WD 2005/ 018048 PCTI US20041003318 2-D ELECTRONI CALLY SCANNED ARRAY W TH
COWPACT CTS FEED AND MEMS PHASE SHI FTERS TECHNI CAL FI ELD The present
invention relates generally to electronically scanned antennas and, nore
_parti cul\splzge5/mer48n el ectroni c scanned antenna with a m@diroebedisaiBechani ca
system (MEMS) radio frequency (RF) phase shifter. BACKGROUND OF THE | NVENTI ON
Advanced ai rborne and space based radar systens heretofore have used

el ectronically scanned antennas (ESA) includi ng thousands of radiating

el ements. For exanple, large fire control radars which engage multiple
targets sinultaneously may use ESAs to provide the required power aperture
pr oderxt ELSpmORT trasedsdmwsp arrxial t et cemiasTOMS: @pps cachMins pasdd 2HMGrERSA f or
ai rborne and space based radar systens. However, when the space based | ens
architecture is wutilized at higher frequencies, for exanple, the X-band, and
nore active conponents such as phase shifters are packaged within a given
area, weight, increased thernmal density, and power consunption may

del eteriously affect the cost and applicability of such systens. Heretofore,
phase shifter circuits for electronically scanned | ens array antennas have
included ferrites, PIN diodes and FET sw tch devices. These phase shifters
are WD 2005/ 018048 PCT/ US20041003318 2 heavy, consune a consi derabl e anount
of DC power, and are expensive. Also, the inplenentation of PIN di odes and
FET switches into RF phase shifter circuitry is conplicated by the need of
an additional DC biasing circlECHNICAJ FIEEIRF path. The DC biasing circuit
needed by PIN di odes and FET switches limts the phase shifter 5 frequency
performance and increases RF | osses. Popul ating the ESA with presently

aval | abl e tf 30FBIALAGHRNEn (el o ORAS clobrER LaRhE GO of O cOSL S,

poor heat dissfpation ci ent power n-sum’ the melght
cost anghore particularly, to an electronic scanned antenna with a nncroelectromechamcal

system (MEMS) radio frequency (RF) phase shifter.
BACKGROUND OF THE INVENTION

Advanced airborme and space based radar systems heretofore have used
electronically scanned antennas (ESA) including thousands of radiating elements. For
example, large fire control radars which engage multiple targets simultaneously may

use ESAs to provide the required power aperture product.

Space based lens architecture is one approach to realizing ESA for airbormne
and space based radar systems. However, when the space based lens architecture is
utilized at higher frequencies, for example, the X-band, and more active components
such as phase shifters are packaged within a given area, weight, increased thermal
density, and power consumption may deleteriously affect the cost and applicability of

such systems.

Heretofore, phase shifter circuits for electronically scanned lens array antennas

have included ferrites, PIN diodes and FET switch devices. These phase shifters are



performance of avail able phase shifter circuits fall short of what is needed
for space based radar and conmuni cati on ESA's, where thousands of these
devices are used. 10 SUMMARY OF THE | NVENTI ON The present invention provides
a m cr oM BHEhani cal system (MEMS) steerabl e el ecPFENSEMMME3Ecanned | ens
array (ESA) antenna. According to af aspect of 15 the invention, the MENS
ESA antenna is steerable in the E-plane using MEMS phase shifter nodul es, and
steerable in the H plane using MEMS phase shifter nodul es. The MEMS ESA
antenna includes a MEMS E-pl ane steerable lens array and a MEMS H-plane
steerable linear array. The MEMS E-pl ane steerable I ens array includes first

and second .array f_wWde band.radi ati |l enents, and_an.arr f NEMS

E-pl ane 20 %ﬁgge‘:%rsl 7t eF° sd%m%éesara? 82@5’6 oe‘?(%e%l?'ld ?rﬁ_eeXP?l}SE‘te' éﬁfl%o’glé%ond arrays
of radiati nghpl@h@iBMnSof PINQidMeYandiFRT a0t chtLRIARFS i @dferditarylinc! udes a
continuous transverse stub (CTS) feed array and an array of MEMS H- plane
phase shi f teomplisdigh &y tha nexd of ampdditiodal D{ebEFi8gfcaedit alongythe RE@atiENEheH- pl ane

steerabl e |lipear . array.is dispased. adja the first r of_.radiating
el ement s oflb{:'l AASTRENT -tﬂleﬁcg?@ﬁy&j@rdé'ﬁfeé apéﬁgrasrm%he%gmﬂtﬁ%ﬁ%ij FEE a pl anar
wave front ¢ L el : hpﬁﬁ ' jft RF
signal s ?np%%hu:eﬁ?yﬁ ﬁgm%q% gé%é}garsft%ls#gg%gg 0 tlﬂgig'&hgggﬂg\gﬁ%ﬁﬁesgﬁm the H
pl ane phaseavallablt etandmidudces/e (AN rhdiklds-ip hadeirablasiie 36 hidhelostapshior ésatst eer a

beam radiated fromthe CIS feed array in an E-pl ane based on t he phase
settings ofdissipation ap appdtigypatae wen ponsempHoBy FesmDe XC0Ht.0cps04E

PCl / US2004/ 003318 3 ;Accordi t g .anot.her ct t he i nvention, there is
provi ded a %%{3%%‘8“%_0 aywia&ﬁg?}gaﬁe é}ggﬁnﬁlﬁ%nﬁ g%f%oﬁ%{q%%&/neeeﬁ%&g&w%cgnpri si ng
the steps Ofasbdidht ddicontrathiOationatH o8 Ghet&buSHRE BY tHeldd Qevdbesaié adedof MEMS

H pl ane phase shifter nodules; adjusting the phase of the RF energy based on
the phase settings of the MEMS H 5 pl ane phase phase shifter nodul es;

radi ati ng the H pl ane phase MQ &ET%MNTION

The present invention provides a microelectromechanical system (MEMS)

steerable electronically scanned lens array (ESA) antenna. According to an aspect of

15  the invention, the MEMS ESA antenna is steerable in the E-plane using MEMS phase
shifter modules, and steerable in the H-plane using MEMS phase shifter modules.
The MEMS ESA antenna includes a MEMS E-plane steerable lens array and a MEMS
H-plane steerable linear array. The MEMS E-plane steerable lens array includes first
and second arrays of wide band radiating elements, and an array of MEMS E-plane

20 phase shifter modules disposed between the first and second arrays of radiating
elements. The MEMS H-plane steerable linear array includes a continuous transverse
stub (CTS) feed array and an array of MEMS H-plane phase shifter modules at an
input of the CTS feed array. The MEMS H-plane steerable linear array is disposed
adjacent the first array of radiating elements of the MEMS E-plane steerable lens array

25 for providing a planar wave front in the near field. The H-plane phase shifter modules
shift RF signals input into the CTS feed array based on the phase settings of the H-
plane phase shifter modules, and the E-plane phase shifter modules steer a beam
radiated from the CTS feed array in an E-plane based on the phase settings of the E-

- plane phase shifter modules.



through a plurality of CTS radiating elenents in the formof a plane wave in
the near field; emtting the H plane phase adjusted RF plane wave into an

i nput aperture of a MEMS E-plane steerable lens array including an array of
MEMVS E- pYQaeds@isd® shifter nodul es; converting the RFPSITARBUHAWEIBNt o

di screte RF signals; adjusting the 18 phase of the discrete RF signals based
on the phase settings of the MEMS E-pl ane phase shifter nodules; and

radi ati ng the H plane and E-pl ane adjusted RF signals through a radiating
aperture of the MEMS E-pl ane steerable |lens array, thereby reconbining the
RF signals and form ng an antenna beam is To the acconplishnment of the
foregoi ng and rel,ated. ends he inventjon, then conpri.ses the features
herei nafter ful | {6% B’r&r}Bé”Bméﬁﬁasﬁﬁ?ttc’ir}élﬁﬁ ’&PFV‘%?WF%’G%%YIE?%I ﬁmd(ﬂ ai ms. The
follow ng d i '@‘ﬂmﬁ% ; %Eéﬁ ﬂ%u[%% f in deigajfipeertain
illustrati vg%glﬁ%lg%:srrent sqgélbiﬁh%ﬁl nventellcéé’::11¥lﬁ esnzﬁehr?gg?'%nt S altfnghdihrrllgi cative,
however, of rdsut fraqienasy (RF )t duergyaniocamsaryugyyod MBEMBhH qiiartehphape shifieqaheduled;, t he

i nvention 20 ma bt% enpl oyed. Ot her objects, advantages and_novel features of
the i nvent i 8 usE1a the pliss; o6 Die TR Fesrey Phismonibe PRASE dsi HEs eePaMEMSHEs cr i pt i on

of the inveni.l C ' L D €00 I | : Wt Rl EF

DESCR PiCone B A s Rk 3 e’ Pt Rt Al bR, MGG B BT
several radgiroagd pladlitpsSCTS ik d€lerdbnte e thelfomh 68k blans GV sl tHegier arr ay
(ESA) antenna wth m croel ect r omechani cal system (MEMS) phase shifters in

accordance \eld) emifeing thesplaneiphesenadjunted RIOPRDE 5Yave 18048 imOT/2pstue 042003318 4
Fig. 2 illu to view of a. pair of w adi ating el enents
and a NENB%@E?’E%W?@F%?%&W@WW lﬁg&ggggﬂégaﬁﬂﬁﬁlﬁgﬁpggRﬁasienventi on.
Fig. 3 illughipat ﬁ%d@le&;‘%m%ﬁiﬁé‘ﬁie@&%laﬁk GhL08LRE HIseRRCRARILAls; sYakBIRthdEMD) s
steerable electronically scanned | ens array antenna in accordance with the
present 1d nypbaseiofthe diberete &TSssigmtlebasad on chapliang settingseofahedAsVISdaplaMEMS E- pl ane
steerable | %Bgse shifter modules; and radiating the H-plane and E-plane adjusted RF signals
through a radiating aperture of the MEMS E-plane steerable lens array, thereby

recombining the RF signals and forming an antenna beam.

15 To the accomplishment of the foregoing and related ends, the invention, then,
comprises the features hereinafter fully described and particularly pointed out in the
claims. The following description and the annexed drawings set forth in detail certain
illustrative embodiments of the invention. These embodiments are indicative,
however, of but a few of the various ways in which the principles of the invention

20 may be employed. Other objects, advantages and novel features of the invention will
become apparent from the following detailed description of the invention when
considered in conjunction with the drawings

BRIEF DESCRIPTION OF THE DRAWINGS

25 Fig. 1 is a schematic environmental view of several radar applications
embodying an electronically scanned lens array (ESA) antenna with
microelectromechanical system (MEMS) phase shifters in accordance with the present

invention.



array and a one di nensi onal MEMS H pl ane steerabl e continuous transverse stub
(CTS) electronically scanned feed array. to Fig. 4 is a top plan view of the
Fig. 3 %éﬁﬁttonically scanned | ens array antenna, excegt that the Fig. 4

| ens antEnARHEY% 6 MEMS phase shifter modul es and CTSPOTAGRYHORY %I enent s.
Fig. 5is a cross-sectional view of & segnment of the continuous transverse
stub 15 (CTS) electronically scanned feed array of Fig. 3. Fig. 6 is a
schemati ¢ di agram showi ng a one di nensi onal MEMS E-pl ane steerable |ens
array including colum control of MEMS phase shifters to acconplish E-plane
scanning in accordance with the present invention. 20 Fig. 7 is a side

el evational vieviof) anMEEs §Lo§%1ami%wedf§ﬁhﬁr%imé Bﬁcﬁfﬁ%%d eldnfdts &g &Y

antenna in accordance wth t pr esent venti on, e antefnna including a
printed w ra MEMS ahabe SEM®B) moduleliti heddrdance withhtas preséitfihemtiBB assenbl i es, and
a plurality of spacers containing DC colum interconnects. 25 Fig. 8 is a ,
front aperture view of the Fig. 7 MEMS steerable electronically scanned |ens

array antenna i n..ac i th. . present .inv j 048
PCT/ US2004/ 0033192 %ﬁfg“qggg?e? %‘Ss ?‘r“i"{ﬁgls"gél ’%%Cf%etl%ér@ﬁc%%??al\é\g%%%%?of t he
Fig. 7 MEMgtsr@R¢ slebieortt 815 tst ibed Mrls ¢ aniesh neRso@aAcdywaR i Piesent Ncl udi ng an

array of printed wide band radiating elenents, and an array of MEMS phase
shi ft er nodovemdioonthe iensp@@nhminchuling alemcdmensinnal MEMSeEgriing steazahle bms s Fi g.

10 i ide el ti | vi Fig. 9P d ME h ift
voctcn ox P enE S S PPl o858 ARSI L e o
the Fig. 9 @eeR)andudEManPRasRdsid Ly modul es. 10

10 Fig. 4 is a top plan view of the Fig. 3 electronically scanned lens array antenna,
except that the Fig. 4 lens antenna has 16 MEMS phase shifter modules and CTS

radiating elements.

Fig. 5 is a cross-sectional view of a segment of the continuous transverse stub

15 (CTX) electronically scanned feed array of Fig. 3.

Fig. 6 is a schematic diagram showing a one dimensional MEMS E-plane
steerable lens array including column control of MEMS phase shifters to accomplish
E-plane scanning in accordance with the present invention.

20

Fig. 7 is a side elevational view of a MEMS steerable electronically scanned
lens array antenna in accordance with the present invention, the antenna including a
printed wiring board (PWB), a plurality of phase shifter PCB assemblies, and a
plurality of spacers containing DC column interconnects.

25
Fig. 8 is a front aperture view of the Fig. 7 MEMS steerable electronically

scanned lens array antenna in accordance with the present invention.



Fig. 12 is an enlarged view of a MEMS phase shifter nodule in accordance
with the present invention. Fig. 13 is an exploded view of the Fig. 7 MEMS
steerable electronically 15 scanned lens array antenna in accordance with
the pres¥A20G¥NBEHBion. Fig. 14 is a perspective view ofP(THeS28¢+/QpESspacers of
the Fig. 7 MEM5 steerable electroniéally scanned |l ens array antenna in
accordance with the present invention. 20 Fig. 15 is perspective view of the
MEMS H- pl ane steerabl e continuous transverse stub (CTS) electronically
scanned feed array of Fig. 3, an incident wavefront being shown via dashed

| i nes, and H-pl ane scanning via arrows. 25 Figs. 16a-16c each illustrate a
segnent of the c 0 transyverse ub ) el ect rong nned feed
array of Fig. 15191gs%@yﬂ ﬁfateiaﬁ’ﬁ&&e CESH@%’%WP é%ﬁggﬁlﬁﬁ’ S%era%?ock

di agram of ﬁe@ﬁﬁ&%ﬂ%@@aﬁ@@&%ﬁ aﬁtgﬁlalvﬁi\efﬁldﬁl%)h@ﬂ?a ﬁlcreocﬁhunuous
transverse stub (CTS) electronically scanned T eed array of . 3. WO

2005/ 01804 8raf@ling $8atot, agBa18rayeDEFMI HRsORSOR RO ORS OF t BRVENTI ON | n
the detail ed descri whi ch. fol |l ows, identical components have been given
the sane réet&P %ﬁ%e‘ﬁﬂi‘rg?eé?r%sm?’é‘@'ﬁ?t%ﬂness of whether they are shown in
different s enbodinents of the present invention. To illustrate the present
invention in a clear and conci se manner, the draw ngs may not necessarily be
to scal e and cerFagi mofs@aiiw618vatimyl Wew o v Fignd POBeaddNEMSphat ishiffeor m
Referring initially to Figs. t he present invention is a two di nensional
is mcroel e@Pﬁ’éﬁﬁ%%‘éﬁWé‘éﬁ%&@?é‘ﬁ?@%l@@ . 8erabl e el ectronically scanned |ens
array antenna 10 (Fig. 3) including a one dinensional MEMS E-pl ane steerable
|l ens array 11 and a one di nensi onal MEMS H pl ane steerabl e continuous

transverse stub (igl'$) is £hRfhi ORiwCs thy Figs aPTHlad EROENS hayselhiftel it dVEYS
steerable lens array 11 includes a
10
Fig. 12 is an enlarged view of a MEMS phase shifter module in accordance

with the present invention.

Fig. 13 is an exploded view of the Fig. 7 MEMS steerable electronically

15  scanned lens array antenna in accordance with the present invention.

Fig. 14 is a perspective view of one of the spacers of the Fig. 7 MEMS
steerable electronically scanned lens array antenna in accordance with the present
invention.

20

Fig. 15 is perspective view of the MEMS H-plane steerable continuous

transverse stub (CTS) electronically scanned feed array of Fig. 3, an incident

wavefront being shown via dashed lines, and H-plane scanning via arrows.

25 Figs. 16a-16c¢ each illustrate a segment of the continuous transverse stub

{CTS) electronically scanned feed array of Fig. 15, showing a phase constant thereof.

Fig. 17 is a block diagram of a packaging concept of the MEMS H-plane

steerable continuous transverse stub (CTS) electronically scanned feed array of Fig. 3.



rear array of wi de band radiating elenents 14a, a front array of w de band
radi ati ng 15 el enents 14b, and an array of MEMS phase shifter nodul es 18
(Fig. Z%Tia%dmﬁched between the rear and front arrays of radiating elements
14a and MAPPHERENS steerable CTS 12 includes a CTSPFEAG2WHIUP1I86 and a
row of MEMS phase shifter nodul es 1% at the i nput of the CTS feed array 16.
The phase shifter nodules 17 allow the CTS feed array 16 to electronically
scan in one dinension in the Hplane. The 20 MEMS steerable CTS 12 is
positioned adjacent the rear array of radiating elenents 14a of the MENMS
steerable lens array 11 and provides a planar wave front in the near field.
The MEMS phase shifter maephggEpolBESERMIEIEYE Bligafnaahericees array 11 steer
a beamradiated fromthe MEMS steerable CTIS 12 in one dinmension in the

E-pl ane. E-plane steering may also or alternatively be acconplished by

i the f , .25 which h | ecti h t he MEMS
Steorable CTS 19MEH drifrgeerinen BHoh BIAYSOPHEsHTERRESIRA P i 11 or ent
angul ar posifdnQfle Mﬁ&f&@&cg%e?ﬁ{ige alidd dr tﬁewﬁe%ﬁ%é‘&ﬁo% ﬁahﬁggfe%e

nt
i nvention vi ates the nee smssion T'ines;” power dividers, and
i nt er conneeirbotinadntaoLthe Yedseraiivenilo@dSTO Slldtrack tHOpRRBE/ 1NGH48 in a clear
PCT/ US2004/ 003318 7 with corporate fed antennas. Al so, the present invention
reduces t hdnfapifese BAIeEFhe ABWITKS tayaeot micprssartly be éelseade akcoEmSeauess: abl e
|l ens array 11 i.ch.can he expensive and conplex for large (where N
>100) anteﬁﬁgq§$$3§“§§S?Qﬁ%ﬁgggwwgl%ﬁ?@%ﬁa 10 is suitable in both comerci al
and mlitary applications, including for exanple, aerostats, ships,
surveillance aircraft, and spacecraft. Fig. 1 shows an environnmental view of
sever al advancedRaferimg miiadlydo Figack3 pths pesertdaventiongs etwo dimedsianhl t he ant enna

10 may be suitably incorporated. systens inclyde, for exanple,
I gt weh B RO B ASL A StFh AUAIS STOEiP Fles oAy e are LIl ( SAR)

systens 22, DV t L e i l9._ 2., ai rborne

i ng. t ar GarRat (RN B Slonk QPRGN B e AR den ey St

nunber of ditadnashe dhndndidrenl MEMS Hplhie ofeetabl qohaaents trangedtid stub (THEANS
electronically scanned feed array 12. The MEMS steerable lens array 11 includes a

rear array of wide band radiating elements 14a, a front array of wide band radiating

15 elements 14b, and an array of MEMS phase shifter modules 18 (Fig. 2) sandwiched
between the rear and front arrays of radiating elements 14a and 14b. The MEMS
steerable CTS 12 includes a CTS feed array 16 and a row of MEMS phase shifter
modules 17 at the input of the CTS feed array 16. The phase shifter modules 17 allow
the CTS feed array 16 to electronically scan in one dimension in the H-plane. The

20 MEMS steerable CTS 12 is positioned adjacent the rear array of radiating elements
14a of the MEMS steerable lens array 11 and provides a planar wave front in the near
field. The MEMS phase shifter modules 18 of the MEMS steerable lens array 11 steer
a beam radiated from the MEMS steerable CTS 12 in one dimension in the E-plane.
E-plane steering may also or alternatively be accomplished by varying the frequency,

25 which causes the respective phases of the MEMS steerable CTS 12 to change, thereby

to move the antenna beam to a different angular position along the E-plane.

As will be appreciated, the present invention obviates the need for

transmission lines, power dividers, and interconnects that are customarily associated



of the MEMS phase shifter nodules 18 has been found to have a relatively

| omwer cost, wuse relatively |less power, and be lighter in weight than prior
art .antennas using PIN 15 di ode and FET switch phase shifters or

transm WO EKSIN®E T/ R) nodul es, As is shown in Fig. 2, PEAAW2REMPhase
shifter nodules 17 and 18 is sandwi €hed between a pair of opposite facing
w de band radiating elenments 14. In the illustrated enbodi nent, the

radi ati ng el enents 14 have substantially the same 20 geonetry and are

di sposed symmetrically about the MEMS phase shifter nodule 18 and about an
axis A representing the feed/radiating direction through the antenna 10 and
nore parti g I@E@ i f. As will
be appr ecicvgltﬂgg%r}s% 'ltfgefr%ﬁgﬁebg%y € tﬁé;@?;g%n? %Jegﬁg%epgr#géﬁ%g’%au{l}gﬁg% a different
geonetry  ajpafrol DObish 150 se ety BAEMSatdeyatdd ik atrlig 1 MEMEchbasbecshief t er
nodul e 18 and/or 25 the feed/radiating axis A In other words, the front or
out put r adi BPPHEVeIshaomplexaior largy (Weye N> 100) peieara argaosysten- t han the rear or
i nput radiating elenment 14a. Each wi de band radiating el ement 14 includes a
pair of clawlike projections 32 having a rectangular base portion 34, a

relativeky narr OpRS ansd2H10Q§ §di%'ﬁ1e3§ bof il %ﬂ@ﬁﬁﬁéﬁogﬁnﬂeﬂdﬁ%%/ 003318

8 arcuate distal portion 42. The clawlike projections 32 formslots 36

t her ebet weencludingtfopexavipde aerostatshskips wgrvelilante EFcrefigangsppeaspedy afigs! (f or
exanpl e, inhthe di rection zﬁf' t he feed/radi i.n[g}rgxis %Ai? dEriag eration of
the ant ennalP¥s 2 RBVIEQURENY Mg pEseysral adyanged aFigrpe and fPage pase ground

pl anes, ar LAC ; : : i it s A and

adj acent tﬁsggtgiﬁlgé‘ﬁga’g’lkli p tﬁ eérgﬂrg}o u{%ﬁ?@H%gﬁl%&i@F?@@fg{rﬁg ’glﬁéstg Iglsé%%iase shifter
modul e 18 iinclubie foit exantplahighfwdifte X-bant spadé-bhdedgadacifer Amthbtigaptranet he base
portions 34 have a width substantially the sane_as the width of the HEMS
phase <hi fredar (A isestangs 23 rgoundanpiae targetdndgatiors( (I Dowwetems #natdh e

respective 1] 'Qﬂ nQjrest h S ions 34 in the
di rection o‘%ﬁ’t% Enee rﬁé%%??{a}g?téﬁ@gg g‘%‘%?@ S)&Jté{ﬁgb g'_r ghg SSS'S% !Syéée)ﬁt one anot her
about the fg@stafitadinatdbBEofatiténnAs, ahfl ehedreimh a0 ofitsd plesdiidveBiion BY mihy ect from
the respective stemportions 38 in the direction of the

of the MEMS phase shifier modules 18 has been found to have a relatively lower cost,

use relatively less power, and be lighter in weight than prior art antennas using PIN

15 diode and FET switch phase shifters or transmit/receive (T/R) modules.

As is shown in Fig. 2, each MEMS phase shifter modules 17 and 18 is
sandwiched between a pair of opposite facing wide band radiating elements 14. In the
illustrated embodiment, the radiating elements 14 have substantially the same

20 geometry and are disposed symmetrically about the MEMS phase shifter module 18
and about an axis A representing the feed/radiating direction through the antenna 10
and more particularly through the MEMS phase shifter module 18 thereof. As will be
appreciated, alternatively the radiating elements 14 may have a different geometry
and/or be disposed asymmetrically about the MEMS phase shifter module 18 and/or

25 the feed/radiating axis A. In other words, the front or output radiating element 14b

may have a different geometry than the rear or input radiating element 14a.

Each wide band radiating element 14 includes a pair of claw-like projections

32 having a rectangular base portion 34, a relatively narrower stem portion 38, and an



feed/radiating axis A and branch laterally away fromthe feed/radiating axis
A and away fromone another. The arcuate distal portions 42 toget her forma
flared or _arcuate V-shaped opening that flares outward fromthe ase -
shifter WHHYTRISE in the 15 directign of the feed radi 'é‘ET’Hé”’éWI"@% The
flared opening of a w de band radi at’ ng elenent 14 at the rear end of the
MEMS steerable |l ens array 11 receives and channels radio frequency (RF)
energy fromthe MEMS steerable CTS 12, and propagates the RF energy al ong
the corresponding slot 36 to the correspondi ng MEMS phase shifter nodule 18.
The flared opening of a wi de band radi ating el ement 14 at the opposite or 20

front end %euﬁ@%%%@ﬁ&rﬁ aﬂeecl.la e?{'({j iO‘]‘l% 39?511'11?%1%% TEienek eeLr om the

correspondl ng MEMS phase s ter e correspondl ng slot 36

and into thaeerospicepatidlonp mxguapRFlegergﬁprdphgatéﬂv& phagde dhithd éirstids ofir e
configured as an array in 25 the MENS steerable |l ens array 11. Thus, the

MEMVS st eer ﬂmféed/é%ﬁlsat@graw Aydyrig apgragon aﬁthemp@naéer ﬂ@ﬁé’a&P%ﬁ@)ﬁ‘bl ng an

f t | t.s. 14a _beh hi ft 18, and
an output SRl Riind ERRRUIED A riReat e TS B8R Eec ue radiating.
el ement s 14&dyrad1fam@%ax19h drideadieMi tROeRe SiEE @b8uikd.8 athgpddildendsbegeabl e | ens

array 11 of Fi as an array of four (4) rows and seven (7) colums of WD
2005/01804811@@15h1ﬁ@2m>41p@o@3mshe dirdvENE of thadeeditadiatiog sixisgA a@zetbenthe 4) rows and

S SR R A AR ST,
MEMS phasesﬁllﬁ'eif ﬁl%ﬂ§le]1% 3{'?1@ sté&??&rﬂ@ﬁ'&.d%)é&%l?ﬂdfro%mhﬁh'tﬁ@res c%%'%s% 14a and 14b

as may be desirable for a partfcular application. For anple, s in Fig. 4,
the MEMS stperioabBé ahé psojent fimyn th basegjariers Bi xtthe dirddiMds qfiths Eedhadibtérgs 18 and
si xteen input and, output wi de band radiating elenments 14a and 14b. The MEMS
st eer able 8§ a7d %y aisp adiaceniang apehenAponhige Kraddadiagiae aswe'\ Cthe arppateThe MVEMS

cLeerebl e GIRR hhUSSHGR S LR B0 RIS, e gl LY of e

RF feed/radiating axis A and branch laterally away from the feed/radmtmg axis A and

away from one another. The arcuate distal portions 42 together form a flared or
arcuate V-shaped opening that flares outward from the phase shifter module 18 in the
15  direction of the feed/radiating axis A. The flared opening of a wide band radiating
element 14 at the rear end of the MEMS steerable lens array 11 receives and channels
radio frequency (RF) energy from the MEMS steerable CTS 12, and propagates the
RF energy along the corresponding slot 36 to the corresponding MEMS phase shifter
module 18. The flared opening of a wide band radiating element 14 at the opposite or
20 front end of the MEMS steerable lens array 11 radiates RF energy from the
corresponding MEMS phase shifter module 18 along the corresponding slot 36 and

into free space.

Turning to Fig. 3, the MEMS phase shifters 18 are configured as an array in
25 the MEMS steerable lens array 11. Thus, the MEMS steerable lens array 11 includes
an input aperture 54 comprising an array of input radiating elements 14a behind the
MEMS phase shifters 18, and an output or radiating aperture 58 comprising an array
of output radiating elements 14b in front of the MEMS phase shifters 18. The MEMS

steerable lens array 11 of Fig. 3 has an array of four (4) rows and seven (7) columns of



inputs 62 (four in the Fig. 3 enbodinent), and the CIS feed array 16. The CTS
feed array 16 includes a continuous stub 64 and a plurality of CTS radiating
el enents 68 projecting fromthe continuous stub 64 toward the input aperture
.54 of tHEORENBISEBeerable lens array 11. In the ill ust 4TS240 %ent , t he
CTS radi ating elenents 68 1s correspdnd in quantity to the input and out put
radi ati ng el enents 14a and 14b. Also, in the illustrated enbodi nent, the CTS
radi ati ng el enents 68 are transversely spaced apart substantially the sane
di stance as the transverse spaci ng between the input radiating elenents 1l4a
and the transverse spaci ng between the output radiating elenments 14b. It

w il be appM?%iI t paci t 8 Eg? j nments 68
need not be e§ég§$gts§§fegsrf8§%nﬁirt§§%@ﬁﬁ So"“ﬁ%"é%?&%g e %%hﬁ%ﬁéqﬁu@ﬁgt
radiating ela@ising sledrats IMBRAAEH. TtivkillWelappReiatdth@thatady H&?}Edﬂ?ﬁsg S
radiating elenents 68 (that is, the colums) and/or the MEMS phase shifter
nmodul es 17 aydugable ghantiRrof MEMS pbase(shifters 1&and mput awkgutpht rdietingEVS st eer abl e
CTS 12 need ,not be the ame and/or.align with qr correspond to the col ums
and rows of lPRENG ﬁﬁ%?nda]n W%g‘a g@“?ﬂélai?%rtarW%ﬁ@?@ﬁ@aﬁ&bnﬂq{cﬁmﬁand/ or the
MEMS phage iif LekndMEMS steddbR el ray EYRIBA&EHABLEMPNIS phaschifleks 1dNus, the
MEMS st eer abl ééCTS 12 may ﬁé@e rr%re (?P( fevvergsfszl)ws andf?\gr p?o%unns ﬂlan t he
MEMS st eer abdesittesrsinpntr ayd ohipul epidablarrdgadiating elemeatsaldaland 1dhe parti cul ar
antenna application. WO 2005/1118018 PCT/ US2004/003318 10 Fig. 5is a
cross-sectional view of a segnent of the MEMS steerable CTS 12 of Fig. 3.
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such as rexolite or ypropylene,

shown in Fi3g. Tk MEMS dieelaBRICTS 17Qllusiratdiein Figd. 3ldnidz eholddeR tige pletadity dayer 74
to formthe s continuous stub 64 and CTS radi ating el enents 68. The MEMS
st eer ablie CYEMS phaserstifter modufestld (fougin theFigrs grbatinendxa mliwalbty odRF net al
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array 16 includes a continuous stub 64 and a plurality of CTS radiating elements 68
projecting from the continuous stub 64 toward the input aperture 54 of the MEMS
steerable lens array 11. In the illustrated embodiment, the CTS radiating elements 68

15  correspond in quantity to the input and output radiating elements 14a and 14b. Also,
in the illustrated embodiment, the CTS radiating elements 68 are transversely spaced
apart substantially the same distance as the transverse spacing between the input
radiating elements 14a and the transverse spacing between the output radiating
elements 14b. It will be appreciated that the spacing between the CTS radiating

20 elements 68 need not be the same as or correspond to the spacing between the input
radiating elements 14a. Moreover, it will be appreciated that the CTS radiating
elements 68 (that is, the colurmns) and/or the MEMS phase shifter modules 17 and/or
the RF inputs 62 (that is, the rows) of the MEMS steerable CTS 12 need not be the
same and/or align with or correspond to the columns and rows of the input and output

25 radiating elements 14a and 14b and/or the MEMS phase shifter modules 18 of the
MEMS steerable lens array 11. Thus, the MEMS steerable CTS 12 may have more or
fewer rows and/or columns than the MEMS steerable lens array 11 depending on, for

example, the particular antenna application.



10 The MEMS steerable CIS 12 is a mcrowave coupling/radiating array. As is
shown in Fig. 5, incident parallel wavegui de nodes |aunched via a primry
line feed of arbitrary configuration have associated with them | ongitudi nal
el ectri WOPHRHP48 conponents interrupted by the presen®el’HR20HMEENt i nuous
stub 64, thereby exciting a Iongitﬂginal, z-directed di splacenent current
across the stub/parallel plate interface. 15 This induced di spl acenent
current in turn excites equival ent el ectromagnetic waves traveling in the
continuous stub 64 in the x direction to the CTS radiating elenents 68 into
free space. It has been found that such CTS nonscanni ng antennas nay operate

at frequenci CSpis 5r1]§ QE'ro@:?:se ﬁo%ie\gfzgfa E%%[x&%graf&%tl‘%ﬁgﬁ {;g%rgtgl'e%gsﬁ §f421, 021:

exenplary CTS feéd” array rererence nay ent

5, 361, 076; Fip, 34Th3 0BEMBrebe?DIPC2E6 230N ud ! d diefecttlri7oNhatris nidee ePylaktie or por at ed

herein by reference in their entireties. In operation, RF energy is series
fed from t $ushRE rexobite orglyprenylerve and-ivBna¢hinsdan exprhdesictoshe shape showiires 17 and

then to the CIS iati | t 8 yia,th I | at i de of
he WEVS StiEoraie et S paeied bt Saaf Pt flosfrp s gnal @ are then
radi at ed ogdntibeyghh gbﬁxla{ﬁfﬁsrré&ihtﬁi | 18mEhE BB e APEMB B8 H10 P2 @ pl ane

wave in the near fiel is noted that the distances that the RF energy

travel s f leods ithedf RHighhpal tmé Pldastic exiensiBiCandamietat platingpressesta8amr e not equal .
The RF plane wave is enmitted intq the input aperture 54 of the MENMS

st eer abl e FURTORAR gytomptiyg mapgfactamne ppefrHPRARdepesREdinglysiacitdies I98h convert ed
into di scrgfogug%lfonz&%gal s. The RF WD 2005/ 018048 PCT/ US2004/ 003318 11 signals
are then processe y the MEMS E-pl ane phase shifter nodules 18 to effect E-
pl ane scanning in a manner nore fully described below. For further details
relating to an_MEMS phase shifter reference may be had to U S. Patent Nos.

6, 281, 8®8; 5, 75The MEMastembE7GT8(2 is aniciovayp ceuplmsdadietindgrayicds por at ed

nerl 1Y GRAFLSOES B P S poc B R RS L0 1 o
l'ens arrayof it ebhiidueiionh¢aosrhisb&atel RAHRRem longitudinal electric current

components interrupted by the presence of the continuous stub 64, thereby exciting a

longitudinal, z-directed displacement current across the stub/parallel plate interface.

15 This induced displacement current in turn excites equivalent electromagnetic waves

traveling in the continuous stub 64 in the x direction to the CTS radiating elements 68

into free space. It has been found that such CTS nonscanning antennas may operate at

frequencies as high as 94 GHz. For further details relating to an exemplary CTS feed

array reference may be had to U.S. Patent Nos. 6,421,021, 5,361,076; 5,349,363; and

20 5,266,961, all of which are hereby incorporated herein by reference in their entireties.

In operation, RF energy is series fed from the RF input 62 into the MEMS H-
plane phase shifter modules 17 and then to the CTS radiating elements 68 via the
parallel plate waveguide of the MEMS steerable CTS 12. The H-plane phase adjusted

25 RF signals are then radiated out through the CTS radiating elements 68 in the form of
a plane wave in the near field. It is noted that the distances that the RF energy travels
from the RF input 62 to the CTS radiating elements 68 are not equal. The RF plane
wave is emitted into the input aperture 54 of the MEMS steerable lens array 11 by the
CTS radiating elements 68 and then converted into discretelRF signals. The RF



signals and forns the steering antenna beam For such a series fed MEMS
steerable is CTS 12, the antenna beam noves at different angul ar positions
along the E-plane 78 (Fig. 3) as a function of frequency, as is_ illustrated
for exaMyP @05018%48 er ence nuneral 80 in Fig. 4. As thePCraGa¥HOPN8ries, the
out put phase of each CTS radiating €ellement 68 changes at different rates
resulting in frequency scanning in the E-plane. Thus, the antenna is E-plane
steerabl e by nmeans of frequency variation and phase shifting. 15 In an
alternative enbodi ment, a wi de band frequency is achieved by feeding the CTS
radi ating elements 68 in parallel using a corporate parallel plate waveguide

feed (not ) SHE? s & radi-at I _the
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radi ati ng elerebimidSinal Mardlr adtullyARsériRdibetit ePsyfutBél dsailstrbiatifetdput phase
of each CTS radiating el enent 68 changes at substantially the sane rate, and

t hus the annoABM Soplmse staberretaaense maythedadho U.BPaterdiNasi 6g8h82%:t ure 58 remains
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phase shi f y@fisSediReti@cconpl i sh E-pl ane scanning in accordance with the present
invention. In Fig. 6, the arrow 94 represents E-plane scanning. A CTS feed
array 98 for Hplane steering is shown in the background of Fig. 6 behind

the MEMS steerable | ens array 90. The NMEMS steerable |ens_array.90 includes
three rows of p%@iﬁﬁﬁﬁrepe%%s 31§ theireviediatrdzu itgeush theTadifingos/ 003318

12 radiat : ! oyl 1
poar ds. ( PCRRT g0 ot e BN RS o dRe TB R 1 A ARG e BT HBIRE 10% phase
shifter bi aginaly dnllFem@nttle steatly aBéniadietn For BecH Ddries fedNBMS st@Embleof t he

rows of phase shifter nodules 18 and radiating el enents 14a_and 14b. The
bi asi ng'd i §ds> h?,dhgjamenngihepinrmenesiat diforent agwlapprsitions @B ngrthe Eganectied to a
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80 in Fig. 4. Asthe frequency varies, the output phase of each CTS radiating element
68 changes at different rates resulting in frequency scanning in the E-plane. Thus, the
antenna 15 E-plane steerable by means of frequency variation and phase shifting.

15 |

In an alternative embodiment, a wide band frequency is achieved by feeding

the CTS radiating elements 68 in parallel using a corporate parallel plate waveguide
feed (not shown). By parallel feeding the CTS radiating elements 68, the distances
that the RF energy travels from the RF input 62 to the CTS radiating elements 68 are

20 equal. As the frequency varies, the output phase of each CTS radiating element 68
changes at substantially the same rate, and thus the antenna beam radiated out through

the radiating aperture 58 remains in a fixed position.

Fig. 6 is a schematic diagram showing a one dimensional MEMS E-plane
25 steerable lens array 90 including column control of MEMS phase shifters to
accomplish E-plane scanning in accordance with the present invention. In Fig. 6, the
arrow 94 represents E-plane scanning. A CTS feed array 98 for H-plane steering is
shown in the background of Fig. 6 behind the MEMS steerable lens array 90. The
MEMS steerable lens array 90 includes three rows of phase shifter modules 18 and



supplies (not shown). The control circuitry biases each col um of phase
shifter nodules 18 to effect the aforenentioned E-pl ane scanning. Mre

specifically, each colum of phase shifter nodules 18 ]| | ed t oget her
as a gﬂUQﬁ“éﬂ"WHét each lo phase shjfter nodule 18 a|§ﬁéﬁvﬁ§&@@$ﬁﬁn recei ves.
t he sane phase setting fromthe regpective biasing line along the respective
| ens col umm support 106, while the next or adjacent columm of phase shifter
nodul es 18 are subjected to a different phase setting (for exanple, by a

phase progression), by the next or adjacent |ens columm support 106. 15
Figs. 7-14 show an exenplary enbodi nent of a MEMS steerable electronically

d | ens: i zi | :
shifters TguRnE@lecftEnaRad itobihhich PGERAMTT G LR EboMRBCIIRSE o
antenna 11{02, agd Gee$end cBandl subpdrd /1 (60 cR ihdMdfls WiphhddGhtbihs(3\WBle shd4, a

plurality of 20 phase shifter printed circuit boar d PCB) assenblies 118, and,
a plural i tsachimaiptagengthe iaticq srangemeontdifitee wvrsuafiphesd s poedulesol & and VEVS

t bl t 110 f ting. I int d bi asi

i s EnchORERalispt e ol Htb@Sne e e el Pait SBgPHtTRC) 120 and
es _ 't

i 1 er o e L P rona  aleAt R0 o ement s

14a and 14fopadéig.fabmichandedmnantannetted RCBbdRG stearink tdmpiEMBIdyiese shifter

nodul es 18 are unted to__the PCB, 126 hetween_the input and output radiating
el enent s lﬂlépﬁﬁﬂn&f%hovﬁﬁcﬁhe ﬁﬁ&%@%@*ﬁ Wh@mogthsﬁé@@Gés a housi ng

exarpl e, g P IF (SRR Asn R Rl e Ao shown).

for exanpt@uiwaf phedeheftr nfdalds N8 ihedisiongd 13 ther s Wighduph® thitpaciei at ed t hat
t he nunber of MEMS phase shifter sw tches will depend on the particul ar

appl i cai ophasg siifigamodale 1RRIgrgthe edumaraceivesithe sdme phase sefnpifiesm thes pr ot r ude
from the bl%tslgé%trri]ve biasing line along the respective lens column support 106, while the next or
adjacent column of phase shifter modules 18 are subjected to a different phase setting
(for example, by a phase progression), by the next or adjacent lens column support
106.
15
Figs. 7-14 show an exemplary embodiment of a MEMS steerable
electronically scanned lens array antenna 110 realizing column control of MEMS
phase shifters 18 in accordance with the present invention. The MEMS steerable
antenna 110 includes a DC distribution printed wiring board (PWB) 114, a plurality of
20  phase shifier printed circuit board (PCB) assemblies 118, and a plurality of spacers
122 for providing structural support to the MEMS steerable antenna 110 and for

routing DC column interconnects and biasing lines.

Each PCB assembly 118 includes a printed circuit board (PCB) 126 and an
25 array of wide band radiating elements 14a and 14b-and MEMS phase shifter modules
18. Asis shown in Fig. 9, the wide band radiating elements 14a and 14b are
fabricated onto the PCB 126, and the MEMS phase shifter modules 18 are mounted to
the PCB 126 between the input and output radiating elements 14a and 14b. Each
MEMS phase shifter module 18 includes a housing 130 (Fig. 12) made of kovar, for



of the housing 130 in a direction substantially normal to the plane of the
housing 130 (Fig. 10). The RF pins 134 correspond to the respective input
and. output radiating elenents 14a and 14b. The RF pins 134 extend through

t he thi oknamsodhig he PCB 126 in a direction nornmal torChesplanesssf the PCB
126, and are electrically connectediso to respective mcrostrip transm ssion
lines 142 (that is, a balun) that are nounted on the PCB 126 on the side
opposite to that which the RF MEMS phase shifter nodules 18 are nounted
(Figs. 10 and 11). The transm ssion lines 142 are electrically coupled to
the respective input and output radiating elenments 14a and 14b to carry RF
signals to and fromthe input and out put radiatig%¥elenents 143 and 14b. In

the il ust FABRe 1 dASHaPlgmpmbsy phasgshifies swrrhesi (Bet sShoway fay2 are
L-sh d, ( . t L: t j I 36:1Nn th
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14a and 14MENRhagCiRAeUWichEaTH dipehd O thitdparficN&tdpplisatash. @ ground plane for
the transm ssion line 142. At the slot 36, there is'a break across the

ground plane (that is, the rectangular portion 34) which causes a 20 voltage
potential, thereby.to rce ener 180) agate_al ong, the slat 36 of the
respective radi gﬁy%o%%méﬁt 4 pd a ﬂ%ﬂ%ﬁgﬁg@@%ﬁﬁ%@%?& &hd
through t hgrifinkag %39finSﬁﬁeﬁﬁfﬁgﬁsﬁﬁﬂy%ﬁﬁnaﬁb@% flgﬁé‘lﬂﬁheﬁg{g&?@ﬁ?@ to bC

control signal and bias |ines is’shown in F t he” DC control

si gnal and (Bigak0)l iTheRHgids biéoaespondiartte faspentivieanmitdedd eutpiut tadéatiBEB 126 to

beyond t he footprint aszrhe respectjve MENS phase shifter npdule 18. The DC
i

control si GFaee g2 1y _4%“%]’%" sxoenddrqughithe thitkaess ofithe PeB k4% PCB 126
via plat e%&ﬁﬁ@éf-& Hb%glstg]tﬂ%ﬂ:a@e gﬁﬁa Eg% %? ém & é:fécﬁx{‘ugégl dhAY9L; {30! es 148

formtwo rows of longitudina ol umn T onnects, the

functi om ofresplitibie naicfositp 201 01Es RET (1H&210 04Hb A1Q3Bthat aré ncl@selronoe i n
greater detail below. As will be appreciated, the routing and | ocation of

the DC conff& 13 gmike sidecPpppsite tpithas sviuahvthiRH MEMb abate diftergestiviesdiSor s as the
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the respective input and output radiating elements 14a and 14b to carry RF signals to

and from the input and output radiating elements 14a and 14b. In the illustrated

15 exemplary embodiment, the transmission lines 142 are L-shaped, and have one leg
extending across the respective slots 36 in the rectangular base portion 34 (Fig. 2) of
the respective radiating elements 14a and 14b. The rectangular base portion 34
functions as a ground plane for the transmission line 142. At the slot 36, there is a
break across the ground plane (that is, the rectangular portion 34) which causes a

20 voltage potential, thereby to force RF energy to propagate along the slot 36 of the

respective radiating elements 14a and 14b.

The DC pins 138 also extend through the thickness of the PCB 126 and are
electrically connected to DC control signal and bias lines 144. As is shown in Fig. 11,
25 the DC control signal and bias lines 144 branch outward from the middle of the PCB
126 to beyond the footprint of the respective MEMS phase shifter module 18. The
DC control signal and bias lines 144 are routed to the other side of the PCB 126 via
plated through holes 148 in the PCB 126. The plated through holes 148 form two

rows of longitudinally aligned DC column interconnects, the function of which are



el ements 14a and 14b. 5 It will be appreciated that the orientation of the RF
pins 134 and the DC pins 138 relative to the plane of the housing 130 of the
MEMS phase shifter nodul es 18 enables the RE pins 134 and DC pins 138 to be
i nst al | W@ 28305868 | y. Such vertical interconnect featRFEURREYBEstall ation:
of the MEMB phase shifter nodules 18 10 relatively sinple conpared to, for
exanpl e, conventional MM CS with coaxial connectors or external wre bonds,
or other conventional packages having end-to-end type connections requiring
nuner ous process operations. The vertical interconnects provide flexibility
ininstallation, enabling, for exanple, a surface nmount, pin grid array, or

BGA type of ckage. 15 The PCB assenplies 118 are stacked vertically and
spaced apa??sgﬁpe‘ﬁﬁ‘egr%%fc@@ bei;‘g‘?; i‘ééf”nﬁé’eiaPPﬁ?E‘@Fegﬁ TPRiRg gpd logajt 14. More
speci fi cal j\, ; S0 gﬁg%¥%¥ﬂ n
alternati ng%f%(g E?%tﬁcg?éﬁ%?ow d%ﬁe@éet%? ??:(‘ﬁ Q%S?P%S%@%“&gg%&éﬁﬁg radi at |dng

el ement s ldimemsind 4btheftrankaisHioD liassBiPhlndaie latifice spheing detwea thpadiatggi s 20
based on, for exanple, the frequency and scanni ng requirenments of the MEMS
steerabl e @lfmenid422nd 14he spacers 122 have an el ongated rectangul ar shape

and aresmade of a suitable insulator material such as nol ded plastic or
liquid crystal polynmer (LCP). 25 Each spacer 122 includes a front wall 150,

a rear wall 152 valthedppadciatédf that tAeoM@ithifonlofGhe RIFGihd P34 ardlle TR2pindal | s 150
and 152 each include a plurality of through holes ™ 158 that correspond to the

pl ated t hr b3ftelativieds theqdaienofitheh®EBg136. of Ane MEINE phasceshefterwadduldsel® i s
ront. reafiabins tas HE high 14 pagC piss 13536 e pSlatTypia Sttt the v

20115/ 01804 BTL14/SAAN BORIAR lokin o RS baskahlnel Abcklang are an upper

cavity 180 and a |lower cavity 182, wt
10 relatively simple compared to, for example, conventional MMICS with coaxial

connectors or external wire bonds, or other conventional packages having end-to-end
type connections requiring numerous process operations. The vertical interconnects
provide flexibility in installation, enabling, for example, a surface mount, pin grid
array, or BGA type of package.
15
The PCB assemblies 118 are stacked vertically and spaced apart by the spacers
122, as is illustrated in Figs. 13 and 14. More specifically, the PCB assemblies 118
and spacers 122 are stacked in alternating fashion to provide lattice spacing between
the radiating elements 14a and 14b of the PCB assemblies 118. The lattice spacing is
20 based on, for example, the frequency and scanning requirements of the MEMS

steerable antenna 110.

The spacers 122 have an elongated rectangular shape and are made of a
suitable insulator material such as molded plastic or liquid crystal polymer (LCP).
25 Each spacer 122 includes a front wall 150, a rear wall 152, and a pair of side walls
156. The front and rear walls 150 and 152 each include a plurality of through holes
158 that correspond to the plated through holes 148 in the PCB 126. An intermediate
wall 160 is disposed about midway between the top and bottom surfaces 170 and 172
of the front, rear and side walls 150, 152 and 156. On opposite sides of the



front, rear and side walls 150, 152 and 156 formng the walls of the cavities
180 and 182. The front and rear walls 150 and 152 each include a plurality
of notched openings 190 (Figs. 8 and 14) corresponding to the radiating

el enent sv@4asanghsf4b 5 that allow RF energy to travel tPETOUS2h04008318e

radi ati ng el ements 14a and 14b during operation of the antenna. As is shown
in Fig. 14, the spacer 122 is positioned |engthw se substantially along the
m ddl e of the PCB assenbly 118 such that the phase shifter nodules 18 are io
received in the lower cavity 182 of the spacer 122, and the through holes 158
in the front and rear walls 150 and 152 of the spacer 122 align with the pair
of longitudinally aligned plated through holes 148 in the PCB 126. Bi asing

| i nes (not @Wﬂ'ﬂﬁfglla@r%al?mﬁ@@etaﬁ@ sugppen atviborfandadopigr exatysisdcwits tho2 15 via

t he t hr ough: hol 158, .an ctri ly.c led to.the afo ni{i oned DC
control si rg]ﬁr'l%ﬂce’ rg%d’m?i sde Y’gl#_(aagﬁliéf eri‘d;#ﬁ@r%*nﬁ%gg%aﬂ? 8@8}? %Sﬁlggﬁgqgn%f the PCB
assenbl i es 18h8 TheMrchh aRIRQEWARE T 50 Al¥e1 52 gh Bt IideESIutdHe) HeoteRaPr essi bl e

contacts such as fuzz buttons and pogo pins. The biasing |lines are routed to

t he pri nt edopsningsnd90 Higs. {né\IB) cdrtesponding to fhacadiatisg ¢tlhmenwidaehd ¢4 cuitry

t hat bi ases, each um of 20 MEMS phase shjf.ter nodul 18 thereby to effect
scanni ng®i ﬁ@%@"ﬁ’ﬁ&ﬂ%‘gy Qs %Wﬁ?t{?ﬂéecf g ﬁlﬁ“}el’it%ﬁfasﬂi’é]clé‘gé{“i@ provi de a
col um suppebatiod or the PCB assenblies 118 and enabl e col um
control ofggﬁé1%@k% p %@%HEShifter nmodul es 18 thereof. It is noted that each

spacer 122, and nore particularly the 25 internediate wall 160 thereof, maybe
used to clanmp the housings 130 of the respective MEMS phase shifter nodul es

18 to the PCBs 14%!s shpwp infig. 14, Gaamicer A Reositipped epgthedsenbeantidlt, the
spacers 12 1@1&5 %ﬁd&l’%%?%’é PGB a%s]eﬁnb;@’%éoé\}gb ‘ﬁgal? rt]}éea}l)ﬁa%g Eiter H:%'gfr%? :fggref or

receiving a asteners suc SCrews — an i€ rods to

facilitabe Bbdigst AGhE Rﬁﬁrh@ﬁgar@ sTtRedpaber 122, PAPER thidRghhokk 26 aPpmeer s WO
20051018048 PCTI US20041003318 16 122 and PCB assenbli€s 118. In an
enbodi ment , frettand geps svalls 168 end pa2 ef the spacgr 22 align with the pair of longitudinally

aligned plated through holes 148 in the PCB 126.

Biasing lines (not shown) are routed through and contained by the spacers 122
15  via the through holes 158, and are electrically coupled to the aforementioned DC
control signal and bias lines 142 via the plated through holes 148 of the PCB
assemblies 118. In an embodiment, the biasing lines include compressible contacts
such as fuzz buttons and pogo pimns. The biasing lines are routed to the printed wiring
board (PWB) 114, which includes the control circuitry that biases each column of
20 MEMS phase shifter modules 18 thereby to effect scanning in the E-plane.

When sandwiched together, the spacers 122 provide a column support
structure for the PCB assemblies 118 and enable column control of the MEMS phase
shifter modules 18 thereof. It is noted that each spacer 122, and more particularly the

25 1intermediate wall 160 thereof, may be used to clamp the housings 130 of the
respective MEMS phase shifter modules 18 to the PCBs 126. Also, as is shown in the
illustrated embodiment, the spacers 122 and PCB assemblies 118 may include
alignment holes 200 for receiving alignment fasteners such as dowel pins, screws

and/or tie rods to facilitate aligning together and clamping in place the stacked spacers



netalized to provide el ectromagnetic shielding. In accordance with the

i nvention, the spacers 122 function as interface hubs for the MEMS steerable
el ectronically scanned lens array antenna 110, providing or facilitating DC
bi as, R¥omEBIBr ansm ssion, 5 mechani cal alignnent dNI/EI2004053181 | oad
bearing. Figs. 15-17 show an exenpl 8y neans of incorporating one di nensional
scanning into the CTS feed aperture of the MEMS H pl ane steerabl e continuous
transverse stub (CTS) electronically scanned feed array 12 of Fig. 3. As
mentioned i o above, the phase shifter nodules 17 allow the CTS feed array 16
to electronically scan in one dinension in the Hplane. Electronic scanning

in the Hplane is acconpl.ished_ with the app]ication of oblique incidence of
the line fi@édndF&GR ey 1.1651 Srilg an gmbodiment, § ?&gﬁ?ﬁoa&}ﬁépﬁ?%ﬂ%i%e i |l ustrated

via dashedylip tg?fi‘%vi@é‘éie&‘g %@ti&ﬁﬁ&&:ﬁnﬁg Ih 3 coﬂaln‘dé%i&}tﬁgjﬁé}eﬁti&ﬁ pys 208. As
is shown in Figure , an obl'rque 1 ncidefce o propagati ng wavegui de nodes
can be useghateds ZhiidvBorRadiatdrite Biibsabr the MBMIstpdrasie eldctronicallgbaabhste to t he
CTS radi ator el ement axis for scanning the beamin the transverse H-plane.
In an el edersontayAntspns d dymsevidmgor dzoilapting=BAY) biag, iy Essigealiteansmission, | nposed

t hrough_el ectrical .variation of t rimary line feed exciting the parall el

pl at e r%gi%ﬁ‘fhamfa]eahﬁgﬂepéﬂf aﬁ“%%ﬂ?%ﬂﬁ‘d?%“&é of the scanned beamw || be
related to the angle of 20 incidence O of the wavegui de node phase front via

Snell's Law. Fig. 17 shows a bl ock diagram of a packaging concept of an
exenpl ary MEMS Figs.dér BldbeowCES:xEmplaty mieenosf incppRfatihgede diifenwidrial W | ki nson

hace shi (EERRGHR BE G 59 SpHUTRENReOYELS S ELHEraRa B 1t irn.
receive DG poygte §tﬁ9§%’?§)§feé§§@ﬁ&?k§ca&!@d‘%ﬁiﬁﬂf 19 o???%@. (ABLntraftgand are

controlled by a cont array receives the RF

si gnal g0 f rabove, ke MYE shifies modbiet 1 2allow dhd €SS foedt derayu@hto &lecionicaly sdap/ coax RF
probe transition 232. In an exenplary enbodi nment of the _invention, the phase
shifter no@@nesinensigionihe H-pane. Eloctinic seaumingan thetkd-rlaneds agcowplishesl/ 018048

PCT/ USZOOZ%RIQ ﬁl%la%plié‘a%ion of oblique incidence of the line feed excitation. In Fig. 15, an

incident wave front is illustrated via dashed lines 204, and H-plane scanning is
illustrated via arrows 208. As is shown in Figure 16, an oblique incidence of

15  propagating waveguide modes can be used to achieve a variation of incoming phase
front relative to the CTS radiator element axis for scanning the beam in the fransverse
H-plane. In an electronically scanned lens array (ESA), this variation is imposed
through electrical variation of the primary line feed exciting the parallel plate region.
The particular scan angle 0s of the scanned beam will be related to the angle of

20 incidence 0i of the waveguide mode phase front via Snell's Law.

Fig. 17 shows a block diagram of a packaging concept of an exemplary MEMS
steerable CTS 12. A microstrip RF feed 220 with Wilkinson power dividers for
example may be used to feed RF signals into the MEMS phase shifter modules 17.

25 The MEMS phase shifter modules 17, in turn, receive DC power from a DC manifold
power wiring board (PWB) 224 and are controlled by a controller 228. The CTS feed
array 16 receives the RF signals from the MEMS phase shifter modules 17 through a
microstrip/coax RF probe transition 232. In an exemplary embodiment of the

invention, the phase shifter modules 17 shown in Fig. 12 are mounted onto a metal



pl ate assenbly including the mcrostrip RF feed 220 and the DC manifold PWB
224. 1 n such enbodi nent, the RF pins and DC pins of the phase shifter
nodul es 17 are routed to the RF and DC vertical interfaces of the mcrostrip
RF feedwix@hoantkoihe DC mani fold PWB 224. The RF and Decvaiseigadiitt er f aces
may conprise conpressible 5 metal camtacts, such as fuzz buttons, that are
surrounded by dielectric headers. The dielectric headers are shaped to

mai ntain 50 ohnms for RF and to prevent short <circuiting the interconnects to
the netal plate for RF and D C. Although the invention has been shown and
described with respect to certain millustrated enbodi nents, equival ent
alterations and nodifications will occur to others skilled in the art upon

r eadi ng anﬁlatm%ﬁéﬂgblé{n@ﬁlh@nz Hiesmispaséin REef@@do}ZOaﬁml they & Grmasifeld P\HB 4ngs. In
parti cul ar rd t ous f |ons [ ove descri bed
i ntegers (& ﬂ% ﬁﬁBF mﬁ@§¢ %? ﬂg@ﬁnxgwg The terns

(i ncluding r@té@fo&ﬁ@R@%ﬁ@@v rﬁBﬂHﬁteHaéb%Qﬂ tﬁ@mﬂ&é‘ﬁa%, IR 268 020 aﬁ@aﬁrﬁc are

intended to 15 correspond, unless otherw se indica to any integer which
per f or ns trramfpbld?WiBeZM flheRE ami DC Vtetta:ahemrfacbemampwase ¢ompressibleat i s

f ti | | ent th t t |1y . i lent to th
di scl osed glﬁﬁ??{#%sﬁ# HS ¢ Dot LR HEDIUFIY CrEtir Pl Thust  at od
exempl ary_ giad RAle g@d L8] 58 Dk BHO0E Liho Byl 1 0N, whil e

particul ar feature o venti on nay ove 20 with

respect t0cﬂmhun@ﬂﬁ1@%n®ﬁmamﬂbthéhﬂ&ﬂp&ﬁ@ﬂn@ﬁhﬁ@ﬂh&ﬂts, such feature may be
conbined with one or nore other features of the other enbodi nents, as nay be
desired and advant ageous for any given or particular application. The present

i nvention inclu I uch 'v Ient and d|f a 25 limted
onl'y by the sco%‘g&é)ﬁétf %@F‘f% ERaPRED b@%’%&’ﬁ%c&&ﬁ T#%004/ 003318
18 EURCREANISrXlel e@lbehﬂi&nls e@nmeﬁmﬂeﬁﬁfohg mﬂﬁmﬁ‘c@ho@ﬁnp@acﬁi\/ﬁi\ﬁmr@t eerabl e

el ectronically scanned lens array (ESA) antenna (10), conprising:
skilled in the art upon reading and understanding this spemﬁcatlon and the annexed

drawings. In particular regard to the various functions performed by the above
described integers (components, assemblies, devices, compositions, etc.), the terms
(including a reference to a "means") used to describe such integers are intended to

15  correspond, unless otherwise indicated, to any integer which performs the specified
function of the described integer (i.e., that is functionally equivalent), even though not
structurally equivalent to the disclosed structure which performs the function in the
herein illustrated exemplary embodiment or embodiments of the invention. In
addition, while a particular feature of the invention may have been described above

20 with respect to only one of several illustrated embodiments, such feature may be
combined with one or more other features of the other embodiments, as may be

desired and advantageous for any given or particular application.

The present invention includes all such equivalents and modifications, and is

25 limited only by the scope of the following claims.



5 a MEMS E-pl ane steerable lens array (11) including first and second arrays
of w de band radiating elenents (14a, 14b), and an array of MI-MS E-pl ane
phase shifter nodules (18) disposed between the first and second arrays of
radi at i wg wbzmsmss (14a, 14b); and, a MEMS H pl ane stREVEE0SH/3H8ar array
(12) including a continuous transvetse 10 stub (CTS) feed array (16) and an
array of MEMS H pl ane phase shifter nodules (17) at an input of the CTS feed
array (16), the MEMS H pl ane steerable linear array (12) being di sposed
adjacent the first array of radiating elenents (14a) of the MEMS E- pl ane
steerable lens array (11) for providing a planar wave front in the near

field; wherein the H plane pha i ft ) shift RF signals input
into the is CTS feed array (1m§?§ﬁ§%§ﬁé@§setti ngs of the H plane
phase shifter nodules (17), and the E-plane phase shifter nodul es (18) steer
a beamradiated fromthe CIS feed array (16) in an E-pl ane based on the
phase settings bf thaA micplebrtombesmicahsystean (MPMS) stéerdbl lecRoniddley MEMS ESA

antenna (10) of claim1, wherein the first and second arrays of w de band
radi ati ng rewsHess 3ay{ESA) pytempa10hsompssEg: onto a printed circuit board

(PCB) (102, 126 ' r.ray, of MENMS E:pl.ane . .ph shifter, modul es (18)
bre movhted to tMABRE piREke Yl eyt DB tRaRetRs Bset B el band
radi ati ng wrle®aeafiftirclddnentla, Bib), hA MRy ESMBOISERPEne bhscdhi kY

pr ecedi ng ‘gl aei m wherleriégn eaech I\/I%’I\/S l):’-pl ane pf){ase shifter rmjpgh?e (18)

i ncl udes ampdiles 6if8) Risppsed defwiedn the Ot amb prondd agaysefiredpang ¢lomefis(b4a, and
second rad'h%é_i n[% el ements of the first and second arrays of radiating

el enents ( »30P4h) of the MEMS E-plane steerable lens array (11). WO

2005/ 1) 18048 PO\ FEASYAAN0EH Byt 208 (ENBCRAMANL AR Y RE ool ng
claim wherein the arra o? IVEI\/% lél ;a)ﬁ %m asg S |§z?er rmgu{ eglﬁyi}% i ncl ude
t wo or 1avor stuls 0WES pfedd afray @a} indoarearrayalf{IMBEMS HMEMR fhast sliepinadeles (i 7t er
nodul es (18) and each MEMS E-pl ane phase .
at'an 1nput of the CTS feed array (16), the MEMS H-plane steerable linear array (12)
being disposed adjacent the first array of radiating elements (14a) of the MEMS E-
plane steerable iens array (11) for providing a planar wave front in the near field;
wherein the H-plane phase shifter modules (17) shift RF signals input into the
15 CTS feed array (16) based on the phase settings of the H-plane phase shifter modules
(17), and the E-plane phase shifter modules (18) steer a beam radiated from the CTS
feed array (16) in an E-plane based on the phase settings of the E-plane phase shifter

modules (18).

2. The MEMS ESA antenna (10) of claim 1, wherein the first and second
arrays of wide band radiating elements (14a, 14b) are fabricated onto a printed circuit
board (PCB) (102, 126), and the array of MEMS E-plane phase shifter modules (18)
are mounted to the PCB (102, 126) between the first and second wide band radiating

5 elements (14a, 14b). ‘

3. The MEMS ESA antenna (10) of any preceding claim, wherein each
MEMS E-plane phase shifter module (18) includes a pair of RF pins (134)
corresponding to respective first and second radiating elements of the first and second

arrays of radiating elements (14a, 14b) of the MEMS E-plane steerable lens array (11).



shifter nodule (18) includes a plurality of DC pins (138) that electrically
connect to s respective DC control signal and bias lines (144), and wherein
the.two or nore rows of MEMS E-pl ane phase shifter nodules (18) are

.control heglf@@edoler as a group in colume-like fashionpdrashaopigont rol
signal and bias lines (144) so that {phe two or nore MEMS E-pl ane phase
shifter nodules (18) along the columm receive the sane phase setting. 10 5.
The MEMS ESA antenna of any preceding claim wherein each MEMS E-plane phase
shifter nodule (18) includes a pair of RF pins (134) corresponding to
respective first and second radiating elenents of the first and second arrays
of radiating elenents &ma 14b) of the MEMS E-plane steerable |ens array
(11), and a s plural ithy NECE%A@Qte(maeMﬁmrerreelm lping whaieindhe goayneinds to

operate th ve I\/E E- fter nodul e 8 nd wherein
Che’ Re- pi ndTEVBE blang Bhee i edas CRERchShve ot porpii wtidees! et
respect to ghaust t I ) to
enabl e int gralconnecrtg?g{r? Efﬂ}%gn}gﬁ%%ﬁ%%e PCB 11951%%%%;&%%8 F‘gﬂgﬂtl Vl-%@é;
vertical mahifier moliQleq18)ihelulit\plaflitpof BAsEnofl 38hthapelecedaliycainacttp wher ei n

the wide band radiating elenents (14a, 14b) of the MEMS E-pl ane steerable
| ens ar Pay TesPegtiverldC coplrelvigng! ansdiag hags (E4‘BL amﬁwgér&mﬂhﬁgwg@éme sl lel to

e o AT LB e Lo Rl BN EASEam BT o 0
ener gy int Qoﬁﬂuﬂm@i?asﬁlfan ViMRe D@1 @igameandwsﬁws (Uﬂf}%b&ﬁat(tﬂe?ﬂwo MO
2005/ 018048 PCT/ US2004/ 003318 20 5 adjusting the phase of the RF energy
based on t meorp MEX SSEplana gbassfshifies mivNBs (H8)plenmthplsabunmpregsizre hei fanwr  nodul es
(17); phase setting.
10
5. The MEMS ESA antenna of any preceding claim, wherein each MEMS
E-plane phase shifter module (18) includes a pair of RF pins (134) corresponding to
respective first and second radiating elements of the first and second arrays of
radiating elements (14a, 14b) of the MEMS E-plane steerable lens array (11), and a
5  plurality of DC pins (138) for receiving control commands to operate the respective
MEMS E-plane phase shifter module (18), and wherein the RF pins (134) and DC
pins (138) are oriented perpendicularly with respect to a housing of the respective
MEMS phase shifter module (18) to enable interconnection of same to the PCB (102,
126) in a relatively vertical manner.
10
6. The MEMS ESA antenna of any preceding claim, wherein the wide
band radiating elements (14a, 14b) of the MEMS E-plane steerable lens array (11) are

oriented such that E-plane scanning occurs parallel to the rows of radiating elements.

7. A method of frequency scanning radio frequency energy, comprising
the steps of:

inputting radio frequency (RF) energy into an array of MEMS H-plane phase
shifter modules (17);



radi ati ng the H pl ane phase adjusted RF signals through a plurality of CTS
radi ating el enments (68) in the formof a plane wave in the near field;
emtting the H plane phase adjusted RF plane wave into an input aperture (54)

10 of awMRshigshgane steerable lens array (11) includi pgragmioesf MEMS
E-plane phase shifter nmodul es (18)j)converting the RF plane wave into

di screte RF signals; adjusting the phase of the discrete RF signals based on
t he phase settings of the HEMB E- pl ane phase shifter nodules (18); and 15
radi ati ng the H plane and E-pl ane adjusted RF signals through a radiating
aperture (58) of the HEMS E-pl ane steerable lens array (11), thereby
reconbining the RF signals and form ng an antenna beam 8. The nethod of

claim 75 furtheadjustingutiie pgaseaslf yHerREF éﬂwcr)f bagdencle piast bettingofsthgMIEMISnput t ed
into the CIS feed array (16) thereby to change the angular position of the
ant enna beBnPlrRe Plipse phise s emeﬂhlés MS E-pl ane steerable |ens array (11) and

t ffect f b 9 Th
p(r)egedre(r:rg clrg?lrjna{h?v\%tm%%ﬁgﬁlﬂ %pus:%%(ﬁgﬁasigﬁg oughg SVWF m@% feedl ng
the CTS raﬁﬂdﬁtmﬂ&l&h&ﬁ?@?dﬁgfomﬂo SEplaeSwaddm thOgedrid@d of any preceding

claim further includi ng the step of adjusting the phase shifter output for
the respective BEMBDEhs Bipéangiphase adhisfadeRF pland wtags irtd 8) ilyyut apg¢rtisei() t he bi as

O o ooy ¢ UBS BTN RS S0 UEL U (P Sl S5 SPRAL HENE Bl ane
phase shifter modules (18);
converting the RF plane wave into discrete RF signals;
adjusting the phase of the discrete RF signals based on the phase settings of
the MEMS E-plane phase shifter modules (18); and
15 radiating the H-plane and E-plane adjusted RF signals through a radiating
aperture {58) of the MEMS E-plane steerable lens array (11), thereby recombining the

RF signals and forming an antenna beam.

8. The method of claim 7, further including varying the frequency of the
RF signal inputted into the CTS feed array (16) thereby to change the angular position
of the antenna beam in the E-plane of the MEMS E-plane steerable lens array (11) and

to effect frequency scanning by the antenna beam.

9. The method of any preceding claim, wherein the step of inputting RF
energy includes feeding the CTS radiating elements (68) in series.

10.  The method of any preceding claim, further including the step of
adjusting the phase shifter output for the respéctive MEMS E-plane phase shifter
modules (18) by adjusting the bias of one or more MEMS phase shifter switches in
the respective MEMS E-plane phase shifter modules (18).



