l i (3  (.o- allti (~oss-pol i~r  ~ ) i ~ t , t  WIIS ol 
a11 i~ir-s~rl)stral (> l)roildsidc-ir~o(l(~ (:I.' cbircular 1x11 (dl ~ 1 1 1  i~ll(l wit 110111 ii111)1(~1110111 i~ t ion 
t olcw~i~ws. 1 F( (0. p) 1 is (~iil:irg(d 1)y i~ li~icwr Sac1 or of 6 



3.7 Summary 



~notlcls wcw usctl to rqmscwt t l-I(. I'ar-licltl r a d i i ~ l i o ~ ~  p~t t ,e rn  of broaclsitlc m c l  I~ighcr 

ort1c.r 111ot1c ~);~lc'hcs. Tllo 1)roaclhitlc 111ocl(5 i:, (,I](> rc.lcvi~nt ii~otlc lor i~~~ilti-I'ac.cttd ill]- 

t c ~ l ~ ~ a s ,  wldc liiglicr order ii~otlcs arc used ill o( Ilcr applications. (..$.. rooStJop-moll~~tctl 

wllic41ilar alitcnilas I'or tcrrc%trial lii~ks. Tlic c80iiil)lcs vc~ to r  po1aliz;itioll rClx(wi11 il- 

lion was thc i~  used lo o l , l a i~~ 111c co- am1 cross-lwlar ~mt.tcnls a l~t l  c.ross poliuixalioi~ 

ra1ic)s. Thc~ I I I ~ X ~ I I I ~ ~ I I  a ~ ~ d  dislri1)utcd crc):,s pu1ari~alic)n tatius \ v ~ r c ~  c'oii11)~itotl owr 

ai~gular s c ~ l o l s  al)out t 1 1 ~  1m)actsitlc clircc.t,io~i ol' 1 1 ~ .  pnlcli. a d  p r t w ~ ~ l e t l  as tlc3higl1 
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hlorco~w. w h i  patch ailtc~iiiws arc ~ i s c ~ l  21s tlic' antcnlla clelllcilts in illillti-fail( C L C ~  

illlt(~1lllil iirri1lrS, t h ~  1);lt~'h coverag(. 0 1 1 1 ~  csttwcls to  irt most G3" dcgrces about t l ~ c  

patch l)roaclsi(lc dirc.cdhli. This is Sortuitolls sill(.(. tllc ~iloclols llscd c.almot 1)c osl)cctr(l 

to t)c wc.iiratc3 i l l  dilw.tions ( . l o s~  to the groi~ildplitrw. Finally. 1ii1111cri(A results wcrc 

l)rcwlltc4 to clciiwmtratc~ ~ O I V  t 1 1 ~  p o l i r ~ i ~ ~ ~ t  ioli p111.1t~ i i~cr~asos iiS t l ~  11111111)~~ ;irrilY 

S X P ~  in i i  ~llillt i - fac~t(d illlt('l~llii N I T i Y  is ill(.r(ws~d. 
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~~yraiinidal i'rust~iiii, as cxplaiiicd in Sect iuii 2.1. 

K~iittcl (1965) used t,lic licwigoiial gricl to co~npare the pc~rf'or~wincc oC 3- i111d 

4-lace pyraniids arid 5- ;incl G-face pyraniidal frusta. He set 11ie c~lciiiciit spacing lo 

pvriiiit oiil\7 gralii~g lo1)c.s (GLs) at cndlirc. lor soim s(ml nnglc~s a i ~ d  ;iss~irricd c-ircular 

radialii~g apcrt11rc.s wcrc used or1 cac.11 lace ,Jainnc.jad, ct id. (2002) also iiss~llr~ctl 

the use of cirt ular array apcrlurcs. Kinetzo (1967) c~onipit.et1 lhc rlonicnt spac.ing oE 

a 3-fact pyra1iiitl;il frust 11111 lo avuitl lhc. loriiial ion of GLs ill  l 11v visil)lc~ s l ) ; i ~ ( ~ .  Ho 

couilxlrcd tlic use oE rcdangular. liexagoiial. niitl isoscc~les trimgd;ir  clcnicwt grids ill  

that hlistliin, a i d  sl~uwccl 11iat tllc laltcr rccl1iirc.s tllc Icasl 1111inl)cr of c~l<~i~icnts. 

Curvy (19%) i ~ 1 ~ 0  11scd t110 110~~g~l l i11  grid a i d  clc~tc~iniiic~l I llc (~10111(~iit ~ ~ ) i ~ ~ i l i g  ii)i 

a siliglc array give11 a cwwrage rallgc tliat is liii~ited in (~1~\7i1tioli and i ~ / , i i i i ~ l l l i  (111is 

rccllrilx~rilciit is siiniltlr to 1 hilt of a side fa(.(. i l l  a p,vraniicl or ;I l),vri~initl;~l lrnstuiii). Hc 

used ail itcrat i w  graphicaal lc\cliiiicl~ie to tlclcriiiiiie tlic array c\lwation ;111(1 ~10111(~111 

spacing such that. GLs do uot appcwr ill visible spaw \vlnilc cithcr (a) i ~ ~ i r i i i i i i ~ i ~ ~ g  t.11~ 

ii~;~xirnii~ii sc5a[i ai~glc. or ( I ) )  ~nasi i l~izi i~g f lrc clcinc~nt spa(-ing. 

\\Jatcrs. c.1 al. (1998) i ~ ~ i i ~ ~ c c l  tlic iisc of squarc array a ~ w i  tlircs wheie o l o ~ ~ ~ ~ i i t s  

arc. lait1 on a hexagonal grid, and applied Corcy's nlc4hocl to tlctcrii~inc tlic elcmci~t 

s1)atiiig. ill ortlcr to  cviilp;ire 3- ,  4. ant1 5-fi1(.(\ ~),vraii~icl;il arravs. .J;il)loi~ ant1 Agrarval 

(200G) alsu 11ml scpi;lrc. ;irrajrs, il hesagol~i~l gricl. autl Corcg's il~c\ll~otI lo t le tc~mii~c~ 

tlic opliinal clcrncnl, spaci~ig. lo  c.oiill)arc 3- a i d  3-S:ic.v pyran~itlal arrays. 

The prcvio~is wurlc olillil~ccl al)ove is s~iir~iliasizctl i l l  Tablc -4.1. Dotails ;lbuut t l ~ c  

ddiiiitions of tx~sic i111d opt,iii~al cI(wic~nt~ s1)aciiigs will I)(> gi17~11 ill  So(iioii 4.:3 I)(~lo\v. 

All rc.liwllces lislcd i11)ovc i i ~ ~ ~ i ~ i i c t l  t liat. the iIrrilJ7 eelcnic~l~ts wcw isolropic, i.e.. only 

thc plallar array lac.tor rat 11cr t 1 1 m  SC)IIIC\ ~ . ( > i l l i ~ ~ d  ~.ildiiitioi~ l ) i ~ (  t(-~11 is (vi~si(lcwd. 

Alorcovcr, all ass~l~iictl that, tlic i ~ l c ~ n c ~ l t  cxc.llatioii was iiiiifor~~i. T11o followi~ig S N -  

lioiis tloscribc. 111~ criteria ~ i s c ~ l  hcrc for c.lloosii~g the. clifIjrcwt, an'iiy paraiiiolcrs lor 

p ( d o r ~ i ~ a r ~ c ( ~  ( \ d 1 1 ; 1 l  1011 p ~ i r ~ ) o s ( ~ s  (C11iIl)t ~r 5). 



Ti11)l~ 4.1: A sunlmnry of prcvious work in dc.sigllillg t.hc ii~tliviclual plallar arriiys 

Element Grid 
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regular gritls will be c.oi~sidercvl. 

Element Spacing 

d,  1 lor a sqiiarc grid. 
- < . ( I y  = (4.2) X l + h l l l ?  1 ,  / for a l lcsago~~al  grid. 
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in sing (4.2). ?'11(. sl)acing cur~~l)litetl 11si11g Corev's I I I ~ - t  hod is i cdcrrcd to here as t 11c 

"oytiinal spacii~g". 0111~1 t 1 1 ~  r ~ ~ i i ~ i r ~ ~ i i i ~ ~  S ( ~ I  (Icsign criteria will 1~ l i s d  h e  owing to 

its rcle\xi~cc to thc cv;il~~ntioi~ nic~tl~otlolojiv usctl i l l  Cl1a1)tcr 5. 

Figur c 4 2(a) illlist rates t l ~ c .  tlilferorlcc l)(\twwn 1 1 1 ~  tvu 1110t11o(ls, with t 11t: i~id of a 

GL (lii~gram. TIIP figure ;issiir~~cs a 4-fa(.(. p r a ~ n i t l  with h l l  l~cinispl~c~ical covoragc3. 

The diagr ttrn 1)Iots t11(-' GL rcyjoi~s illit1 hCi1ti  ('OV(\rilg(' r ~ g i o i ~ s  oil t IIC' I I O - .  or direct i o ~ ~  

( ~)sirw. plai~c. For give11 c l ~ w ~ e r ~ t  spac.ing oil a llcsagor~al grid, tllc cmlers of t l ~ c  

six closest GL, circles to the scail rcgior~s arc. locatctl a t  thc uv pairs ( s t a r t i ~ ~ g  on 
X X X X X X tho posit ive 11 axis a i d  gui~ig coi~nt(~r(.lockuibe) (z. O ) ,  (I;i;. %). ( ~ i ; .  %). (;i; 0), 

X X X X ( ) 1 ( ) T11v first ir~rtliod assuin(.s a coni(~,il (*o\rr;igc rrgioi~. H t 
2& 

[(I.?]. whicl~ trilnslatcs into tllc t11ic.k tlasllcd circle on tllc tliagrar~~. The valiivs of d,. 

ai~cl (1, coinp~itotf 11sing (4.2) arc' su(h Illat tllc GLs (thin tlashod l i ~ ~ c s )  arc1 l a ~ ~ g e i ~ t  

to thc cowrage rcyyoll, \~liicli loc~ntes t hc GLs a t  cidiire. If tllc spacillg is inatlo ally 

slnallcr. t l ~ c  CiL circles intcrscct with tllc scan rcgion and the pcaks of tllc grating 

iiiove illto lllc visi1)lc space. 

Chrcy's ~ w t l l o d  makes lis(. of t11(. actual sl~wpc oi t 11c: csovcl;lge rcgio~i. 1)ouiiclcd 1)). 

t 1 1 ~  t l k k  solid mrves. By ( w ~ s i d ~ r i n g  this sl~alw, it is casy to scc that tllc GL circles 

call I)( .  rrio~wl flirt her t owi i~ t l~  tllc covcragc rcgion uiitil thev touch. This trans1,itcs 

illto a larger cicw~cnt, spac i~~g .  and hcrlct. a saving ill  thc 11l1111l)cr ol' c1lcrllc-nts rcqll~rcd. 

Thc~ sig11ific;w.c of this s;lvii~g is. ol comw, ii~fl~~cncwl by thc alr~uul~t of S ~ X I C ~ I I ~  

- - - Conical scan region 
Cenlers of basic GL circles 
Basic GL circles 
Aclual scan regton 

0 Cenlers of opl~rnal GL c~rcles 
Optimal GL circles 
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aperturv size ,irc3. t l r  iriorc> signilic~ilnt t l i ~  cost savii~g vdl  Iw. Figurc 4.2(1)) sl~ows 

anot,l-~ci- cwmple wl~ic~li c.oi~siclers H n-lail~'c\ pyraiiiitl wit 11 il liirlitctl coverilgc rangc, 

H E [so. 72'1. Tllc cxxrclragc> siiiijic fi)r a sidv facv i l l  a pyraillitliil [rust uili will ha\.() :i 

t horouglily t,o the h i ~ s i ~  mc~tl~od. As part ol  t his work. C'orry's ir~et liocl Iias I~ccil iiilplc- 

IIS> of tllc syiriilictry o l  t l ~ c l  GL tliagriiiil al)olit t l ~ c  11-axis. as sllowi~ in Figllrc. 4.2, 

and 11cwc~ oi11,y 3 GL circles arc c~oiisitlcwtl. Tlic poii~ts oil t lic cxnwilgr rcgioll that 

t h t  rrslills fro111 t 110 111111 l i d  wlil)lii~g l ) ( t ~ v ( ~ w  iirrt1.y (~lcw~(wts m(l lcwls tu t lw ( ~ 1 1 -  

c d l ; ~ t  io11 of t 11c cleiilc~il racliat ion at ccrf ail] scan ai~glcs [Ki~it t (4 ct, d.. 19G8]. Swci-al 



I'vramid 

2%<61 5% 
0% S s 2% 

'0 15 30 45 60 75 90 
hlmamurn rendh angle. 0, (degrees) 

z9&< s s 5% 
O%< S 5 2% 

o 6 = 0  
0 15 30 45 60 75 93 

Mrn~mum zm9h angle. 8, (degrees) 

. 5%<6<10% 
E 2%< 65 5% 

0 O%< 6 5  2% 

3 
'0 15 30 45 60 75 90 

M8nmun1 zenith angle 8, (degrees) 

5%< 6510% 
2% 6 5 5% 

0 0%'. S 5 2% 

h?mtmunr renrlh angle. 0, (degrees) 

5 
6 = 0  

Mrntmum remlh angle 0, (degrees) 

Figliro 4.3: Tho ~) twvi~tago  (lifhwww l ) ( ~ t n w i ~  t 1 1 ~  01)t iinal. (lo,  m1(1 1) i :~i~.  ( I ( , ,  ( > ~ ( Y ~ I ( Y I ~ ,  

spacing. (5 = 100 x (do - d,,)/d,,. lor pj~ainitlal  ant1 pj.rai~iitlal 1'1 11st111n arril>ib. T11~ 
clarkcl- thc s h d c ,  tllv 1argc.r t 1 1 ~  wluo o f  6. \lidid ~ ~ \ ~ r i l g t ~  raligcs h a w  HI  < H2. 
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4.4 Element Excitation 

Tlie isotropic array laclor OF n pltmnr aiitciina array scaiiricd to a tlire~t~ioii (80. do) is 

givc.11 hy (Section A.5.2): 

I 71 

wlicw the array c.lcr~ici~ts arc laic1 out on a rect,angular grit1 n-ill1 sp;lcing d, ai~t l  

d,. AllL m t l  XI/ arc. the iiuinhcrs of c~lciric~rits in the :c and !j dircctions. respectively. 

and nl = 0, 1. . . . . (:lrz - 1). T I  = 0, 1. . . . ; (:\ - 1).  (1 ,,,, is the rclatiw cscitatioii of 

t l ~ c b  c~lc~ricwt at ro~v ~n a ~ d  c.oluinii 11 i l l  tl~c. array. The array factors of arravs wit11 

Iri,mglilar grids csail 1)c cwnputocl as t11v slil)c~position or the array factors oi' two 

a n  q - s  u i th  a. rc~c.t;lr~gular grid. Altcri~alivc~ly. t11c appropriate m,,,,, inay bc sct to x r o  

to rdlcct tlio triangular grid, c.g.. (I,,,,, = O if m + 1 1  is odd. 

Tllv rc~Ii i t i \~~~ excitation o f  1 1 1 ~  clciiiciits of all wray aif(:c.ts tlie l)cal~i sl-lap. ill 

terms of t11c lmmwidt11 aiicl sitle1oI)c. ratio. Lriilornl esritatioii. \vlme elen~cwts arc 

(wi tcd  ivith c~irr(wts tliat two eqiial in :~~r~l)li t~iclc imd i l l  1 ) l ~ v .  I (1sults in a m~all(>r 

l)cwr~witltli a i d  a higl~cr gaili. at tlw co5t or a liiglicr siilclobe ratio. Altm~ati\-cd\~. 

t apcrccl excitatioi~. wlicw cwrcnls arc> i l l  pl~asc lmt thcir amplit ~icks tire 1~10110~0l1i('illly 

dccrcascd for elcl~ie~its away fro111 the array cciilc3r. g ~ ~ i i m l l v  r c s ~ l t s  in a lower sidclol)cx 

ratio ;it, tlic cspensc. o l  n largc~r I)c~am\vicltli aiid ii wcliictioii in gaiii. 

A 101 of roscaic.li nnrk has bwii cloi~c on t 11v topic of plaiiar arr;iv sylt  lichis ;1iid 

~wiol i s  inc~thotls (.xist Tor s~.iitlic~sizii~g clifrcici~t ;Irriiy p a t t c ~ ~ s .  c.8.. [Elliott. 20031 

Howc>\w. this work oi~lv cai~sitlcw uilirori~~ c~lcinent e x i t a t  ion s i i~~i la r  t,o provions work 

ill iniill,i-facctctl aiilcniiws. as outliilcd ill Sec1io11 4.1. Arrays with iii~iSoriii occitiit io i~  

arcb siinplcr to 1110dol arid more gcwcric than arrays wit11 otlicr illuniin;ttiol~ tlistri1)u- 

t i o ~ ~ s .  Hcncc, 1lic.y arc' n~oi-e ap1)ro1)rial c. for the l)crlor~nai~c(' c'vall~atioi~ prc~sc~~itctl iii 

C11al)tcr 5. 
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4.5 Array Aperture Shape 

Fig~irc 1.4: Tho clSccL of :il)clrt~irc. shape aiid grid typo 011 t1ir (listril)~~tioli of 1 1 1 ~  

sicldo1)c.s of the array fac.tors. All apcrt lirc's slio1v11 llaw ari area oL' al~out  7.5X5 anti 
contain I )C~WC( \ I I  121 illld 120 ~ l ~ ~ l ~ l l t . ~ .  
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4.6 Surnrnary 



Chapter 5 

Performance Evaluation and 

Comparison 

5.1 Previous Work 

Thc p1ir1)oho of t l ic i~valllation st age is to tlctrriiiiiic t hy  ol)tinld ~ i i l i l t  i-faivf ( ~ 1  ~ ~ i i t ( ' l i i i i ~  

array h t r w t  lira toriipari~ig tl ie d i h - i m t  stri1c.t I I ~ ( > S  wil l1 rcspoct to  i~iwiiiiigl'd rosl 

Suliciiolis. Tr<ltlitio~lally. struc~l uros wcro complrcd I ) a d  oil t110 11111111~r of ilrrii)' 

facw, A'. a\ ~l . l l )o l  ilt i ~ l  I ) i~ l~ \ .v .  



Kiiit(c1 ( 1 9 6 )  colisirlcrccl :3- a i d  4-fac~ ~)ystl i~~itls and 5- i111d G;-fi~('(\ l)yr;11111~1;11 

frusta. Hc c.or111)utctl tllc tlcgratlation ill the beiimwitlll~ a d  gain cul~sccl 1)p h m  

seaming. I)y rr~otf(~llii~g thc 1)hasctl array as an infinitr flat, c11rrc111 shwt [\l'llec~Ierl 

1 9 6 ]  wliic.11 i\ in~l)ctlancc ~ ~ ~ a t c l i c d  ;kt 1)roatlsitlc and has a resisti\.c ~~~isinw(cl i  ovcr 

t l ~ c  sc.;li~ rilllgc. Hc coinl)arctl the relative total nui111)cr of clenwnts ant1 iiitli\-itl~ial 

array diamtters (assun~ing circular arrays) of thc four an t ema  str~lctures, givm cyual 

gain or cqlial hcwmwitlt 11 at tlw inasiniuil~ scwl mglcs. The (.oiiiparison showcd Illat 

t l ~ c  -I-facv pyr~nic l  and t11c 6-face i'r11st.11111 rccll~irod t11v Icast 11ulril)cr of clolnwts for 

equal gaiil and (qua1 t~cwiiwidth at 111wsiniul11 scan. rc~sl)ec1,ivcily. Thc roslll(s ill50 

sl~o\vetl that ilic 6-fa(v lrirllstum rcqiiircd tlic. si~~idlcst  array tliai~ictcr a ~ ~ d  liad the 

1ow~st (logsadatioi~ ill  gilii~ a11(1 bc;m\vicll 11, S ~ I I W  i t  ~ I ~ I S  the s i~~al lcs t  milxiiuuili scan 

anglc ; u l ~ o ~ ~ g  1 hc four a r ~ t c ~ ~ i ~ w  struc.tlirc~s. 

\'l'at,crs, ct al. (1998) con~piirc~l 3-, 4. and 5-fare pyramids s l ipport i~~g wlivc arrays 

for survoil1ai1c.e rwclars wit 11 rcspccl to  vc~luinc sc-ar~i~i l~g time. T l ~ c  volll~nc sc~iliininp, 

t 1i11c r ~ f ~ r s  to t11c t i ii~e r e q ~ ~ i r ( d  1 o point t 1 1 ~  a11tc~111a 1)0ai11 i l l  all l)ossil)le posi tioils 

~ v i t l ~ i i ~  21 11(~1~11~1)11ori(~iiI vo l~mw~ S I K ~ I  t l ~ t  t 11c 1)wi11s o\-(~lal)  >lt t l~(>ir 3 dB poi~~Ls 

Thcy assilii~ctl that the tlctcction pcrforina11c.c is the sainc ill id1 I)eam posit ions a ~ i d  

t 11;lL t 11e t ()ti11 11111111)t~ of ( ~ ~ P ~ I I P ~ I ~ S  (T /R  r11od111cs) \WS (w~~st>)ll t  :111(1 (1i1,idd ~~111;l l ly  

among t l ~ c  arrays. Tllc ii~cli\xll~al arri1j.s l ~ a d  a square apo r tu r~  and ( \ l ~ ~ i n ~ ~ i ~ t s  \ v t w  

l i d  out on a Iicsagoi~al grid. Tllcv also assli~lletl that, the array gain \ . i % ~ . i ( b ~  as tlw 

cvsillc of t l ~ c  sc.;111 wnglc. cos7' 7 ,  and I I S ~ ~  two tlilfcwl~t valiies of n: 1 and 1.5. The. 

~~o i~~pas i so l l  sl~o\vctl that .3-fa(v pyraiuitl \vas thcl l ~ a t  c,l~oice, i .v . ,  i t  11iltl tllc 1wsL 

\~011111w h( ' i l i l l l  118 tiir1(1, for 1)otll w l~ le s  US r1 ;111(1 lor c.o\~rilgo o ~ t r i ~ d i i ~ g  fro111 wnit 11 

(01=00) t o  11orizo11 (02=900) or to 43" c.lcvatior1 (H2=35"). 

.Jill~~l~(lj;ld, ('1 ill (2002) cw~parccl t110 tli:il~wters o l  t 1 1 ~  iiltfivitlual arrays i r ~  a 4- 

iric(> l)yraiilid i111t1 i l  7-fil'a(~ p y r a ~ ~ ~ i d a l  frmtum hl1(*11 t11aL t hcy 1)r'ovitlc t l ~ c  s;~mc gai11 as 

a 70-~~wtcr  cliinudm dlcc'tor. ol)cratii~g in t 11c I h - l ) a ~ ~ t l ,  211 10' olv\.atioli. T11cl 8ai11 

wils W S S I ~ ~ ~ I ( ~  to 1-ary ;IS t hc c.osiuc> of t 11c scan angle. The tliimet,ers ivcrc fi>untl t o 

I)(. 53 a d  75 ~ i~c . t c~s ,  rclspcc.ti\rc.lv. Altcrnwtivoly, i f  c,ic91 fncc s1i1)postcd a 70-111c)tcr 

rirc 111i~r array. t l lc> gain at 111;1xiiiilii1l S('rlil  \vo111(1 h(1 1.5 (113 i111(1 0.6 dB lowor t l ~ m  

that a t  I)road+itlc fur t 11e pyramid i111d 1110 fr1ist11111. resp~ctivcly. T1l(\r(.fore. t11v 7-f;1:a(~ 



frlistllii~ is 1 ) ~ I t ~ r  tliair tllc 4 - f ~ c .  pyra~iii(l in t 1 ~  S C ~ ~ S C  that it 11i l~  ~u\\'cT S('ilil loss a i d  

siiiall~r array tliailwlcr, at 1 1 1 ~  cspciise of a 1argc.r footpriiit, and 3 e s t m  arrays. 

Trlink (200:3) coinp;lrcd 3- ili~(l 4-f;lc~ pyranlds, also \\.it11 r ( > ~ p c ~ ' t  to the sc.il1111i11g 

Liiue for volliinc s ~ i r v c i l l i ~ ~ c ~ .  Hc lisctl iL sligl~t 1y cliffcwwt mo(lc1 for. t he g2li11 varii~t ion 

Don1 tlrnt met1 in [Watcrs (.I al.. 19981: giiii~ \\-as assiiinrd lo vary as cus" 7. where n 

v ~ i s  sct to 1 Xi t i l l  45" s cm ant1 ii~cwasccl lii~cxrlv to 1.4 i ~ t  60' S ~ H I ~ .  He also ii~c~lutlccl 

the) ef1'ec.t~ of iill j)lilscs for tllc pl~lsi~-Doppler wavdorins lisc~l to dvtc~at t q y t s  il l  

c.llittc~. He coilcludctl that the 3- ant1 4-filcc systciiis w r c  c~ssciitiiill~~ ccluivalent ill 

pcrforn~ai~c~\ .  

,Jal)loi~ ant1 Agrawal (2006) co~npt~rotl l l ~ e  total 111111ilwr of olc~i~iwts roquir~d in 

3-file(: a i d  4-law pyrai~~itlal active array ridars uscd for shipl)oartl a i d  lalid-1xwd 

tri~(akiilg :ii~d iliscriii~ii~:~tioi~ fliiictior~~. They ~ I S S I ~ ~ I I ( ~ ~ I  t11i1t t 1 1 ~  h t 1 1  s t r ~ i ~ t ~ i r ( ~ s  Ira(] 

cyunl ~)o\vc'r-apc'rturr-gaii~ (PAC:) procluc't at tlrc rcspcctivv ir~usimunr scxi~ i j i~glc~.  

The iirclivitllial arrays were assuincd to lravc a sqiiarc npcrturc i111d elcinciits wcrc laid 

out oil a l~m~tgt)i~;il  grid T ~ I C  two criteria ~)roj)osccl iir [Ch-cy, 19851 wcw liscd to 

dcterii~ii~o t 11c' array f;ic.e elcvat io~i  ;~irglo (S(Y.~ i ~ i i  4.1). Finiilly, t ~ I C  gain W ~ I S  ass~imcd 

to vary iis (.us" y a ~ r d  two s d s  of values wrc. coi~siclered: rr.=1.4 for tllc 3-fa('c syxlcin 

;111tl 1.23 for t I I O  4-filcc ~ v ~ t ~ i i i :  aircl ~ = 2  for 1110 3-fi3(~ S V S ~ ~ I I I  ;111d 1.4 for t I IC  4-f;i~(l 

svstciii. T t ~ c  . (s~i l ts  s l~o\v(~ l  that i l l  all scularios coi~sid(w(I ( i . ~ . .  t\vo f ~ v  ~lc ' \a t ioi~ 

aiigles and ti\-o scts of I & )  t.lic 4 - fac~  systcin rcquirctl less c4c11icrrts t11aii the 3-fil('c 

svstwi. 

.Josci'sson ; i ~ d  Pcrssorr (2006) cvi~~parctl  3- a~rtl 4-fii(.(> p\~rilillid~ with r ~ s p e ~ t  10 t 1 1 ~  

ir~ii~iinuni cfictivc arca. givcw that I~otli an tc i~ i~as  fit u'it,lliii a ( '011~ti l l i t  II~ISC' diaiiiotc~r. 

Thc. i ~ ~ i i ~ i i i i l i i i l  (4r(~ctiw ;lr('ii is clrfincd ils t 1ic projection of llic array aperture arva ill 

t 11c. clircc.1 1011 j)crpc\i~tl~c,l~l:~r to 1110 tlircc-t ioii of i i~ax i inu i~~  xc*;~n, in('.. 1110 aport 111 c xcla 

liiilc\s c.057. Tlrcy sllowc~tl 111211 the tlw 4-i'iic~ pyraiiricl iws I ~ t t  er siiicc i t  had a 1argc.r 

~riiiiiinur~r clIi.c.1 ivt) arca 1 lriin thc 3-fact pyrailricl. si11c.c' its 111;i~iii11ini sea11 ailglc; 7.  is 

s111i~llc'r. 

%lI)lc 5.1 . i l l l l l l l l ~ ~ i % ( ~ h  1110 ~)ro~'iOlls \\'01.11 ~ l l L l i l l O ( l  ilI)oVO. Tho t;ll)lO ~ h t ) b \ ' ~  Lllill 

prcvioi~s cwilnnlio~~ iric%l~ods oilly consiclcwtl t11(. gcwii~~tric stri~c~turc o f  llrc arrays. 

i c.. t l ~ c  f i ~ c ~ .  c.l(vaLio11 itirtl 1 1 1 ~  c~orrc~spoi~dii~g i~lilxii~~llir~ ~ ( ' ~ 1 1  ~ I I I ~ ~ ( \ s .  I ~ V ( Y T  111c>t11c)(l 
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\{-at crs, c1 ; r l .  
(1998) 
.Jamiwjacl. ol al. 
(2002) 
Trliilk (2003) 

5.2 Evaluation Framework 



5.2.1 Evaluation Based on Geometric Structure 

Maximum Scan Angle 

tlic lllil~il1111111 h ( a 1 1  aliglc for a 1)lawr arrav is ;llu;~ys q u a 1  l o  Q 2  (S(.c,tio~l 2.5). For 



(a) 0 c [0•‹, 00•‹] ( I ) )  0 E [so, H03]  

Figurc 3.1: T r ~ c  ~ ~ ~ a x i i n u i ~ l  sc4a1i ailgl~> of ~) l ; i l~ar .  l )yrai~~it lal .  a11t1 pyralnitlal Sruslum 
alit cmna arraj  ,. for two tliliiwl~t cwcragc rarlgc>s. 



I5 

'0 I5 30 -45 60 75 90 
Minimum zenilh angle. 0 ,  (degrees) 

Beamwidth Broadening 

This rclat,ionsl~ip is valid provitlctl that  t 11c bc~wlil is llot scmlllcd t40 wit hi11 a l)e;l~nwidth 

of cwtllirc., w11ic.h is t11c casc lor multi-l;lc.c.tcd ; I I I I ( \ I I I I ~ ~  ilrritys. At i i ~ l ( l  l lwr cnclfire. 

o t h  for1n11l;ls that incorporate thcl s in> of' 1 i l l I l . ( ' ~ I l I i t  iirrily il11(1 the wavelength 

sll0111tl I ) ( )  I ~ W C I  [hli~illolls. 1!J(31]. 

Figllro 5 . 3  1)lots t l ~ v  ratio RIIM i . c~s~ i s  t 11c tot a1 11111111)or 0f ~ ~ c ' c s ,  1Y. ill l)yr;liili(ls iiild 

~)yral~~i t l ; i l  f r ~ ~ s l a .  ;is \\-dl a \  for a singl(\ l)lai~,lr arr2y7. T l ~ l  cwcrwgc range ( onsitlcrccl 

is 0 E [(I0. 75'1. Tho plot cx11il)its a siliiilar t r m d  to 1110 ~llaxillllilll h('ill1 iIilgI(' (sliowi~ 



0 - ........................... 
5 0 2 -  

'D 
m 0 

ii o3 6 9 12 

Total number of faces N 

Antenna Dimensions 

Thc height ant1 footprint of tllc nlltclllla arc ilnportallt, desigu fat-tors that affcc.1 the 

systtlm cost, t ~ s  ill s11il)l)oard aild ~c) l l i~ l i l i~r  appl i~al  iol~s, for ( ' ~ i l l ~ ~ l ) l ~ ' .  TO ill~i~tri l t( ' ,  

assilnlc~ t 11i1t 1 1 ~  ant cwlla is cwcloscd witllin a foot print of radius R ant1 that cach 

fa(,(: su1)ports il c.lrcsular ~)laiiar arrays u s  sl~owii in Figure 3.4 R)r l l l ~  multi-filcvtccl 

arrays. it is assumed that, all faccs support i c h t i c ~ ~ l  arrays for siml)lic.ity. (The a l~ t c l~na  

tliil~ci~sions t t r ~  c ~ ~ l ~ ~ p u t c t l  as tlesc.rit)cd ill  Appeiitlix C1). 

Figllrc 5 4 a )  tlcpicts t lit. mtcnna lleiglit. H. nor~l~alizctl l)y X. versus the total 

111il1it)c~r of Sac c's lor t110 taovcragc. rallgc) 8 E [Oo.  75"]. Ei)r 1 he) 1111ilti-fiwc~etl arriI3.s. 

this is tllc hc-ight of tllc pyralnitlal frustunl or tllc 1)yraluitl wl1c~1 it is t r ~ l n c a t d  jmt 

al~ovc 1110 arrairs oil Ihe siclc faccs. as show11 in Figllre 2.4. Tl~c) l ) l ;~i~ar  arril\. has tllc 

slilallcst lwigl~l.; it is x t  to  zero; siucc ouly I l ~ c  gcwnetric s t rwturc is colisitlcrcd. i c.. 

the I~t+,li t  of c~lclnclll:,. ~ r~~ l l~ ( Ip l i l i l t ' ,  or f w ( l  i~otworks is igllorod. T11o figlire shows 

how 1 1 1 ~  p r ; ~ ~ ~ ~ i t l w l  s i rucl~irc~ is sliortcr tllau tlic pyrainitlal fr11ht11111 for IV > 4. Tliis 

is I)cc.alisc t I IC o ~ ) t  ilnal  fat^ olc\ra t iou of 1 I I P  l)j.ra~nicl is lonvr t 1lan t11;11 of 1 11c f'rust ~ l i n  

for I liis c~ovcrt~gc~ ruligc.. 

F i g ~ ~ r c  5.L5(l)) ])lots t lie ;II-(w, A, of t 11e ( + - u ~ l z ~ r  t~r r t~vs  support (>(I l ) ~ 7  (w(~li of' t1w 
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Figlire 5.4: Illlistration of tllc cv)llst ant lootpriiit radiw. R, eiiclosilig planar. pyrimli- 
tlal. and pyrai~~iclwl Erustlill~ aiit r n l ~ a  arrays. Tlw circ-lc of ra(1ius R is shown llsing t hc 

0 5 + - d 2  
T o l l  nurnbcr of l a m  N 

6 9 
Tobl numb ol laces. N 

Exes, nornlalimtl I)y T R ~ .  v(~s l i s  llw totid 1m111m of' faces TIN-' 1)laliar array has 

tlicl largclst iiorinalizcd ;irc3;t, \vhicli is ccl~lal to 1. The Iiglirc S ~ I O W S  t l i i l t ,  Eor a g i \ w  

Coot priiit. t l i ~  pyraiiiidnl Cri~stiiiii sup1)ort s arrays t hilt ilrO largcr t ha11 t liosc s111)1)ortcd 

i l  pyr;mid. with t hc csc~l) t  ion of tliv 4-fwe l r i~ tur i l .  

Fig~irc 3.5((4) ~)lols the i l i i i i i l i ~ l i l ~ ~  ~)rojcvA(~l arcla, ,?,,,,,,. of t hc c-irc,lilui- arrays sill)- 

ported I)? ( ~ i c h  of llic faces, noriil;dizcd l)y 7iRL. vc-'rsiis ,\'. A,,,,,, is the saliict as thc 

~iiilii~lruni clfI(.c.t ivc ilrpa ~isccl in [Joscfssoi~ i ~ i ~ d  Pcrssoil, 20061 for 1)yrainidal ilrriiys, as 

illcnt ioiicd i l l  Soctiori 5 1. If, f o l l o ~ ~ s  ;I similar ticliid as tlic pll\.'~i(.iil a r w  A. Figilrc.s 

3.,7(1)) and 5.5((,) also show t1i;il Eor n giww footl)riiit, 11 ;uid A,,,,,, arc' ~ i i ; ~ ~ i i i ~ i ~ ~ d  



Geometric Directivity 

w h ( ~ o  11 is the. pllysicd apcrtilrc~ arca ant1 Xo is the wawl(wgt11. Tl~crcfore, t l i ~  go- 

omctric tlircc.(ivity is t l i rcdy proportioilal 1 0  tho niln11)er of illTRJr c l e ln~ l~ t s  for a 

given ( h ~ c i ~ t  sl);ioii~g. regardloss of' (lie aport~irc diiipe. For a giwm lootpriiit a i d  
- 

iv;i~~(~lciigll~. Dl,,.oddb,dc is tlii~s d i r ~ c l l j ~  psoportiol~al to the x w  /4, depicted in Figlirv 

Li(1)). Tl~crcIm.. the figure sllows that Ihe planar array has tile largest gcoi~~ctric di- 

rc.ctivil,!~ al t)roatlsitle, lollo\vtvl by tllc pyramidal Srust uln. t 11ci1 the pvran~id. with the 

escq)tioli ol  lhc 4-Saw fnislu111. The iiguro also shows 11oiv (11c gco111ct ric tlircc.livit\~ 

tlccrcasc~s as !I' incrcascx for tlic pyraliiicl an(l pyran~idal irilst,~i~n. 

IIlllcn 111cl array anlcrllla is scannctl, 1 he gcomctric tlirectivily varies as 1 1 1 ~  pro- 

lc~~tct l  al)crtliri' arcs [hlalllous. 19941. i .c t . :  



Scan Loss 



scan. Dilii.reilt valucw of 1 1  havo l ~ c r n  ~)roposccf as sliown in Sect ion 2.1. Tliorc>Sorc.. 

ant1 y. Tlie figure sliows that  tho tlifI(>rtwc*c 1)ctwccii llic two lnotlcls is \vilhiii a 

Iraciion of a clB lor semi ai~glcs less lliali al)o~lt 30•‹, ~c.gardloss of tlie va11io of 1 1 .  11 

also sliows t l ~ t  Ihc t~vo  models arc very similar lor n=1.25. as suggested ill [.Joselssoi~ 

mid Persson, 20061 Lowr  vahics of 11 may 1)c 11scd for slot or clipolc ;irriiys in on(. 

p1ai1c of scan. wl~ilc h i g h  val~ios of are n ( ~ d ( ~ 1  lor arrtlj~s oS printed clcmeiits. 

Scan angle, y (degrees) 



E'igi~rc 5 7: Tllo scm loss, L=lO loglo cox ' ' y, for planar. ~)yiainitlal. a1lt1 p\-rai~~idal 
l'r11hl~i1111 ;~nt(w~la iirrwys. T11c cmw-ago rmgc  used ill this figiirc is H E [O0. 7So] .  





Total Number of Elements 





% I  , , 1 
053 

6 S 11 
Tola number of faces. N 

I 
6 

Tolal number of Faces N 

$ 1  , , j 
1-0 053 

6 -2 I2 
Total number o l  b u s  N 

To@I number of faces. N 

iq , , I 
f 05J 6 

9 12 
Tolal number of faces N 



5.2.2 Evaluation Using The Array Factor 

Tlic scco~~tl  Icvcl of evaluation cwi~sidcrs not only the gc~or~iotric. strwturc of cats11 

antc~iiia. l ~ t  also its array factor. Tlic array fad  or considers Llie layout. 1111111l)~r, 

and cscitatioi~ of the array c~lcinci~ts. assu~iiing ill1 c+xnents arc isotropic (Scc.t.io11 

A.3) .  i.o., 1 1 ~ :  clcii~ciit 1x11 t r r i ~  is not ii~c~ludocl at tliis Iovol. Tlicreforo, nrllilv tllc cost 

ilii~ctiol~s co~i~plitccl i l l  Swtioi~ 5.2.1 typically assuniod vary large arrays. this scctioi~ 

cxplichitly consitlers t11c str~icturc of t l ~ c  plaiiar ai~ttwlil tirriiyh sup1)ortetl ly cac'l~ la(.(. 

in a pyraii~idal of pyrainitlt.11 frustn~n alitc~iina. Tllc planar array \truc.turc rclfrrs to 

the array tapc>rtnrc size ant1 the distril)ution of ailtenua clciiiciits withill it. 

I t  is i~~~l)ort i l i l t  lo note tllilt thc ~~ias in inm scan a ~ ~ g l c s  a i d  thc aritcmn clir~icnsioiis 

c~)i~il)utctl i l l  Sod ion 5.2.1 sl i l l  apply at  tllis lcvc>l, 21s n d l  as tlic two following I c w h  

This is I)c.causc 110th cost fun(-lims arc only ;tiI'wtcd I y  t 11c gcc)ii~c~try oS lhc a i ~ t c r ~ i ~ a  

xtruc.tl1rcA. Beiim\\-idtl~ broadcilir~g and tliroctivitj, will 1)c c~oiisitlcrccl a t  this lovrl. sii~c*o 

they arc infllic~iic'ccl 1 ~ 7  tlic p l a ~ ~ a r  array struc~tiiro. Tllc s c m  loss (*an l)c co~nplitetl at 

tliis Ic \~d.  sinw the gain is approsiinatcly ~ p a 1  to thc product of thc directivity and 

the in i s i~~a tc l~  loss, as show11 in (5.5). E i t h r  one of t11c two ~nodels of t11c iiiisiriatd~ 

loss i ~ ~ t  rocl~icwl ill (3.8) iuay I) ( )  iisctl. Bccausc t l~osc~ sc~latioiis arc approximate. it is 

slifIi~%wt 11orv tc) coii~putv tlw dirwti~~ily.  s i i ~ w  (mipl i t i i~g L11c approxii~iat(~ gaii~ will 

ilol ii(1d any illorc illsight t h m  that p r ( ~ s ~ i ~ t c ( l  in Sect io i~  5.2 1. Tile tot a1 i1ui111)c.r ol 

elcii~cwts rccpircd l>y tlic dilfiwrit st nirtlircs. Sor a g i ~ w  fool prii~t,  is also csainii~ctl. 

Tlic a~itciuia is assnnlcd to fit n-itliiii a footpriilt oC ratlius R. ,411 array clemci~ts 

arc. i1~~~11lt.d to I)c itlc~~tic.;il, isotropic, a i d  uniformly cxcitccl, a i d  111utua1 co~ipling 

is igi~orc>cl. Two iipcrturc s11a~)c~s arc) cui~sitlcrcd. nm~oly,  srp;li-c a i d  circdilr. Two 

(~lei11011t grids :lie 11sct1. a s(~11arc grid l i s i ~ ~ g  t 1 1 ( ~  1)asic clc111(wt spacii~g, t111d a 11(xag011al 

I s i i i  t 1 p i i i l  1 s i i i  h I o r ~  ( I d  i l i l ~  011 1110 clioiw of t h ( w  array 

1):lraiwtcw can I ~ P  l'oliii(1 i l l  C'l~aptcr 4. 



Beamwidth 

Directivity 

111 gciicriil. it, is ii(>(:cssi~r~ t o  us(> al)l)rosiinatc F011111llil~ to tlct,crnlii~c tlio clirw~ivity 

of a 1)l;uiar arrav [Hal~scii, 19981. S o  simpl(> c~losotl-forin li)riiilila (xists. eve11 for 



D(8. (5) = 
IF(#. d)I2 

J;:" Ju (F(H1. 4') l 2  sin H'dH 'dqY  ' 
4 77 

Results 



5.2.3 Evaluation Using the Modelled Element Pat tern 



Tala1 number of laces. N 

,03Lh2 
TdaI number a1 t a m .  N 

+ Pyamld 
a. Frustum 

to,-- Ap- A 

B 7 
Told1 number ol laces. N 

(a) 1 3 c m 1 i \ v i c l t h  ratio (h) l ) i rcc.t , ivit .y at 1) ro :wls idc  ( c )  l)irc:c.t.ivit,y at. rn;~simrlm scan 

. .--- 
6 9 I 2  

Total number of laces. N 

]-L=ji 
a o z Planar a m ,  area = 0 .% 

d - _ I  
6 9 I 2  

Told number al laces. N 

Tola1 numbet a1 laces. N 

101 I 
6 8 12 

Tolal number 01 laces. N 



....................................... 

' 0  

Taral number 01 facer, N ToUl n u m m  oflaces. N Taal n u m w  of faces. N 

(;I) n c w ~ \ v i d t t i  ratio ( I ) )  IXI-rctivity at hroxlsidc! (c)  Diwrt.ivity a t  r~l~rxiniurr~ W R ~ I  

J I 
I 8 2 

Tolal number of laces. N Tola1 number of faces. N 

1 
O3 6 9 I2 9 

T&l number of feces. N TMal number of faces N 



a 12 
T m l  number of faces. N 

1 
6 B 12 

Tola1 number ol laces. N 

0 3 L ~ p ? + 2  d 6 P 12 
Tolal number c4 laces N TMal number a1 facer. N 

3 I 9 
Tolal number ol laces. N 

I 
6 9 8 2 

TcIal number ol laces. N Tolal number al faces. N 

( f )  Uc:ir~r~witlt,l~ ratio (g) Dircdvit.y at txxmdsidc ( 1 1 )  r)irwt.ivit.y at. r ~ i a x i r r i ~ ~ r ~ ~   scar^ 
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5.2.4 Evaluation Using the Simulated Element Pattern 



% 

... 

9 I 2  6 B 12 3 6 
Tala number 01 la-. N Tdal number o l l scm N Tolal number o l  lacar. N 

plans :OF-- .a;.. 0.. 

- ...................................... 

9 
Total number 04 faces. N Tala1 number a l  lacas. N Tdsl numtw ollacea. N 



Results 



L 

L i ~ ~ r i i ~ .  sri11v 1110ts of t . 1 ~  ctr 

ant1 cross-pohr p;lt.t,i!rrls 

(IF;.,., cnlargvrl 1)). a factor of 2) 

11i i i i i1~~1-  of iirrai- fwcs iiscd. as clnboralctl 111 S ( x l i o ~ ~  2.6 

The caolllpnrisoii rcwllt,s with rcwl)cct to t l ~ c  i l~asiniui i~  sc;m ai~glc  ail(] ;~nteiiiia 

clii~icwsio~~s npp1.v at all Icvc~ls of cwlllation. This is 1)c~caiise tllcy are inaiiil>r aili.ctctl 

1)v t lic gcwiwtric slriict ilrc' of t11v ant ( ' i~i l i l  T11v l)wi~iwi( l l l~  l ) r o ~ ~ ( l ( w i ~ ~ g  r~s111Ls ap l ) (~ i r  

lo rcw~ai i~ 1110rv or lesh I ~ ~ I ( ~ ~ I ~ I I I ~ ~  ( ~ s p ( ~ ~ i d 1 i ~  iising Liigc> arrays). rqyrdl(~ss  of tlie 

l(~vc1 of cvaliin tioil. Thc  ~) la i i ;~r  array ah\-ays has thc 1;rlrgcst tlirc.ctivity a t  1)roadsitlc 

rcy,artllcss of t I N >  Icwl ol' ovall~at i o i~ ,  o w i ~ ~ g  l u its largcr :~pc\rtiirc~ ;lrca a l~t l  11iii111)~r of 

( h ~ ~ o i ~ t  s for a g ~ v ~ ~ i  ;mt ( w i ~  foot p r i ~ ~ t  . 

Plaiiar arrays also swi11 to have ail atlvmt:igc., il l  t(~i11s of l l ~ c  c1irrc.l i\,it>7 tlw 

i ~ ~ ; i x i i l ~ i i ~ ~ ~  S('illl i l r ~ g l ~  (inii~ir~iliri~ dir(~(.tivitv). WIKW (w~s idmi i~g  t lie g~oi11ef,ric strlicttire 
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B ...................................... 1 

,, --~-;; 

Tolal number d laces. N 

I 
12 

Tdill number of laces. N 
6 e 

Tolsl number 01 l a m .  N 

5.4 Summary 
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- 

Broatlsitle 
geoinotric 
elirccti\.it!.t 
h l i i l i l i~u i~~  
gcoiiletric 
directivityt 
Sc;lll loss 

a niodoralc irliirgin, t h i  the plaliar array by a largc iunrgin. 
Frusta wit11 !V=G lo  10. follo\\:ecl by pyralilitls with :V=4 lo  7 by 

l)y i~ illotlcwt c\ nl;trgin. 
Equal scai1 p1tu1e hc;illlwitft,ll t1t masii l l~li i~ hc'ili l :  pyraii~i(ls \\it 11 

&\'=4 to 5 aild fr~lstil will1 lV=;) 10 9 i1l.C \ J ~ T J ~  silrlilar. follo\vctl I)y 

I )roatlcniiig 
Broatlsitlc 
1irc.c.t ivi tyt 

h l i r l i l l ~ ~ l i i i  

l m ~ t  ivilyt 

a s ~ i ~ d l  margin. t11(>11 1 I F  plti~lar t~rriiy l>y a l a r g ~  ~ ~ i t i r g i ~ i .  
Pliliiar a r rq -s  hy a large. margill. followctl by l rmta  will1 1V=5 to 
7 t111d p~~rillllitls with .Y=3 1 0  5. 
Planar arravs by n inotlcriitc illargill, follo\vtd by friist il wit 11 iV=5 
to 7. t litw I)\-raiiiitls wit 11 N=3 lo  6. 
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. , 
Dirc>c.tivity at 
broailsitlct 
I \ I i i ~ i l ~ i ~ l l i ~  

Siirillar rosiilts as tliosc> foiinrl iisiiig tlio m-a,v hvtor oi~ly. 

Frusta wit 11 N=5 to 8. follo~vctl 1)y p l a ~ ~ a r  arrays with a sliinll 

dirocst ivilvt 
Total nulnl)c>r 
of cleii~ci~t st 

iiiotlcratc inargii~. I hcii 1)lanar arrays 1)y a rriotlcratc margill. 
Exact samo rcsiilts as Ihosc foiind using the arr;i,v lactor. 



tlifi'ercnt (ust S~m('t ions. sillliliir t r ~ ~ i d s  are e x ~ ) ~ ( ' t ( d  lo l~old for otlwr cworage raligcs. 

will1 rrirllti-Iacet,cd alitc~rilia arra,ys sho~vi~ig a larger aclvalitagc~ ovcr planar arra!.s a\ 

t 1 1 ~  c.orcmgx3 rmgv l)c~.o~ncs i\-icic\r and/or c.loscr to  horizoli. For liarrow cmlcmgc 

rmgcs that ; i r ~  close t o  zmit 11 or wl1(w high sc-ali losscs call I)(> tderated, it is sufi- 

cimt to 11sc. pla11ar arraj7s. A l t . l ~ ~ ~ g h  thcsc. qmlitntive c*onclusions sccm~ intllitiw. thc 

r~sl l l ts  p1 ~ s ~ n l  CYI li(m-' ~)rovidc qualit i t  stiw guidclincs Illat (mi 1)e 11scc1 l,y t 1 1 ~  3111 cwna 

dcsignc.r. 

The rcwults also sllow t l ~ t  no c.lcar impro\-c.l11ent is galllccl 11g using m)ro t hall 

a1m1t 10 array hces,  giww tllc acklcd area. cost. m d  coluplesity i11volvcvl. Also; under 

11lost circwllstancc's, there is 110 significant difrercmce in pcrforniancc I)cf,~\;ccw pyramkls 

aid 1)yr;rnlidal frusta with ,I niodcratc 1luml)cr of f;tc.cs (,V=-1 to 7 for pyramid. alid 

t5 to 9 for pyral11idal fiusta). Howcwr. t 1 i ( x  dcsigli cwrvcs pros(~l t (d  ller(-' will 11~1p tlic 

i ~ l l f ~ l l l l i l  d~'~igllPl' S ? ~ C C ~  th(' 11111111)~1. Of faWh 1)il~Od 011 t11(' C O S ~  f l l l l ~ . t i ~ ) 1 1 ~  lllilt 1llOst 

relc~vmt. lor t l ~ c  111derl?;ii1g applic- <I 1' 1011. 



Chapter 6 

This c:l~iiptor s i i i~ i~~~wr izcs  t 1 1 ~  inaterial prescwtotl in t liis thesis. It also outlillcs tllc 

c:oiitril)~it,ioiis of thc c.oi~tluctcd rcscarcl~ ~ d i  a i d  s n ~ n ~ ~ i a r i s c s  tlic c:o~~c.ll~sions that  

(*an 1 ) ~  t1r;iwii fro111 tllc111. 

6.1 Summary 

This work iiivolvcd tlic inotlelling and cle+y of multi-fnc~tcd  lit (~ i i i i i i  imra.\rs Tor 1)ro- 

viclii~g gciicral lic~~iisplicrical scSm c.ovc~ age>. Tivo classes oT iiilill i-Tiwet cd i-lilt cwla 

a r r?~ys  ww u:wl. ii:m(~ly. pj~railii(1s aiid pyrmii(la1 frmt a .  m d  Sc~ir s t a g ~ s  of tlicir 

tlcsigli ~)roc.oss wcrc co~isitlerctl. A ~cvic.iv of rclatetl pwvious work i l l  cwc-11 oT tlic four 

slagos MXS prosoiitcd i i i  tliv r(lsp(~(*tive c l i a ~ ) t ~ r s  

Tlic first stagc tlcalt wit11 t l i c ~  gcwnictric tlcsigii of the ; ~ l i L ( ~ i i i ~ i ~ .  T l i ~  01)li111ill 

: i ~ i t ~ ~ ~ i i i i i  g ~ o ~ i i ~ ~ t r y .  i l l  t(~r1iis of t l i ~  S N V  (~lwat ion for ti given 1 1 ~ i i l h r  of' f ' ; i ( ~ ,  \ViiS 

d ~ t c n l ~ i n e d  s~it)jcc~t to riiiiiiiiiiziiig tlic 111;1~111111111 scaii a i i g l~  ~ i ~ ( ~ o ~ i i i t ~ ~ ~ l  1y t lie iiidi- 

vic1u;tl f;tc.c? ;~I.~HYs. T l i ~  S C C . O I ~ ( ~  SI ;L~C fo<.tls~d 011 t l ~  (1(+yl of t 1 1 ~ ~  ('ir('lili~~1~r l ) ~ l i i r i ~ ( d  

circiilnr patch ant cnntt, c.lrosc~l licw as tlio array clciiiciit . Tlic poliwi;l,at ioii lmrity of 

t l i c b  ; ~~ i tc~ i i l a  nils ( w ~ ~ i i i i i ( d  over (1ilIcwnt iiiig~iliu iiltcrvtils wliich arct rcht ( ~ 1  to tliv 

covcragc arcas o l  t hc iii(Iividi1a1 array ltwcs. Tlic tliird ~ t i ~ g ~  ( 1 ~ i i l t ~  wit 11 1 Iic (1vsig11 of 

t 11c i~itlivitllial aiitcmiln array. w l ~ i c l ~  is sq)portetl by c w 1 1  o l  ilic i l i i t ( ' ~ ~ ~ ~ i i  fiiws. I < v ~  

iirr;l>l l)iir:~r~i<:t(>r~ ii~c-Iwliiig tlic c ~ l c i ~ i ( ~ t  g ~ i d ,  spiicii~g. and c w i t a t i o ~ ~ ,  and iipc>rtlircx 



6.2 Contributions and Conclusions 



A co~iil);~risoi~ witli cqjc~riiiic~i~t;ll l);~tcli a11t ~ i ~ n a  (lesigiis dc~i~~oiistrat c- t11at t 1 1 c ~  1111ii1er- 

i c d  ~ c s ~ l l t s  S(T\YJ i15 11p1)~r 1)01111c1~ for the polarizatior~ puritv oi' 1)iltc.h ~ I ~ I ~ ( ' ~ I ~ I ; L S  011 a 

largo grou11(1 1)lanr. Tl~csc results ilro not oiily rc~lo\iaiit 1 0  inulti-fat ctctl antcnlias 1,111 

also to a witlc~r ixr ic t~.  of wirelcss ai~tl  inoldc c~oiiiiiiiii~ic'atioii appl i~.~~t ivi is  t l ~ i l t  i i ~ ( ~  

c.irc.ulnr polarizat ion. 

In t l ~ c  planar mtciiiia array tlcsigi~ stage. ail asscwsrricril. was ~)rcscwtetl of tlie 

ii~q)rovcr~iei~t giiiiitd 1 y  c~oi~q)l~t , i i~g t11c ~l(wieiit sparing. S I I ( ~ I  that  tlic special covwage 

c\xtc~~t  of tlic an-ar- facvs is iitilizccl. A c.o~n~)arisoii wit11 1110 1)asic. inetl~otl l!.picdly 

iisul to d e t v r i ~ ~ i i ~ ( ~  t lw ( h r ~ c w t  spi~(%ig s l ~ o n ( d  m i~nl)rov(w~mt of oiily a f w  ~)orwiit .  

This iii~provcw~cmt. alt l~ougli minor, c w i  cxm~l)cwsnt c for soiiic. or all of t 1 1 ~  sl)ac-ii~g 

rot1uc.t ion ~ i c ~ d ( ~ l  lo avoid array h1i11thc.s~. 

Fillally. t 1 1 ~  prfor11liint.c ovall~atioii frai~~cwork c.oiiiparcd plamr, pyraiiiicliil, a i d  

~)yraiiiiclal frnstain ai1tc1111;i arrays. Four cliffc~rcwl. Icvt>ls of c~valuation wcw l)orfori~~etf: 

using 111(~ gc~on~elric struct urc aloi~e; thew incorporatii~g t l ~ c  isotropic array factor; a i d  

filially iridutlirig 1,ot h the i~lotlcllcd: and thc siii1111;itetl oloii~ciit pat.tcrns. The rcwlts 

clcinoi1strat~t1 that 111(> por for i~~ai ic~~ aclva~itagcs of ~ I I I I ~ ~  i - f i l ~ ~ t ( d  i1iit('i111a tarriiys OV(Y 

l)lai~nr ;lrrw\-s iiicwaw as the covoragcJ rang(> l)cc.oii~cs witlm mtl/or cluscr to liorizoii, 

wl~ilc 1)lallar arrays arc1 siilliciei~t for ilarrow cwvcyy> ranges that arc> c.losc. to zc i~ i t l~ .  

T~ICSO il( l~i~l~t . i ig( '~  ~ ) C C ' O ~ I I C ~  owm illor(-' sig~iific'ai~t o ~ ~ c . c  t 11c ratliat ioi~ cllarac lr>rist ics of 

I l ~ c  ai~tci~i ia  (~1(~11(wt, arc r o i ~ s i ~ l ~ r < d .  Thc. results also show tlmt 110 clear iinprov(w~or~t 

is gni11c.d 1)y using iiiorc t11i1i1 ilb011t. 10 array I'acc.s, givcii the atltlcd area. c.0~1. a ~ d  

c.oii~pl(~sily i~~volvcd. hIorcwvc~r. ~i i~t lor  111ost ~ i rc~i i i l s ta i~c(~s ,  t11er~ is 110 sigr~ilic.ii~~t 

ctilrorci~oo i l l  l)c~forniai~c*c ailloug pvra~i~itIs witli 4 to 7 fac.c>s or among pyriiii~itlal 

frust il wt l i  3 to 9 facvs. 



Appendix A 

Antennas and Antenna Arrays 

A. 1 Antennas, Waves, and Polarization 

Electromagnetic Waves 

Elrctromagiicf ic ivwvcs iircl t ~ o ~ ~ ~ p o s c d  ol cocsist ,c~~( . t illit:-varying, c4ectric m t l  Iiiag- 

riot ic lic.ltls wliic.11 arc rc>lnt,td t l~ ro~ig l l  hlaswcll's ( y i ~ a l , i o ~ ~ s .  A11 c~lcc.tr.oiriagnc~tic N ~ V V  

is c-1iairac.t c'rizcd 1)y il s frccpc~lic,y of oscilla tion. ill1 elisil,~. clirc>c.l i o ~ i  of propagat ion. 

a ~ d  1)olarization. A tr ; insvcw cl~~c.lro~l~agiict i( .  wave is ~ I I P  i l l  1~11icdl  tllc c h l r i c .  licltl 
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(A.  1) 

~ ~ ~ c ~ l i u i i l  w h m ~  t 110 \wvc  is t raveling. wllcrc t is t 11r 1rl(diu111 p m n i t t  ivity nud p is the 

Polarization 
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A.2 Radiation Pattern Representation 



Tlic far-lirltl radiation 1)ut t cwi is tlic piit t (wi i i ~ ~ i ~ ~ l i r ( ~ t l  a t  largc tlist aiicc~s f'roiii tlic 

aiitoiiix~. as o]q)osrcl to the 1ic;il--lick1 rwtliatioii pat t ciil. Tlie far-ficltl tlist wnce. r,,,i,,, 

wliic.11 is tlic trmsitioii h ~ t  wwii tlic 11Ciir aiitl far Licltls of an  ai~tciiina, is givcii 1y: 

Possi1)lc graphical rtyrcwiitat ions ine.ludc t 11rc\o-dinici~sioiiiil ~1)11~ri(.ill plots. ant1 (\yo 

tlin~or~sioiial 1)olar ant1 rc~c.taliglllar 1)lots. Eithcr lilicw or log;1rithlnir (dB) scd(1s 

E'igurc A.  1: Illllst rat ion of (lic rc~latiolisliip 1 ~ 1 \ \  o(w tlir C'artvsiali cwrdiliil(cbs, ( . r .  y. 2 )  

a ~ i d  t l ~ l  s p h > r i ( d  cwr(limt,(~s.  ( r ,  0,  0). 



A.3 Impedance, Impedance Matching, and Band- 

width 



A.4 Directivity 

T l ~ o  alit,clma tl(:sign goal is 

and Gain 



By dcliriitio~~. tlie power lost in the a~itcmm itsclf is not included in tlic tlircctivity. 

Ilist.catl, it is iric.lutl(d in tlie gain, G. givcli I)y [Elliott . 20031: 

(A. 10) 

A.5 Antenna Arrays 

T l ~ o  1sotrq)ic array I'ac#l,or (or sililply tli(3 07 r uy  jncio7,) is tllc ra(liatio11 pilttcr11 of 

ail array o f  isotropic~ c+ilic~its. It, is simply tlw discrdc. Fourier I ri~isforln of t l ~ c  

array c\xcitnt ion. Tlrc\rc4orc. it is a f u i ~ c t i o ~ ~  of  tli(> rchtivc cxcil at ion and rc.lat,ivc 

ol(~i1(~1t, position. 0 1 1  the otlicr l~aiitl. tlic clcir~ei~t patt.cm is a finrctio~~ o f  its c*~irrcwt 

cIistril)ut.io~~ w+icl~ is ill t u r ~ i  a f ~ i i ~ ( t i o i ~  of its S I ~ ~ I P C  and dinmlsions. 



A.5.1 Linear Antenna Arrays 

k:,, (Q) = C rr,,(>'"""'"" 1 )  = 0. l >  . . . . (1-v - 1))  (A.  l a )  
/ I  

wl i c r~  k = T .  t l  is the clwlclit spwiug, ;illtl (1, is t llc rcliitive cx.itntioii, or rut~zghl, of 

tlic ~ 1 1 1  (~I r i i~u i t .  It is o1)vious that k',\ is iwt a f~ i i~( t io i l  o l  4. Eqiitition A.12 ( ~ 1 1 1  l)c 

rcwrittcw in t c ~ ~ ~ i s  ol tlic angular vurial)lc 11 = c.os 6. i.c.. 

X clcmwt spacing ol 7 .  Tlic array Iii(*t,or has a single glol)al ~ ~ ~ ; ~ x i m u n l  a t  b~oa(ls ide.  

wliic:l~ is tlw clireclioii pcr1)cliclicular t,o thc array axis. i.cl. 19 = 90•‹. Tliv part of 1 llc, 

ixtlialion j)i~tt('rii I ) C ~ I V ( Y Y I  1110 ~ I V O  11~11s ill.01111d this i i ~ i ~ ~ i i ~ l l l ~ ~ l  is is~>f'(\rr~d to  as the 
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(a) 20 log," (Fil(B)I vs. 6' (1)) 20 loglo I Fi1(u)( vs. 11. 

Beam Scanning 



(a)  Polar plot (h)  Splwicxl plot 

E'igi~r(> A.6 (Lop) sl~o\vs lii~car-scalc polilr  lots of  the array fac.tor of a 1G-ch1cnt 

ili-rav wit 11 i111 CICVI('II~. spacing 01. 3 ; ~ t  I)roadsidc~ (0" = !XI0). i~ S(.ilil ill~gle OI Ho = 60". 

i ~ i 1 ~ 1  o i d h c  (0,) = OD), r ~ s p o ~ t  i \  c - 1 ~ ~  At  sc a11 : ~ i i g l ~  o f  0" = 6U0, t h  ~ I I ? U ~ I  l ~a111  is 

tllc array usis. Also. i1s t11c 1)twn is scani~otl a1va.y fro111 l)roaclsitl(l, sor~~c> of t 11c side 

lolws I)oL\vwn tlw 111aii1 I ) C ~ I I I I  a11d tllc array asis disappear (froin t11c \,isil)lr sl)ac>cl, 

0 < 0 6 T ) .  wl~ilc side 1ol)os on the otllcr sitlo of 1 he maill I)ca~n start to appear. Tlic 



Grating Lobes 





Directivity 

Tlw clircctivii y of tlie array fador  of a liiic.ar ai~tciinw array call 1w c~)111putc~1 usillg 

E q ~ i a t i o ~ ~  A,& 1)y s~ ih t i tu t i r ig  FZ4(8, ( j ! )  for F(8 .  4).  T h e  dirmtivity iri a direc:t,iori 

(Bo, do) is 11111s givcii hy: 

Ho\vcvc.r. s inw t lic array fwtor  of a linear a~itcnlia array is intlopc~i~clcl~t o f  (I,, Eqilation 

A.16 rcd~icw to: 

Figlirc A.!)(a) shmvs 11ow t lic array fact or tlirc\ct ivity (dB scalc) varicw \\-it 11 t 11c 

no~inalizcd clo~ncwt sl)acii~g. (I/,\. nt clilI;.relit \n l~ics  of tlic 1111111l)or 01 ;ma>' olci~l(wts. 

11'. The I T I ~ L ~ I ~  I ) cml i  is i ~ o l  scmmcd. i.c. 0" = 90", ailc1 the clircc.tivity is c~o~t~l)iitccl 

in tlw 1)roadsiclc cIircc+.iot~. Tlw ligilrcl ii~tlicatcs t l~a t ,  at, a COIISOLII~ A T .  dir(v.tivit,v 

i~~cmwsvs as (1 i i~cwasc~s~  ~ I I P I I  i t  cliwps >ll)r111)t ly (111v t o t 11e a~)p(:k~r;i~~c c> of' t 1 1 ~  lirst 

grati i~g lob, d41so. t l i ( t  o lcw~t~i~t  s p x i n g  at \vl~icl~ 1 1 1 ~  111~ixi111uin diwcti\.ity o c ~ ~ ~ r s .  

incwascs as  ,V incrcwc.s. For cxa i~~plv .  for a 2-clc~incwt array, ~ n a s i n ~ u i r ~  clircc.tivit,v 

o c n r s  at (//A 0.72. ~ v l ~ i l ( ~  it ocmrs  at d / A  ==: 0 9 i l l  :in S-cl(~1110ii1 iirrilJj. 



Element spacmg, dl?. Element spaang. dl?. 

Beamwid t h 



Array Baiiclwidth 

A.5.2 Planar Antenna Arrays 

(A .  18) 

I 4.10: 1 1  l o  of t l i  I 1 1 I I  1 .  Tlic I I I I ~ I I ~ ) ( - ' I .  of 
c h l c l l t s  ;dong 1 l l c  .r 1111d !j ( l i r~c t io l~s  a1.v = 4 i111d .\TI, = 3, I-CSI)C(.~ iv($j,. 



F~gurc. A. 11 ( 2 )  shows it l i r~cw-scdc sphcricd plot, o l  tllc isotropic. iuray factor, F11(8. o). 

of t l ~ c  planar array il111str;lt rd in Figure A. 10, \\-it11 (1, = (1, = X/2. i7crs11s 6' ; ~ l ~ t l  d. 

Figurcb A.ll(1)) shows a srirfacc~ l h t  o f  FZ4(7~. 11)  i7ors11s 71 i il~d 11. 

a pllasc. sllilt of ( 7 f l k d z  sin Bo cos So + nXd, sin B0 sir1 So) to the clement a t  row T I L  and 

co111lr1n 71 in tile ;lI.ril!. T ~ I C  il1ril\7 factor is. thercforc. cxprcssed as: 

(a)  Sl)llc.ric:al plot, ( 1 ) )  Surface plot. 



A.5.3 Scanning Limitations 

Since. hcmii scm~nir~g is slit11 an i l ~ l t y p l  part of tliis work. i t  i \  \vortl~wl~ilc to siil11- 

111arizc tlic clfcc.ts mid liniitiitio~~s of sc.alining. As (hv 11iili11 1)ritrli is S ~ R I I I ~ C ~  anxy 

lroill hroadsitlc. tlio arrav 1)canlnkllh is iricrc~~setl a r d  gratillg 1ol)c.s mnv hcy+n lo 

forin. \a.hic.l~ rc>sults in clccrcwir~g an'a,v dirccd ivity ailtl gab. Scaiii~ing Iilaj i~lso 

tlccwaso tllc array l)a~ldwidth. 

Atltlitio~ially. the iinpact, o l  ~niit,llal cwupliiig incrcasc.~ as ;I result o l  scail~liilg. 

T1icrcfc)rc~. all hougl~ in1prtlai1c.c in;it(.liiiig i~i;i!. 110 i l c l l i~~\~(d  ;1t 1)roadsidc~. sci~nliir~g 

will rcsiilf i l l  irlipcdaiicc~ niisi~iatcli. This rccluc.cs the aiiteiil~a ofIic~icwc~v, as sliou 11 i l l  

See-t ion 14.3. 1'11(3 cfrects o l  scil~mi~ig lrlily 1w SO sewre. to t lw cstcnt o l  wus i~ ig  array 

l)liritll~css. A r r a ~  I~liriclrioss rcwdts Sro111 tllc ii~crc>ascd i r i~pi~ci  ol' nlutl~al conpliiig alitl 

illay calls(> (o~~ipl( , tc> caiic~c1l;ltiori or Llic x r a v  1 ) c w l i  at cc>rtain scau nnglc~ [hlaillous. 

19941. 



Appendix B 

Numerical Solution Methods 

The Equalization-based Approach 

The law clcvation of the pyrainitlal f r~ i s tun~  is coli~puted using tllc ecll~alixation-buscd 

approach by ~~liirwsicdl\. sol] ing 11ie syslei11 of no~~- l inws  dcsigl~ ccp~nlions ill (2.12) 

ilsir~g \Ial)lcT"' as follows: 

s o l u t i o n  := f s o l v e ( { e q l ,  eq2}, {ps i - f ,  the ta-b} ,  

{psi-f =On . t he t a -2 ,  the ta-b=the ta-1  . . t he t a -2 ) )  ; 

wlicrc eql ant1 eq2 r c l ) r cw~~t  the two equal ions in (2.12). 

The Minimax-based Approach 

op t ions  = optimset('MinAbsMax', 2 ) ;  

Cx, f va l l  = fminimax(@f i n d ~ a x - s c a n ,  C01 . [I , [I , [I , [I , LO] , 

C901 , [I , op t ions>  ; 

gamma-p = max ( f v a l )  ; psi-p = x ; 



whcrc f indmax-scan is a cnstoin fi~ilctioi~ Illat retilrils a 2-elei~~cnl wctor co~~ ta i i~ ing  

-/,,, ;md -/,,, , g i \ m  by (2.5). ill  dcgrcw. 

One of tile pitfalls o f  fminimax is that tlw f~i~lction to  I)(> miniinized r1111sl Iw 

cw~tii~ilouh. 'Tllis ih  iiot t l ~ e  cmc for t l ~ c  ~ ) y ~ i l ~ i l i t l ~ l  fsmt linl hrcailsc~ 71, i l l  (2.6) is 

w t  nallv c.0111p11 t c d  as: 



Appendix C 

Dimensions of Multi-Faceted 

Antenna Arrays 

C. 1 Pyramid Dimensioiis 



Figure C.l: Tlic gctomc%-y of a 5facc pyramitlal array. 



C.2 Pyramidal Frustum Dimensions 

Fig~irc  C.2(a) ill~istrntc~s thc gcvi~irtry of a 6-faw pyrail~itlal f ~ ~ i h t l i l l i  i l ~ l t ~ l l l ~ i l  i l r~ i i ,~ .  

Each sidc ~ ; L ( Y )  vf tJic frl~st,uili s111)t~nds ill1 a ~ i n i u t . 1 ~ 1  angle, $,, givcn by: 

Owing t o  sy~rinic~try, only t l i ~  first siclc lice alitl part  of tlic lop facv ncctl t o  1x1 

col~sitlcrcd, w> sllown i l l  Figlircl C:.2(1)). 

Siiliilar t o  t l l ~  pyrarnitl, t 1 i ~  footprilit riltlills is R=I I. alid t11c wid( 11 a d  1ic.iglit 

of tliv triimgk Aplp2pJ (w~ltailii~ig 111~ side of tlw frust~inl  ( the  isosc.cles trapezoid 

~ ~ l ) , ~ p ( , p ; )  arc givcw l ) ~ . :  

It is ;issuriicd t l ~ a t  itlcntic.al circular arrays arc 1 ~ ~ 1  011 thv (01) illld sidc f a ( w  vf 

th(1 frustuiii. 111 gclioral, fur a givci~ arrity radius, I-, it call c.itllcr I N >  inscribed ill t.lie 

top f a c ~  olily (E'ig~irc. C.3(a)). or i l l  thc  sick1 fa(*(> only (Figure C'.:3(h)). Tlic radius of 

t llc cairclr ilisc.:.il)ctl i l l  tli(\ (.op fii(*(l, wl1ic*l1 is all (,V-1)-sitlccl rc'gular p o l y g o ~ ~  is givcli 

1)v : 



Figure C.2: The gtwrnctry o f  a 6-Sacc pyramitlal Srusturn array. 



By cquat irig (C. 11) and (C.lfl), two possiblc w~lncs  aro o1)tailicd for w,: 

C.3 The Maximum Scan Angle at  a Finite Dis- 

tance to the Antenna 

C.3.1 Pyramidal Arrays 

Tllc clc~rivat,io~l ill Swtioll 2.3 assunlctl that  t hc (list awe from tlw targcl to tliv a111 t~11a  

is snfIic~ic~i~ ly largt.. For a pyramitlal array. this caasc is illustra ted in Figurc C:.3(a) .  





C.3.2 Pyramidal Frustunl Arrays 
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