WO 01/ 47061 PCT/ SEQCQ 02513 1 Antenna arrangenent and nethod for side-|obe
suppr essiyihor/ 4708 d of invention The invention rel ates generc@l$Boonzsiphased
antenna arrays and nore 5 particularly to side-|obe suppression systens as
applied to phased antenna arrays. Background art Antenna arrays consist of
an arrangenent of closely spaced antenna JrO el ements uniformy spread over
the antenna area or aperture. The beam pattern for phased array antennas

i ncludes a principal or nain | obe used for detecting a target and several
i de-1 obes. SfterAusRthdcAib A RN Rcte: SW&MB@%Q%E%L&’%Q he principal |obe.
The direction and shape€ o e | tering the phase
and anplitude of the individual elenents. A 15 problemw th airborne

ant enna sysiigﬁoi iivé Et"i’lt si de-1 obes directed towards the ground pick up
ground cl ut , ' ninterfere with echoes detected by the principal
| obe and sevgs eirnvehgoCrolbfee 'RMaFaIy adi bhbyed OadiRhfg! aneds ahar gfdreechoes.

Conventional ly, side-lobe clutter is mtigated by reducing the side-|obe
radi ati &n eulgyly depside-ehe aepRiessing wstame agpeprliadeto phgsed atierpa
wei ghti ng wel |l on reception, introducing only a limted and

acceptabl e “power | oss. However, in a system enploying an active phased
array, anplitude weighting on transm ssion involves an unacceptably high

power |oss, typically of around 5 to 6dB. 25 An alternative technique to
anpl i t ude v@@ﬁ%@%ﬁ described in US 4 939 523. This involves weighting
or tapering h f epgpa n 5}1 L | eam has
a sharply f%@tggggdaﬁg?/% F%‘EﬁSg% gﬁ aﬁég@%ﬁ cd?aﬂbgﬁl eens\gr?t%égf Tafgflég\g_gl obes,

with tHE siealemeobesiniformiyespreaer ovérethes phtermeaotrddh er aapertune, Theabears t he
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detecting a target and several side-lobes of reduced radiation energy
grouped around the principal lobe. The direction and shape of the beam is
controlled by altering the phase and amplitude of the individual elements. A
15  problem with airborne antenna systems is that side-lobes directed towards
the ground pick up ground clutter, which can interfere with echoes detected
by the principal lobe and severely reduce the radar’s ability to detect weak
target echoes. Conventionally, side-lobe clutter is mitigated by reducing the
side-lobe radiation power by amplitude weighting of the aperture. Amplitude
20  weighting works well on reception, introducing only a limited and acceptable
power loss. However, in a system employing an active phased array,
amplitude weighting on transmission involves an unacceptably high power

loss, typically of around 6 to 6dB.

25 An alternative technique to amplitude weighting is described in US 4 939
523. This involves weighting or tapering the phase of the antenna elements
only. The resulting beam has a sharply focussed main lobe and an
asymmetric arrangement of side-lobes, with the side-lobes in the lower
hemisphere of the antenna, that is the side-lobes directed towards the

30 ground, being low. However, the implementation suggested in this reference
is very complex. The phase distribution across the antenna aperture is

obtained using an inverse Fourier transform, and the phase variation across



Is very conplex. The phase distribution across the antenna aperture is

obt ai nedyisdiMgo@dn | Nverse Fourier transform and the phasecraEedlsdh across
WO 01/ 47061 PCT/ SEQCQ 02513 2 the aperture nust be recal cul ated, or

tabl e-interpolated, during the roll of the aircraft to maintain | ow

si de-1 obes towards ground. There is thus & need for an antenna

I npl ementati on which mnimses side- 5 |obe clutter with acceptabl e
power -1 0ss on transm ssion, which also perforns well on reception and

which is sith@lkpettard MuseBeecaltlWéR6rableNHENDbIRE AR I the rof dffiBe

I nvention, an antenna system.is proposed having an array of 10 antenna

el enent s affcAfhiemabieindpwsidedphastopgrdsgiqundg t he phase of signals that
may be fed to and received by each el enent. The phase control circuitry

i ncl udes a phase correction arrangenent for correcting the phase of each

el enent as Taererns thus aafiedd éorpars iantermaoimplbmeatatimwhioh iimintides sideay .
Preferaply ase . correction is ortional tq a first function of the

t he pr o :
15 anguPar |%%F{aiﬁ_ﬁﬁw GrePaRlePvEsH Sp?@ﬂmmﬁs\@nvt\%h'&hs%%ﬁérfﬁﬂﬁétion of
the radi alygposd Fédé’bti@ﬁ_atn@lewﬁbgri@gitmtplé!tﬁﬁdg%ﬂ%rﬁ&ta central point in the

array. The first function is SI NUSOI angul ar position of the el enent

and the second function is an odd polynomal of the radial position of the
el enent hawy S rmof third order or above. The phase
porrectipn%gﬂﬁyﬂﬁgﬁéﬁ?ﬁgﬁgﬂjybsonprise several nodul es, wherein each nodule
i's associ aw@@omm@t@théilnoeh@orszrarf@ﬁt@nhé%vsfém@ise;bn%gegéd h&D@g! alY 8ty @ al so
relates to a nethod for suppressing sidé-|lobes. By providing the” phase

cor r ec1@ on aatermaselepants andtphasegfontiek ciseitryifonseiting doé phase aif signals
expressed ig,q

radi al ngul ar. ition, the inplenentati is__rendered
very ot mpt S S Be Blo BPE BBV BA RS 281 plirbn e BeC caal Srali® el eren:
by el ement indiuddsher pRass c6RaBESS araingBmedit ifenicatreetin@fthé gharat émeach such
as during aircraft roll, for exanple, may be conpensated for sinply by a
element as a function of the position of the element within the array.
Preferably the phase correction is proportional to a first function of the
15 angular position of the element and proportional to a second function of the
radial position of the element relative to a central point in the array. The first
function is a sinusoid of angular position of the element and the second
function is an odd polynomial of the radial position of the element having at
least one term of third order or above. The phase correction arrangement
20 may comprise several modules, wherein each module is associated with a
single or more than one element. The invention also relates to a method for

suppressing side-lobes.

By providing the phase correction as a simple function of the position of each
25 element expressed in radial and angular position, the implementation is
rendered very simple; in particular, the phase correction may be calculated
element by element. Furthermore, changes in the orientation of the antenna,
such as during aircraft roll, for example, may be compensated for simply by a
shift in the origin of the angular term of the function for each element in the
30 array. The resulting beam pattern includes low side-lobes in the lower
hemisphere and gives rise to only limited and acceptable power loss on

transmission.



shift in the origin of the angular termof the function for each elenent in
the 30 angg¥isa7ee resulting beam pattern includes | ow si dePCDSE®/G2613t he

| ower henisphere and gives rise to only linmted and acceptable power |oss
on transm ssion. WO 01/47061 PCT/ SEQQ 02513 3 BRI EF DESCRI PTI ON OF THE
DRAW NGS Furt her objects and advantages of,the present invention wll
becone 5 apparent fromthe foll ow ng description of the preferred

enbodi ments that are given by way of exanple with reference to the
acconpanying drawings. In the figures: Fig. 1 schematically depicts a
sinmplified block diagramof an active 10 electrically steered antenna,

Fig. 2 is BRIEwDH R ION Ot THE BDBAVWINGS eps for obtai ning an optimi sed
phase function for the desired beampattern, 15 Fig. 3 shows a contour plot
of the two-di nensional beampattern in the u, v plane obtained using a

phase functi@therx pbiecte damy édih%rp@d;efsﬂocﬁﬂ he ;ﬁrl’egbnt aﬁﬁbrﬁlcm villsbewsma slice
of a phase function in the X, Iane t hrough x = u3|n8 20 the {r7}
&
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10, 10' arehafigareed in a grid to formthe antenna area or aperture. The
array is preferably planar, with each el enent being separated by a
di stance of |less than a half wavel ength from adj acent el enents. In the

descri bed qrgofligapainatichfly aBLBRAR &S ShITRA_ AI6HOT ABoFAalor SYA! ABtigkt h ¢ he

antenna aperTure situat ed in the nose the alrcra reasons of
space, 1030 t he aieerinallyasteayed anfeneger ably essentially circul ar in shape.

Fig. 2 is a flow diagram illustrating the steps for obtaining an optimised

phase function for the desired beam pattern,

15 Fig. 3 shows a contour plot of the two-dimensional beam pattern in the u, v
plane obtained using a phase function expressed by the polynomial
{r"}, and

Fig. 4 shows a slice of a phase function in the x, y plane through x = O using
20 the {r’} phase function.

DETAILED DESCRIPTION OF THE DRAWINGS
The electrically steered antenna array depicted in Fig. 1 includes an array of
radiating elements 10, 10’, two of which are shown in the figure. These
25 elements 10, 10’ are arranged in a grid to form the antenna area or aperture.
The array is preferably planar, with each element being separated by a
distance of less than a half wavelength from adjacent elements. In the
described embodiment, the antenna is for an airborne radar system with the
antenna aperture situated in the nose of the aircraft. For reasons of space,

30 the antenna array is preferably essentially circular in shape.

Each element 10, 10’ of the array is connected to a transmit/receive module



Each el enment 10, 10' of the array is connected to a transmt/receive nodul e
WO 01/ 47Q63 of47b6SECQ 02513 4 11, 11' that controls the phaspsend2soplitude
of the RF signals fed to the radiating elenents 10, 10'. A common RF feed
network 12 is coupled to all transmt/receive nodules 11, 11' for
splitting and sunm ng, RF signals on transmt and receive, respectively,
to and fromthe radiating elenents 10, 10'7 5 The RF feed network 12 is
connected to an upstream antenna RF signal input/output (not shown). The

b an anpi it dde ey Bl the PhagB3any BRPGR: of oRP5° skl o K e T
anpl i t ude o&diREngiejerakstst €8 1©. theoans®t RFE fbd netdioak i120ised ] tolgl 10°.

The phase ?hifter 111, 111' and ang!itude, 10 nodul ator 112, 112' are

cont rol | ed MANSENVEETSIvE: pslulasy Thndd e faresRliting @ik summing.1RE' sigmals ampl i t ude
and phase | tdcehdss: %ﬂéﬁ ' H56 §H ol I bk rbel ow.
The RF si g?}r?fn?hj{?%aﬁ&é% ror’nrst9 e rt'z‘a’gq’)a#? %gdel engﬁn{%?ﬁdblg@hgﬁrggbﬁéhosm it
into a drarde RFafetdanetomkvE? pachnnectedatosant ustiebfy ahtdhna RFhaigriahnsm t
path includes .an anplifier 115_ 115, preferably a power, 15 anmplifier,

thi ch anpl M ABUAT 0t SEowET REng sl SRl BambaRieR oy Heeath e
radi ating el omeRe Rifter0111An1anphnd i g4 drhBlitulid6' modulbtokeMse 13or agged in
the receive path for anplifying received signals. The two paths are

connect ed €ENtrAENGaMieapNAse eﬂl&gr@mpllilme o6’ RRi sigaalsufachée teeiasseciated 117,

T1s, 113 "SFENRE dathelt 1 T I8 SRS T TR IR ARGE N beam
steerinQ comulitigtor (1B3C)1 124 arsfortrolléd byosin!faplitade mFﬂﬁs@@@&m@I ukinot
shown). The BSC 14 controls the direction and shape of the antenna beam by

setting thdldnp Bt ubee ampiude andfrhasersettng patitdd g Sendheatdesoribady
| ndi Vi dual by mofBeRuER WAIGH. THe B 3dnidld anttforthE HaidtRE S8Rt 1P

directed towa
10" are then split into a transmit and a receive path with a switch 114, 114",

The transmit path includes an amplifier 115, 115, preferably a power
15 amplifier, which amplifies the outgoing RF signals before sending these to
the radiating element 10, 10’. An amplifier 116, 116’ is likewise arranged in
the receive path for amplifying received signals. The two paths are
connected to the radiating element 10, 10’ via a further switch 117, 117,
which is preferably a circulator.
20
The amplitude and phase setting units 113, 113’ of all modules 11, 11" are
connected via a data bus 13 to a beam steering computer (BSC) 14, which is
coupled to a system control (not shown). The BSC 14 controls the direction
and shape of the antenna beam by setting the amplitude and phase of each

25 radiating element 10, 10’ individually.

When mounted in an aircraft, the antenna beam side-lobes directed towards
ground will pick up spurious echoes, which can interfere with the echoes from
a target, a effect that is termed side-lobe clutter. Conventionally, this
30 problem is mitigated by amplitude tapering of the antenna array to reduce the
side-lobes. However, in an active phased array antenna, amplitude

weighting on transmission results in loss in effective radiated power. In



ground will pick up spurious echoes, which can interfere wth the echoes
from a {(&y@aeiesia effect that is terned side-1obe clutter pCOERO@sibnal |y,
this 30 problemis mtigated by anplitude tapering of the antenna array to
reduce the side-|lobes. However, in an active phased array antenna,
anplitude weighting on transm ssion resukts in loss in effective radiated
power. In WD 01/47061 PCT/ SEOQ 02513 5 accordance with the invention, this
problemis alleviated by phase-only tapering of the antenna array.
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reduce the side-lobes that are directed towards groun ewed in'relation
to the radiaReriog Yatheepntennat areayy, \Spsicifiva|ly uthenghases dsedssythenanttinnect i onal
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pr ef erlPed aeaosdingynes vdll Peydescrided furtirankieldtwa speci fi ed si de-1obe level is

utilised as a desired beam pattern, however, those skilled in the art wl|
20 appreciate that sone other appropriate nodel could be used. The
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preferred manner is to mnimze the error between the beam pattern
obt ai ned UYnalien has pegscdatarinedrioandrachéhalpbase éppattpaachrradiating | east

element 10, 10’ and so substantially reduce side-lobe energy in the lower
15 hemisphere. In order to obtain a desired beam pattern for the antenna array,
the coefficients of the phase function are adjusted until the beam pattern
obtained with the phase function matches a desired beam pattern. In a
preferred embodiment, a Taylor diagram with a specified side-lobe level is
utilised as a desired beam pattern, however, those skilled in the art will
20 appreciate that some other appropriate model could be used. The
optimization of the phase function may be performed in any known manner.
A preferred manner is to minimize the error between the beam pattern
obtained using the phase function and the desired beam pattern in a least
squares sense using an appropriate algorithm. It should be noted that the
25 matching is performed for the set of directions, i.e. spatial frequencies, for
which a reduction in side-lobe magnitude is required, with no regard to other
directions. In the present case, this set of directions corresponds to the lower

hemisphere from which clutter returns are most likely.

30 In accordance with the present invention, it has been determined that an
asymmetric beam pattern suitable for suppressing side lobes in the lower

hemisphere can be expressed in terms of the position of an element 10, 10’



squares sense using an appropriate algorithm It should be noted that the
25 mat chiyigoi/proper formed for the set of directions, i.e. EAVSEW/02513
frequencies, for which a reduction in side-I|obe nagnltude i's required,
with no regard to other directions. In the present case, this set of
directions corresponds to the | ower hem gphere fromwhich clutter returns
are nost likely. 30 In accordance with the present invention, it has been
determned that an asynmmetric beam pattern suitable for suppressing side
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Pr ef er abl y otdiratelsemrentwhereirtis aRe iradiakgisearedrom PebatralgsoinOindineadregy . a,
where r is the radial distance froma central point in the array and a is

t he angul aandex/i&ath%ﬁngularrdawaa@rb|frtqnaan|a}rb&rrméxenhm@erer&famcﬁu diegntioon,  for

| leng _th i fical th t 4 5
appl | ed t o dngXanRICPI Rt tBHEPNAL BTaP HEPT N vl FORSPLEREMN M 0 (1.
a) = sig (applidPtsany o%‘t‘-ﬂerﬁé%t iskfehinkh %), fye’lhé%llo’VNHJW IsprogsRsd ficient.

According to thIS expression the phase nction 4 of any one el ement
10, 10" within the array is proportional to the SIﬂUSOId of the angul ar
position a of the el enent and al so proportional to an odd polynom al of

t he radlal S|t|on raLd east third order. Uilising the relationship
defi ned in 7)” ehe=r Q)s zwsa Eorrection for each 18)elenent in terns
of its angular and radial pesition in the antenna array is obtained by

adjusting the value of the coefficients, a2k + 1, and thus the order of
the odd polynom al to obtain the desired beam pattern. The process is

o ompr o8 el 4 ReBbiefl c ALEF B 10 e SR TR R RN rance.
20 10 ¢ of any one element 10, 10’ within the array is proportional to the sinusoid of

the angular position o of the element and also proportional to an odd

polynomial of the radial position r of at least third order.

Utilising the relationship defined in (1) the required phase correction for each
15 element in terms of its angular and radial position in the antenna array is
obtained by adjusting the value of the coefficients, ax + 1, and thus the order
of the odd polynomial to obtain the desired beam pattern. The process is
essentially one of optimisation, wherein final beam pattern may have to be a
compromise between the complexity of the expression and the performance.
20
The steps for obtaining a desired beam pattern utilising the expression in (1)
are illustrated in the flow diagram given in Fig. 2. The process starts in step
201 with the selection of an appropriate template diagram for the area of
side-lobe suppression, i.e. the lower hemisphere. As mentioned above, this
25 may be a Taylor diagram with a specified side-lobe level in the lower
hemisphere. In the following step 202 the polynomial structure and order is
set, i.e. the non-zero coefficients ax . 1 are selected. As will be shown
below, in general a polynomial comprising a single term will suffice for
obtaining the desired practical side-lobe levels. Any possible additional

30 constraints will then also be incorporated in step 203. These may include



The steps for obtaining a desired beam pattern utilising the expression in
(1) areyddissdiated in the flow diagramgiven in Fig. 2. pCISEp/@sESS
starts in step 201 with the selection of an appropriate tenplate di agram
for the area of side-lobe suppression, i.e. the | ower hem sphere. As

menti oned above, this 25 may be a Tayl or G}i agramwi th a specified side-I|obe
|l evel in the lower hem sphere. In the fol'l ow ng step 202 the pol ynom al

structure and order is set, i.e. the non-zero coefficients a2k + 1 are
sel ected. Asedfihg ¥e NV theIreMn-1bBe AffRRIIBH P8 aagm’ khe SRRk a
single terr%éwi I)JI gsuffi ce flor obt ai ni ng theI deag‘ re%l p écq?li cal silde-l obe

| evel s. Anpepossirnéan sitti-toberievel30 It step 284 ihe mean sghare airenbbbbtveen

i ncor por at ' 203. These i ncl.ude WO 01/ 47061 PCT/ SEQQ 02513 7
Cneor Pol o it e AbRP a6 the MXERHd BbaHaf i e et Herdd8mefeur mn s S rrum
peak or neapysifeelicecartehigotithritrefy Be4iddiefomeais siehiartee fihipdisedriveen

the tenplate and the resulting diagramin the | ower hem sphere is

m ni m sed. iNVRNesnawerdimensinat i adrigs tiansiarmafiopestepe gincgr ne rANalicep. The
m ni m sati LNVvo - ¢l e I I r. i O ,
since no a%g?%tslk@)\g 110Y@%?g@i@gﬁaﬂg@§®ﬁﬁygﬁ$ﬁgr em% gé]%’ls% 'lgggg@@faféa(ﬁoe. The

process i sirt step 206 &theni thesthepn Zduard error e |ewsathas i presceibedrievel drgss t han
a prescribed level and the coefficients are obtained. 10 By virtue of the
separ at e tﬁ?eh? ICIgNisAREROtRE.S: i onship to angul ar position, a, in the
phase function of equation (1), it is very sinple to adjust the phase
correction for different roll angles of the aircraft. Specifically, this is
achi evidl By viitid of the $daratieemaddsinimg temiatioreshimto tingtilbe positibnaagl e of
the aircraft prior to calculating the sinusoidal termsin((x). In this way
the resul timieehasa supeitanepheadaliemsi) yt iSevery; sistiel to AdiastetheoRasele- | obes

inthe lo ' t, 1 em er. J egl: ound.
Table 1 bﬁé%e%ﬁu@ra %senéf&ﬁrlu?rﬁee%ggte%m%%? t]ErSﬁjsecyéf[)C%g%’nel %%rlﬁi%\f% t he
phase funcbyamifdr§itnedangdle (2byvart Bnfbiunt &re@at tenkkersll angle bf ted wiresafpf
prior to calculating the sinusoidal term sin(a). In this way the resulting beam
15 pattern can easily be adjusted to have low side-lobes in the lower

hemisphere, that is the hemisphere directed towards ground.

Table 1 below illustrates simulated beam patterns obtained utilising the
phase function defined in (2) with different orders and structures of
20 polynomial. In each case the polynomial coefficients were determined by
optimising the beam pattern with a desired beam pattern in the lower
hemisphere. In the present example the optimisation process was performed
using the built-in least squares function “leastsq” in MATLAB, however it will
be understood that any suitable optimisation process may be employed to
25 determine the coefficients for a desired beam pattern. For each phase
function the magnitude of the first side-lobe, i.e. the peak amplitude, is given
in a slice through the u, v plane defined by u = 0. A further quantity listed is
the mean side-lobe level through the same slice where u = 0. This is
calculated as the two-dimensional mean of the antenna gain in the side-lobe
30 area of the lower hemisphere. Finally, the table also gives the damping of
gain. The mean side-lobe level is proportional to the total clutter power



20 polynomal. In each case the polynom al coefficients were determ ned by
opti m si Rgp bhHfopeam pattern with a desired beam pattern i rPQTSENOREB

hem sphere. In the present exanple the opti m sation process was perfornmed

using the built-in least squares function "leastsq" in MATLAB, however it

will be understood that any suitable optigm sati on process nmay be enpl oyed
to 25 determne the coefficients for a deél red beam pattern. For each phase
function the magnitude of the first side-lobe, i.e. the peak anplitude, is

given in gdiléf érﬂf Butﬂ@réfBFé CL m(‘!reo%);?p%gﬂg{e' H\%Qsaﬁéhlﬂft Eerc?orrﬁar’;

quantity listed is he nean sid t hrou e sane (}sqlegvgv\here u
= 0. This than fdf@lrtﬂﬁkslsléﬂ lofe tevel.t wo- di nensi onal nean of the antenna gain in
the si de-1 obe 30 area of the | ower hem sphere. Finally, the table also

gi ves the danping of gain. The nmean side-lobe Ievel is proportional to the
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thereforE a nore appropriate neasure of performance evel than the peak
S|delcﬁ)eIEveI I'n Tablel the notatlon {r , r'} is short for the
expr essi on g yham-al—Peak—si-de—ebe—Pelyremal Peak
si de- | obe| P b’ iérrh ‘evelP %an S|sl§’§| héa;j@/'&@m\ be ﬁe@?\e|s,|d’e-|qp§e’lgwe ,
danpi ng danpi ng (dB) (QB)/eI { Mhear?8 s\?de- 46.3, 0.26 {fean rside-icbe Jeveld- 8.
0.88 {r | r} -33.3, -146.9, 0.98 {r b, [r9} -33.7,(-48.0, 0.92 {r ,'y , rl}
-36.5, -4Pp.6, 0.95 {r5, lobe}levsm damping.|3, 0.96 {n3amping(dB)r9} -38| 7,
-49.9, 1.48 {r} -33.9, ( .1, 1.10 {r,r, r, r, 441.2, -51.2, 1.09 {r, r9}
-32.6, -47.6, 0.94 r"} r'} -34.9) -47.8, 0.85 {r , r } -32.6, [47.6,
0.97 3 -28.3,-46.3,0.26 r, -33.5,-47.8,0.88

{r°, r*} -33.3, -46.9, 0.98 {r°, r} -33.7, -48.0, 0.92

{r’rr) -36.5, -49.6, 0.95 {r°. r'} -34.9, -48.3, 0.96

{r r -38.7, -49.9, 1.48 {r" -33.9, -48.1, 1.10

{ ' r]-412 -51.2,1.09 {r', ) -32.6, -47.6, 0.94

r11}

{ 'y -34.9, -47.8, 0.85 ' ' -32.6, -47.6, 0.97

{r’, r} -37.9, -48.4, 0.93 {ry -32.1, -49.0, 1.27

. 'y -39.5,-49.2, 0.95 . " -31.8, -46.9, 0.99

{r} -32.4,-47.5,0.77 {r'y -27.8, -49.6, 1.49

Table 1

It is expected that beam pattern will improve in terms of peak and mean side-
10 lobe level and damping of the gain with an increasing numbers of terms ax + 1
r** " in the polynomial expression. However, it is apparent from the values of
mean side-lobe level given in Table 1 that the improvement when using a
large number of terms as opposed to one or two terms is not very significant.
A very reasonable result can be obtained when using two terms, for example
15  the expression {r’, r''} or even only one term, for example the expression {r.
Indeed in some cases, the simple cubic relationship between phase and

radial position given by the expression {r’} may provide adequate side-lobe



{r , r9} -37.9, -48.4, 0.93 T} -32.1, -49.0, 1.27 {r3, r } -39.5, -49. 2,
0.95 {r ,woHo}u4r8il.8, -46.9, 0.99 (r) -32.4, -47.5, 0.77 {PCT/IE00/027138,
-49.6, 1.49 Table 1 It is expected that beam pattern will inprove in terns
of peak and nean side- 10 | obe | evel and danping of the gain wth an

I ncreasi ng nunbers of terms a2k + 1 r2k + in the polynom al expression.
However, it is apparent fromthe values of nean side-|obe Ievel given in
Table 1 that the inprovement when using a |arge nunber of terns as opposed

to one or tsupptewsion.i SitN@ill Ber dingerdfidd @adt the feWd Yhd SRFABAEDE tbaRy! t can
be obt ai ned mhen using two ternms, for exanple 15 the expression {r3, r"} or

even only G&RBIAIRSGHIN mp@xm@ SKRESSSIQE: & aRier ﬂ‘lﬁ}lmplq?méétaﬂlohnmﬁm cases,
the sinple cubic relationship between phase and radial position given by
the expression {r3} may provi de adequate side-lobe WO 01/47061

PCT/ SEOO/ OPJ:g.BB saom;mceaﬂiuorplotl of thel tivobdimerdes el dednt patterinhia ifh@ﬁ@rvt he
nunber nom al expression, the easier the

d t
i npl eme tatp \?Pfﬁ'rr‘] Iug’er!g '8519 épewg\%gdcueﬁtﬂﬁ’rbur he ¥elugr of the eaeffigisnénsi onal
beam pattep ? ds@dtlﬁ‘?hlg ph‘ésé th@t&fh WQEaH”%b §'1@9 e éfag-}ot@%%%c |Uﬂirli | on.

The val ue o he coefficient a7 used in |s phase funciion was 5326 x
104. The sﬁlm%lqnmrehemmerens|Qheartynmsll:dmverF|gemsrmW a sleecofetird phasei bl e.

Fig. 4 sho l.i of the ase unction in the x, y plane through x =
0. 10 In a\ﬁ”‘-‘?'ﬁ ”83@%%‘ Y&ﬂﬁﬂeg{%u%é n(? phase tapering resulted in a small
pointing error when conpared to the nom nal beam pattern w thout tapering.

This directional deviation can be conpensated for in the beam control
i mpl entit edn BY thesaseatakylsed abovmhasertaparingirgsulted. in1s sRailemnmg agai n

[ d 3 3, i
t(r)aﬁls?n t/ ret@?v@%ﬁgoﬁ%%gpt hLé E‘Pﬁﬁﬁ%l un'%tfer%ﬁ\gitlﬂé}t ag?lr‘?é'PQ f to the
radi ating elreotsrial Haviatidon. cHre oot bﬁﬁmeﬂbéﬁa@i ffdaRCid ofhe i b&amt @n@Rl I MumM

implemented by the beam steering computer 14 (Fig. 1).

15 Returning again to Fig. 1, the phase and amplitude setting units 113, 113’ in
each transmit/receive module 11, 11’ set the phase of the RF signals fed to
the radiating elements 10, 10’. The optimum phase function, i.e. the optimum
coefficient values, for any given antenna utilised for any given application
with required side-lobe suppression is determined on fabrication as described

20 with reference to Fig. 2 and programmed into the antenna system. The
coefficient values are then utilised to correct the phase applied to the
associated radiating element 10, 10’ via the associated phase shifter 111,
111" as a function of the element’'s 10, 10’ position. The calculation of phase
correction to be applied to each element 10, 10’ may be accomplished

25 centrally by the beam steering computer BSC 14 and the individual control
signals distributed to the respective setting unit 113, 113’ through the data
bus 13. In this case the coefficient values determined on manufacture would
preferably be programmed in suitable storage circuitry easily accessible by a
processor in the BSC 14. The control signals could then usefully combine the

30 individual phase correction required to suppress side-lobes in a specified
area of the beam pattern as well as the phase adjustment for steering the

antenna beam. In such an arrangement wherein the phase correction of all



coefficient values, for any given antenna utilised for any given
applicatigoiMdsp required side-lobe suppression is deternpOBSE®W2513
fabrication as described 20 with reference to Fig. 2 and progranmed into
t he antenna system The coefficient values are then utilised to correct
the phase applied to the associated radiating elenent 10, 10' via the
associ at ed phase shifter 111, 111' as a flinction of the el ement's 10, 10
position. The cal cul ati on of phase <correction to be applied to each

el enent 10, ' b i |y, by the beam ering
e D e
respect i ve neetitinolgdendrily stdragé Ideand foupbidirtetréatdrredtugaldid - of | phdsi for case
the coeffici thr \é?l ues determ ned on manufacture would preferably be

pr ogr amred A& 3% esragdgdOcilPeui kory exarple, SR SEHtfIce UBY may phecessor
in the BSCeldentfllfy &tifRbd HMen§ rdaﬁ%ﬁgti@ﬂat%ée%ilcg%ggb%ﬁioﬁnhiﬂ 20

I ndi vi dual phase Correction required’to suppres a specified
area of 5t heebFrahmpatargrwhizh isprdgrammée withethe dediresitprase Vawestteeuging t he

ant enna begm _I uc n arr ement. wherein th hase correction of all WO
01/ 47061 PRI §E%§6§3§%y e 8REe atrB?éﬁé?W%teﬁ!m  CQreeqliopr WewWeplso
central ly, tdlee a8ebGMNEF tHYE T8Il Bh3le Jafigr'rwe JIRpEk 1 A !élig&u%?elc?’ abbié & ﬁ"%gf‘s for

hol di ng the correct val ue of phase each radi ating el enent For
exanpl e, e&chieyedtiynadjuating the abgulaederenin thd phass furictioneby bye angelaory or

alternativelLy . rti r. | lon in a5 central menory, which is
programmdgwpﬁ tﬁ%@“&ﬁ% &é%f‘%ﬁ@@-e val ues through the data bus 13 by the
BSC 1410 The cal cul at ed phase correction would also take account of the

roll angle of the aircraft. As discussed above, this is achieved by
adj usti ng {anaginative empepimenethsheriés fliidct 1 Jrargydasienechgalintelligent ft i n

t he aircraft;oL] | I R i unj.ts 113,

115 “are aubig REEMEp8lup ateheth febls 30hhieR SRE R e esh LM feans

such as a to caloplate éaspihasy comectiorkequired to suppress side-lobes in a desired
portion of the beam pattern. The setting units 113, 113’ would then

15 incorporate, or have access to, storage circuitry holding the coefficient values
of the antenna specific phase function programmed prior to deployment.
Each unit 113, 113 would naturally also contain or have access to the
positional data defining the associated element 10, 10’ to permit the element
specific phase to be calculated. To enable each setting unit 113, 113’ to

20 adjust the phase correction as a function of the aircraft orientation, each unit
is additionally provided with an input indicating the roll of the aircraft i.e.
indicating the side of the beam pattern on which low side-lobes are to be
obtained. This information would be transmitted to all setting units 113, 113
in parallel by the BSC 14 through the bus 13, together with any phase

25 adjustment parameters required for altering the beam direction and any
parameters relative to the beam width, all of which are common to all
elements 10, 10. In the embodiment illustrated in Fig. 1, the setting units
113, 113’ are associated with individual elements 10, 10. It will be
understood, however, that a single setting unit 113, 113’ could control the

30 phase and possibly also the amplitude of signals fed to and received by more

than one element 10, 10'.



to cal cul ate the phase correction required to suppress side-lobes in a
desired pehikme of the beam pattern. The setting units 11BCT/SE®/028:63ul d
then 15 incorporate, or have access to, storage circuitry holding the
coefficient values of the antenna specific phase function programred prior
to deploynment. Each unit 113, 113' would4gaturally also contain or have
access to the positional data defining the associated el enent 10, 10' to
permt the elenment specific phase to be calculated. To enable each setting
unit 113, MABile the PRasalfurstion kieveloped ROIEAE t@thedsredehtintbhidh AhitRe
aircraft orientation, each unit is additionally provided wth an input
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example antenna installations for mobile communications.



air-to-ground aircraft radar system it will be understood that the phase
10 funct {{QhyAe6&" di ng to the present invention is equally peaisEosmzsizd to
antenna arrangenents for communication between aircraft. Mreover, the
invention is not |limted to airborne applications, but my be utlllsed for
any application requiring suppression of,side-l1obes in a desired

hem sphere, such as for exanple antenna 1 stallations for nobile

comuni cations. WD 01/47061 PCT/SEQCQ 02513 12 Cainms: 1. Antenna system
including api@sray of antenna el enments (10) and phase control circuitry
(111, 113, 14) for setting the phase of signals 5 that may be fed to

and/ or received by each elenent (10), characterised in that said control

phase setting GAMEIRR SrSRahindgdo de Srpint: rannae crmetsiEPbAH each
el ement within pm@s@bbﬁcfolt@rcwﬁﬁt e1 19} %W%bftﬁr@ ﬁiedﬁr'\és@@f By N,
wherei n si de-1obes on at | east one sid a prlnC|Bh | obe "are

c

substarftially shhppfrtaysl@@fectto ml@nmeswma@h eleanenid 1 laim 1,

haso setting oaraRterBhdn ROCSqa e iR APEES B bndsk el T "
function of thea@aggémenﬂ51 ®)siori etrerting b eeplegnteting OF 6acH tdlemeht to a
second functlon of the radial position of the elenent relative to a

central point i d®ms afpagtionsof Mg BAREOR I 1aaeh Alemant yithin tae @saYote ant enna
el ements (10) g #ﬂw%& ?%ﬁe‘frﬁ’@%‘&—:‘f Iogb %é{'tér Y it din &agdo%@ BO setting

t he phase of si an lor réceive y eac el enent

(10), 1@har act ellaseoné sidehofta pandpaldobe @re substantialy supdredssd.a phase
correction arrangenent (113) for <correcting the phase setting of each the
el ements (10) as a function of the position of each el enent expressed in

pol ar co-o0pdi nah/SAHS system as claimed in claim 1, characterised in that said
phase correction arrangement (113) corrects the phase setting of each

element (10) in a manner proportional to a first function of the angular

15 position of the element and proportional to a second function of the

radial position of the element relative to a central point in the array.

3. Antenna system including an array of antenna elements (10) including

phase control circuitry (111, 113, 14) for setting the phase of signals

20 that may be fed to andlor received by each element (10),
characterised in that

said control circuitry includes a phase correction arrangement (113) for

correcting the phase setting of each the elements (10) as a function of

the position of each element expressed in polar co-ordinates to

25 substantially suppress side-lobes on at least one side of a principal

lobe, wherein for each element said corrected phase setting is

proportional to a sinusoid of the angular position of said element within

the array.

30 4. Antenna system as claimed in claim 3, further characterised in that the
corrected phase setting for each element is proportional to an odd

polynomial of the radial position of said element, wherein said



25 substantially suppress side-lobes on at | east one side of a principal

| obe, V‘hﬁf(ﬁ%ﬁhﬁ)ﬁr each el enent said corrected phase setti PCTISE00/02513
proportional to a sinusoid of the angular position of said elenent within
the array. 30 4. Antenna systemas clained in claim3, further
characterised in that the corrected phasl% setting for each elenent is
proportional to an odd polynom al of the radial position of said el enent,
wherein said WO 01/ 47061 PCT/ SEOQ 02513 13 pol ynom al has at | east one

termof third Cﬁcﬂfrﬁorﬁral apgye.at JeaddNiPRNAENS &M tARd ClaHER Dol Nabgd M 3 or
4, further characterised in that said control circuitry (14, 113) is

adapted to adjust the relationship 5 between phase setting and angul ar

position an t S A t] f e i en i t.he

Bt enna artay. A ERTE Rl shimbddfioaluS of 2y MUt BlretlrSen A
characterised ithat $didtcopdioficiphlasy (01 1E0tis abaplddrpaRijBstithe eaRtibAsSipSever al
nodul es 10 (113), each nodul e being associated with at | east one el enent

(10, 91) in tkRetyeeayphase seiting @ndsgRIWaT ResEPAiafedn cleragnt Pide\@%as cl ai m
characterised if)nchdiRbs ﬁ]%i&-é?ﬁé &sthétg?ﬁéﬁrqg 5?%3’ circular. 15 8. Antenna

system i ncl udi ng an array 01l antenna elenments ), phase control
circuitry (11, 113, 14) for setting the phase of signals that nmay be fed

to and/or received by each el enent, characterised in that sai.d cantrol
circuitry 9ncl Lﬁl@@nagpﬁ’ég%“c%ﬁ EE&’F‘PQn'”a?Pﬁr%@W@H? qaims) Chaactefsedrifect i ng

the phase Se“itﬁgt %Bir?gﬁtﬁg?éig refioﬁ?ar?‘arfd&?ﬁérj\toeorﬂ \-igé? s.e@taﬂsli"r%ﬂ@i%@ radi al

position of each ele ative to a centr point 1nthe array to
gener 40e an asyii8},reachs mbeluleobeingaassoaiatetiewith rat leasteoheméament at0,| east

one side of a Q|r1|)r|]r?|tlg)ealarrla$.be are substantially

7. Antenna system as claimed in any previous claim, characterised in
that said array is substantially circular.
15
8. Antenna system including an array of antenna.elements (10), phase
control circuitry (11, 113, 14) for setting the phase of signals that may
be fed to and/or received by each element, characterised in that
said control circuitry includes a phase correction arrangement (113) for
20 correcting the phase setting of each element as a function of the
angular and radial position of each element (10) relative to a central
point in the array to generate an asymmetric side-lobe pattern wherein
side-lobes on at least one side of a principal lobe are substantially
suppressed, said function defining the corrected phase as proportional
25 to an odd polynomial of radial position of each element, wherein said

polynomial has at ieast one term of third order or above.

9. Antenna system as claimed in claim 8, characterised in that said
function defines the corrected phase as proportional to the sinusoid of

30 the angular position of each element.

10.  Antenna system as claimed in claim 9, further characterised in that



suppressed, said function defining the corrected phase as proportional 25
to an od@ oy al of radial position of each el enent, woesebmosa d

pol ynom al” has at | east one termof third order or above. 9. Antenna system
as claimed in claim8, characterised in that said function defines the
corrected phase as proportional to the shqysoid of 30 the angul ar position
of each elenent. 10. Antenna systemas clainmed in claim9, further
characterised in that WO 01/47061 PCT/ SEOQ 02513 14 said control circuitry

(14, 113) i's adafs edrirey aslclitty he /)] ARSHER 1008KEPIhE SErBRERppNase

setting and angul ar position an e n L function o
orientation of heteeanteairected pigse Setting andeangulaypositionof draelementn any

f clai e Ch ised. i ' h i
o angerent |1 ndBies SubeRer o B fEatch e AR B ARE (T15) bei ng

associated with at |east one elenent (10, 11) in the array. 10 12. Antenna
systemas clained in any one of clains 8 to 11, characterised in that said

array bs shibst dMiteana pyetent ap staimed.in aninanedef AMsd iR d8sehryasiatieedobes on
at |east one side.of sQ’d%h?&% Ral h&?%n’%ﬁ %n%nl?'?ﬁ&hg?gt rv@ré?fmga gat enna
IuPaR Ty I8 Of RS e 3 {

arrangenment having a p nt €nna el enen I Spose 0 form an
array, wherein (¢48)) edobnmtules (B ising besociaidvwitiorat eatadree slegmsrits of a
speci fic phase, the method including: for each antenna el enment, adjusting
the phase of tH&0el BhWPH€i33Y. manner proportional to a first function of

t he angul ar position of the 20 elenent and proportional to a second
function of the radial position of the elenent relative to a central point
in thdOarridy. WhteAnaslybieth as ctdimiedsd any arleadfroldifis 8 kad dcclrarastedisby

adjusting the _.angul ar position of each elenent in said first function as a
f ujnct i Ongof in that said Igrray is substantlgﬁ:y C|rcu?ar.

13. A method of suppressing side-lobes on at least one side of a principal
lobe in the beam pattern of an antenna arrangement having a plurality
15 of antenna elements disposed to form an array, wherein each element
is adapted to receive or radiate signals of a specific phase, the method
including:
for each antenna element, adjusting the phase of the element in a
manner proportional to a first function of the angular position of the
20 element and proportional to a second function of the radial position of

the element relative to a central point in the array.

14. A method as claimed in claim 13, characterised by adjusting the
angular position of each element in said first function as a function of

25 the absolute orientation of the array.

15. A method as claimed in claim 13 or 14, characterised in that said first

function is a sinusoid.

30 16. A method as claimed in any one of claims 13 to 15, characterised in
that said second function is an odd polynomial including at least one

term of third order or above.



25 the absolute orientation of the array. 15. A nmethod as clained in claim
13 or 1l4.gshpupgierised in that said first function is a BcTEBEMIA51330 16.
A nmethod as claimed in any one of clainms 13 to 15, characterised in that
said second function is an odd polynom al including at | east one term of
third order or above. WO 01/47061 PCT/ SEG¥02513 15 17. A nethod of
suppressing side-l1obes on at |east one side of a principal I|obe in the
beam pattern of an antenna arrangenent having a plurality of antenna

el enents (30, 1@ meﬂicﬁp@ﬁﬁ@bdr@siiﬁ%%ﬁ@éﬁlo@@%%ﬁ af e@stBhE Qe bNsIprfLipal 5 for
each antenna el enent, adjusti nﬁ t he phase of radi o frequency signals that
f

may be fed to altPeiadbpReampatiae ef amantennecarangement havieg @ity on: P

ol omont (10, 10°) e St P9 Ruf gidpolse8 a8 in, AR e mitngd T

el enent (10, 210inclwdimdti n the array, a2k+1 is a coefficient and pis a
vari abl e, wherein the at | east one coefficient is non-zero and deterni ned

by, 15 re-sel eld'i #g° %%Waateée’BP”%e%ﬁWﬁéﬂQ dhey %‘Qs_r? gf dadior E‘G_QH_@'?%H ric
si de-1 obe confi Qit'g'héFé Pt n%@béq{eda}oséﬂoe%d%d)ﬁg;{g%'%ﬁﬁt 95%5?8&14}109 ng the

mean square erro petween ‘a beam pattern gener sal nom al
and said tenpl titeeexpedsivsr mi ne the at | east one coefficient a2k+ 1. 20

4
sin (@) Za2k+1 rH
k=1

10
where « is the angular position of the element (10, 10’) within the array
and r is the radial position of the element (10, 10’) within the array,
ax+1 1S a coefficient and p is a variable, wherein the at ieast one
coefficient is non-zero and determined by,

15 pre-selecting a template of beam pattern with a desired asymmetric
side-lobe configuration, and
for a selection of variables p, minimising the mean square error
between a beam pattern generated with said polynomial and said
template to determine the at least one coefficient ax+ 1.

20



