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WD 2004/ 077607 PCT/ US2004/ 003905 1 W DEBAND 2-D
ELECTRONI CALLY SCANNED ARRAY W TH COWPACT CTS FEED

WARD4NENE? PHASE SHI FTERS 5 TECHNI CAL Fl ELD ThRCPUSBe#103905

invention relates generallylto electronically scanned
antennas and, nore particularly, to an electronic
scanned antenna with a m croel ectronechani cal 10
system (MEMS) radi o frequency (RF) phase shifter.
BACKGROUND OF THE | NVENTI ON Advanced air borne and
space based radar systens heretofore have used 15

el ectronically scanned antennas (ESA) including

e ooy BRSPS CRON oAy U ause

si mul t aneous! y WEpH (SGMPAIAF TS PEED AND MENISqUi r ed
power aperture product. Space based | ens architecture

i s one approach to real PHAN SBNTBRSgj rborne and 20
space based radar systens. However, when the space
based |l ens architecture is utilized at higher
frequencies, for exanple, the X-band, and nore active
conmponents such as phase shifters are packaged within
a given area, weight, TRCHNEAL RBIRI density, and
power consunption may deleteriously affect the cost
and applicability of such systens. 25 Heretofore,

phase 19Bistdseft il dnibh t&latke gexﬁtﬂgta QI 8hib B &anRRIthnk s and,
array antennas have included ferrites, PI'N di odes and

foTe paititelarlgaviap etectrie seanpbdswestai Witk a snicroelectiemeghanical
consu a _consj derabl e unt of. DC power, and are
émﬂzﬁﬁééﬂ @,gqql?éncyl Bﬂ@ﬁtséﬂﬁeﬁn of PIN di odes and
FET switches into RF phase shifter circuitry is
conplicated by the need of an additional DC biasing
circuit along thBARKGEROUND O DHENNYENTIDN 607
PCT/ US2004/ 003905

Advanced airborne and space based radar systems heretofore have used
electronically scanned antennas (ESA) including thousands of radiating elements. For

example, large fire control radars that engage multiple targets simultancously may use

ESAs to provide the required power aperture product.

Space based lens architecture is one approach to realizing ESA for airborne 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
heavy, consume a considerable amount of DC power, and are expensive. Also, the
implementation of PIN diodes and FET switches into RF phase shifter circuitry is
complicated by the need of an additional DC biasing circuit along the RF path. The DC
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2 biasing circuit needed by PIN di odes and FET
swtches limts the phase shifter frequency

w@eookorsance and i ncreases RF | osses. Popul at i POT/UR®04/003905

ESA with presently availablz transmt/receive (T/R)
nodul es i s undesirable due to high costs, poor heat

di ssipation and inefficient power consunption. In
sum the weight, cost and performance of 5 avail able
phase shifter circuits fall short of what is needed
for space based radar and comrunication ESA s, where
t housands of these devices are used. SUWMWARY OF THE

leEchlll gﬂtt 10:abA% v RIRS 5]&es g{f&’ %ﬁ?‘,@&éﬁéﬁﬁ{iﬂ?ﬁl(i&h%f: shifter frequency

m cr ronechani ca

Rbﬁgﬁﬁme | in)trei@e%fmeﬁ)sb@n Popiilatiyg hEBBA with @acrantly available
ccording to an agé)ect of the invention, the MEMS ESA

érmn@nw@cm@(wésm ulpsdie updesirable due b bigh ostarnoonhept dissipation

SRR T P 0 B oo

avdipbke ﬁas%lﬁﬂeﬂlﬂﬁdltﬁ 2l hbitRF wHa R BREFdFOHs A0 BAded Yaddh and
MEMS phase 15 shifter nodul es di sposed between the

cpmgtunipation ES Afsd wheredheusendsrefdhese daviced aprusads. The
conti nuous transverse stub (CTS) feed array is
di sposed adjacent the first array of ‘radiating

el enents for provitiiMARY OFFHRINSENPIONI N t he near
field. The MEMS phase shifter nodul es steer a beam

radiated fromthe CTS feed array in two di nensions. 20
Accor t o anot her aspect of t i nvention, there
pr ovi o6 BuestuiRtaton i @a e'ieegﬁmeﬁlgam spiem (VEMS)
0] t
sfe B éréggil}%% scaﬁﬁ§@fgﬁi?€§r ({Er?g%g%g%% t {\ﬁ%dggféﬁ% th B9 aspect of the

umname itlseMENMD ESAT: zSa)terfrfaenblmias aywide bandfeedifrdugh ledsfand a

ener t hrough a Iura of CIS radi ating el ene
|°Hntf1%’)éu$ E?%V%’fse at“8|(§FE§ éTah T]E‘%Wldr?é%ilpd ﬁgeéiﬂaough lens includes

S Shi s ABE YR 0 ARl AR U S B
Ivfiliter mbaﬁles dispdded bermadt |t1ﬁ§ﬁrs€ﬂﬂi\/se&dndwrelyh ef raa&tﬁa@\e&ments. The

pl ane into discreet RF si 8nal S, using the MEMS phase
SPRRUEHS merég sul (CAS) Eed grreyits dawogwbwaa@mﬂla Treftariay of

&Mﬂgaétﬁlzgoean e é’é%’lﬁ&g& gE a%la{n%g{)v?ﬁée Ee AR 4 ;Iﬁgld t’lkﬁt% MEMS phase

_ r'ough “tens y recofnbl nin
Rhifiet gidahlss &Bel of Wai Agiafdd fBdth @IS feed array in two dimensions.

According to another aspect of the invention, there is provided a method of
frequency scanning radio frequency energy, comprising the steps of inputting radio
frequency (RF) energy into a continuous transverse stub (CTS) feed array, radiating the
RF energy through a plurality of CTS radiating elements in the form of a plane wave in
the near field, emitting the RF plane wave into an input aperture of a wide band
feedthrough lens including a plurality of MEMS phase shifter modules, converting the
RF wave plane into discreet RF signals, using the MEMS phase shifter modules to
process the RF signals, radiating the RF signals through a radiating aperture of the wide
band feedthrough lens, thereby recombining the RF signals and forming an antenna

beam, and varying the frequency of the RF signal inputted into the CTS feed array
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beam and varying the frequency of the RF signal
inputted into the CTS feed array WO 2004/ 077607

wWEOAHBB004/ 003905 3 thereby to change the anpol/ag2004/003905

position of the antenna beamin the E-plane of the

wi de band feedthrough lens and to effect frequency
scanni ng by the antenna beam To the acconplishnent of
the foregoing and rel ated ends, the invention, then,

5 conprises the features hereinafter fully described
and particularly pointed out in the clainms. The
follow ng description and the annexed draw ngs set

f 0 éb@ t\o/ 2:%1?1‘{2%3%4 aﬂ@ﬁe&%' E%lo !o#é%taé?e%%gea%g?&) ﬁg'[ @gltaﬁe 8f the wide
'b@ﬁ‘@ RRdthrouph 181stand té efe@ffrehigncy acimitfy BYEHLS ahtenddbeli.

the principles of the invention nmaybe enployed. O her
obj ects, advantages and novel features of the

dot ai 18 e PR H 5F T B T S AR R Sh e g then
'&@mjlqﬁ%sl tHO @S WrdiRa b Fultkf @detiieR) anBlaFfculdeSGRimdd 6 in the

HE DRAWNGS 15 Fig. 1 is a schematic environnmental
wiams.oThs followag desdapticnpgidi theeinsaed drabyiagsi sayfortlrin detail certain

Tt e bt RbERA AT B e P EYRAVESPObRASS ST b hovwever,
: ?bﬁ‘P&f&Wﬁ@ve\&’idu@ wg 1rP€vﬁi%ﬁ%e breSiEd ONhe Fﬂvg:ntl@n may be

lustrates a top plan view of a pair of w de band
reapl @yted n Ptiedr ehpotssadwadtages 20 duEMSepthers ©f g ibventiomylllbecome
I n accordanc tht sent .i nventi.on 3 . .
iaPPERt éﬁf%gleafﬁw% J;Eﬂ‘ﬂpé F?CQPEB%H g ﬂilvéﬁ%o%g"ih&ﬁ} considered in

[ with the present invention, the

%Bﬁgﬂgg%neﬂlﬁ%ﬁ%%%g‘gﬁg a w de band feedt hrough | ens
wth seven MEMS phase shifter nodules and a
cont i nuous transverse stub CTS feed arra 25 havi ng
seven CTS radiBi} .THEQRé*‘{’ GSl an
view of the Fig. 3 eI ect roni cal |y scanned | ens array
antenna, except that the Fig. 4 lens antenna has 16
MENVS hases & Releneiticreathib@ferasld/iéal Of sovadil addangpplications embodying

el enent s.
an electronically scanned lens array (ESA) antenna with microelectromechanical system

(MEMS) phase shifters in accordance with the present invention.

Fig. 2 illustrates a top plan view of a pair of wide band radiating elements and a

MEMS phase shifter module in accordance with the present invention.

Fig. 3 illustrates an electronically scanned lens array antenna in accordance with
the present invention, the lens antenna including a wide band feedthrough lens with
seven MEMS phase shifter modules and a continuous transverse stub (CTS) feed array

having seven CTS radiating elements.

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.
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WD 2004/ 077607 PCT/ US2004/ 003905 4 Fig. 5is a
cross-sectional view of a segnent of the continuous

wo ec@ndvense stub (CTS) array of Fig. 3. Fig. BCT/US2004/003905

illustrates a printed circdt board (PCB) including an
array of printed wde 5 band radiating elenents, and
an array of MEMS phase shifter nodules on the PCB in
accordance with the present invention. Fig. 7 is a
side el evational view of the Fig. 6 PCB and MEMS phase
shifter nodules as viewed fromthe line 7-7 in Fig.

6. 10 Fig. 8 is a bottomview of the Fig. 6 PCB and
MVENS g ' e, o Fl [

Vi ow SHea RARKSheat R BS of o Bllnnd o reRdn SRl deverso stud
(OeSpaesasfiFigrivention. 15 Fig. 10 illustrates a MEMS
steerable electronically scanned |l ens array antenna in
accordance with the present invention, show ng the

nmount ik re Ct ] Is thereof i . -
or cat G S5, PR GE B b SRy bfprinted wide
BN g lelentdits, Bhed @i hesl SFAFBEM P8 siiftat mbahle®¥s the PCB in

i dentical conponents have been given the sane

redosdange svithhepeesent inveghip@l ess of whether they are

shown in different enbodi nents of the present

invention. To illustrate the present invention in a

cl ear FNY i§ QRHeSRVARIBRNSY of thEBigd 6 PEHES] MO Qhase shifter
necessarily be to scale and certain features may be

strsies af Mieseddimathedteeivain Bigf@rm Referring initially
to Figs. 1-3, the present invention is a two
di mensi onal m croel ectronechani cal system ( MEMS)

st eer @%% i8he6loAiSRbE bhe%%@lﬁ?@’B LRA MIEVIS Pha¥lhifrer modules.
2004/ 077607 PCT/ US2004/ 003905

Fig. 9 is an enlarged view of a MEMS phase shifter module in accordance with

the present invention.

Fig. 10 illustrates a MEMS steerable electronically scanned lens array antenna in
accordance with the present invention, showing the mounting structure and connecting

lines thereof in greater detail.

DETAILED DESCRIPTION OF THE INVENTION

. In the detailed description that follows, identical components have been given the
same reference numerals, regardless of whether they are shown in different embodiments
of the present invention. To illustrate the present invention in a clear and concise
manner, the drawings may not necessarily be to scale and certain features may be shown

in somewhat schematic form.

Referring initially to Figs. 1-3, the present invention is a two dimensional

microelectromechanical system (MEMS) steerable electronically scanned lens array
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5 antenna 10 (Fig. 3) including a wi de band
feedt hrough Il ens 11 and a continuous transverse stub

wQ@ angp7feerd array 12. The w de band f eedt hr oughCT/@am04/403905

includes a rear array of wi de band radiating el enents

14a, a front array of w de band radiating el enments

14b, and an array of MEMS phase shifter nodul es 18

(Fig. 2) sandwi ched between the 5 rear and front

arrays of radiating elenents 14a and 14b. The CTS feed

array 12, which is positioned adjacent the rear array
radi ati ng el enents 14a, provides a planar wave

of

R0 Qb2 iiing b e b0 WEMRBTRAE 19 hd b Spninpons
anhdrst 2tib OTS) febdnengilonThe thidd barsl feaithdoaghctdpk ahénalindes a rear
H pl ane, and, accordingly 4the CTS feed array 12 nee

d
ariRy ofjuivlebané radigting ke 4aa3 figpt arayeotvida pprdradiatiag clements

resent | i obyi .
9 ARy of VRS SR P Rl J8ER AP hpavichd bepoen the
t R n @ EBnCAtEdyS BRI Adia¥ing SF@tna B dnti t1Ab C The OTAt Red &lay 12, which is
antennas. The antenna 10 is suitable in both

positienasl asljacanidheidar amayofipdictingelemants ldadravidaya plgpar wave front

5 3 eruidd Eig M BB mi i B ShesE AT pilg g from the
SAEad aRs) BNmash odlimBRI B, BIAFisSR AEE-PRSIe dnd BUFlne, and,
systens in which the antenna 10 nay be suitably

nomodipglyathe T STfeed erray §2 ersl dnfic pengeste a fised beeampAs will be

PRt S g oSN IoG B BTS e RSO et
VLR M Sty gk OB ERHO A o st
a substantial nunmber of 20 antennas, and the antenna

Shi 1 3o EBL0 EeuHige e CHBF g sy aPBlieiony

U APl ST B, |85 1aRO iy Becliuall g1

EEdwsim éohronpleagevieh dftsevaalaidvanced airborme and spaee badaR)radar
nodul es. 25 is shown in Fi 2, each MENMS phase

syteraen wbiabf@ anderng 10 mmariecitably proopegsicd, Shese systems include,
B o . e | |
SRR PR G AL E R TR Splird g sam)

ReMtEms P Shrqitid rablidg thget SadTCatDAGEBLTTY spdemal® and airborne moving

target indication (AMTTI) systems 28. These systems use a substantial number of

antennas, and the antenna 10 of the present invention by means of the MEMS phase
shifter 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 diode and FET switch

phase shifters or transmit/receive (T/R) modules.

As is shown in Fig. 2, each MEMS phase shifter module 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 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
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di sposed symmetrically about the MEMS phase shifter
nmodul e 18 and about an axis A representing the

wo e@d/rmai at i ng direction through the ant enna ROT/aRZIN4/003905

nore particularly WO 2004/ 0/7607 PCT/ US2004/ 003905 6
t hrough the MEMS phase shifter nodule 18 thereof. As
w || be appreciated, alternatively the radiating

el enents 14 may have a different geonetry and/or be
di sposed asymetrically about the MEMS phase shifter
nodul e 18 and/or the feed/radiating axis A. In other
words, the front or output radiating el enent 14b may

IR DA p O ROTRLAYe RO 990 S
elenmetivelyl theiradibtirhedemerpa il 4 maf halaavel ffdcent ;geoune@y modier B2disposed
havi ng a rect an&el ar_base partion 34, arelativ

ARTIBRiEically havhiedY BN Sashaseshifter-modile |8 ead/ar 'gxeafpedyradlatmg axis
%ﬁ g%?b%tr&éé%s ?rg 1?&?‘('5‘{' by ﬁt ﬁ%hﬁ%te ﬁ{%ﬁ i')’égo 8 V\%Hlnﬁ aRéﬁfe{')é%t

gétﬁﬁ@yym&@ﬂmmﬁmﬁmrracﬁatamlgnentmahe d| rection of
the feed/radiating axis A) during operation of the
antenna 10. The base portions 34, also referred to

o R AN BARE 808 SRR RS0 PR rojetions 2
Rhase a&éﬂtéﬂdgﬁlraé mségﬂ&u&ﬁszata rSRHASY hﬁr&ﬂ&%t@ﬁ pbARNBEA &R an

shifter in the direction of the
fesgale rdasﬂalalom@ 42 Bheclavrdiye prrgectione 3% fwen gloist3i6dherel3tween that

PR GRS LS8 T R ProraBoL2aEs Gl p B TRLCT of the
2 4ALG RS £A¥RY dhhA 0P PR TSRS ArltéihaBS el‘H%QfaEé Ateiosé34, also

and project fromthe " base portions 34 in
diferead fodreraih as peuhé phihesa diesd) amgntamesanéthanaboau ﬁleethﬁﬁradlatmg axis

cent not her abqut feed/r n
ARG st pBise e S0l 153 ppajsde endy i Rsde stiffr modute
t t
1ESRELNE L PRI NSRS R kb lSa e
i dtinstibetarft s Aicocchinget ais mlge mdtls oftha MIEsiSephate dhifienaodule 18. The
anot her.. The arcuate portions 42 together form
stem parHens}S 2ie agEpwent %Ih‘iﬁ é?ﬁPBﬁE’ﬁl P%Pn? 4andproject from the

G0y S5 5 0 A M B o
aﬂﬁﬁtﬁwoﬁf tha de&edlbﬁtﬁgda:ﬁaAl athie ngcvateadigbl poktodd 42 freject from the
;eesger:cti?rg Céte% pgrlgigngmég i?l tltl)éJl ?licriegtieog%tfIglgeofléggfradiating axis A and branch
laterally away from the feed/radiating 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 direction of the feed/radiating axis A. The flared
opening of a wide band radiating element 14 at the rear end of the wide band feedthrough
lens 11 receives and channels radio frequency (RF) energy from the CTS feed array 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 front end of the wide band feedthrough lens 11 radiates RF energy
from the corresponding MEMS phase shifter module 18 along the corresponding slot 36

and into free space.
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| ens 11 receives and channels radi o frequency (RF)
energy fromthe CTS feed array 12, 25 and propagates

w0 b@4RF6ener gy al ong the correspondi ng sl ot 36PCDUR1084/003905

corresponding MEMS phase shifter nodule 18. The
flared opening of a wide band radiating el ement 14 at
the opposite or front end of the wi de band feedthrough
lens 11 radiates RF energy fromthe correspondi ng
MEMS phase shifter nodule 18 al ong the correspondi ng
slot 36 and into free space. WD 2004/ 077607

PCT/ US2004/ 003905 7 Turning to Fig. 3, the MEMS phase

EQLBt rs . 18/% glﬁghﬁl(%@e; glﬁsésﬂﬁii Esre SiecH%ﬁ%%ed yd ﬂlearray in the

(et dnd FedithloB SIS 1ehd 11 nu;husdafe wide b feedpsich e 15141nclud6s an
conprising an array of input radiating elenents

b@m arerube SAENEprisihgaearsdy| itiepu radatingrlegents M@mhn@fi the MEMS

6 S DGR Sk TR R LSRRl St
%ﬁaftfn%r&erﬁ&ts Theinf e bhihe MEMSaﬁlﬁlsé-anft@Js 18 Q‘he?zedﬂlﬂ&o@gh lens 11

array of four (4) rows and seven (7) colums of MENMS
phEige3 dhs fnt aray affouradl r(f\m,and(SAYerr (@heolamuts géMgEMﬁ “p}lase shifters 18

S 100 TP B Ser i (el AR By SR pe oot 4a ana
gm) gﬁl an? pbiatcdlth& tﬁ’éJ g'rhély S YENBny Bhiedte §hinfityEsMEMS

and out put at’l ng eI emsnts 1l4a and "14b
phasewlifiees H&aﬂﬁspmtainﬂ@ufpmt radm@agtelemdnw 1@m®ld| ldbtas oray be

For example, in Fig.. 4, w de fe thro

Aesigbleriof a ppriiguler 2w liveins- gi%zsgéa@ et B b tepgnd feedthrough
| I

RS AU Lot ol BB V8 (A iin

ek 4aead 14br ay 12. The 15 CTS feed array 12,

illustrated in Figs. 3 and 4, includes a plurality of
RF inputs 62 (four in the Fig. 3 enbodinent), a

cont i

el eme#8 \‘!‘égééé{g% igc tiﬂlﬁg lregénl1I 24 gp:;:d%enlt%l ngqus 2?’ fgé ﬁﬂay 12. The
CWRfeed bty 12)plistradrih Bigs. Sdnd4, ihdledesvd slarabignef RF inputs 62 (four
feedt hrough lens 11. In the i |1 ustrated enbodlnen

ithiedis ¥ q@b@mﬂ@) acqontBinYS sl dondespvind Q;Ir%mdilattlgﬂg
ef%:men ] ééﬂ?rOJ ectl 8Ilﬂttﬁg Eontl%%l?st N6k lco%@ I[lrc'e 1914& a%glqure 54 of the

wide band feedthrough lens 11. In the illustrated embodiment, the CTS radiating
elements 68 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. Tt will be appreciated that the spacing between the CTS radiating 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
columns) and/or the RF inputs 62 (that is, the rows) of the CTS feed array 12 need not be
the same and/or align with or correspond to the columns and rows of input and output
radiating elements 14a and 14b and/or the MEMS phase shifter modules 18 of the wide
band feedthrough lens 11. Thus, the CTS feed array 12 may have more or fewer rows
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20 14b. Al'so, in the illustrated enbodi nent, the CTS
radi ating elenents 68 are transversely spaced apart

wammgamsd? al | y t he same di stance as the transveeBHES2004/003905

spaci ng between the input &adiating elenments 14a and
the transverse spaci ng between the output radiating

el ements 14b. It wll be appreciated that the spacing
between the CTS radiating el enents 68 need not be the
same as or correspond to the spaci ng between the input
radi ati ng el ements 14a. 25 Moreover, it wll be
appreciated that the CTS radiating el enents 68 (that

i , ; ' i
Paa 0,5k ke RA AatORuT TRl L BEGARRLA By ol
particotar ahfegma applicatton. correspond to the col ums and

rows of input and output radiating elenents 14a and
14b and/or the MEMS phase shifter nodul es 18 of the

' d s - i .
e 2y 116 Siay SR S VDL o br i CpiTRg 7588 12 of Fie 3
AGE/ ISP f0d AR03 99 clitleaadiciclio? Mihasistthaie df ptastic ggchlsrekolite or

feedt hrough | ens 11 dependi ng on, for exanple, the ) )
pabprenyiane, ansie mashingd pr edridsd to fieghaps shewa in Fig. 5. The dielectric

RS reR SRl with 8 Yol P P Rl oo pliel 16 B na g
Fh@hi@d dlementd 68 Nahe CTSNREEarRy 12 18644 i€scHU6 RighSyol@X&plabiec

or polypropylene, and is machined or extruded to the
shpsios hedwneiahplatigg pecesshsthel are eempmian in aptomptivi erenufacturing

netal.lized with.a nmetal. | ayer 74.ta formthe

CBRBH RS SepiBa e @ISy 2iteiPon Sefront s 68, The

CTS feed array 12 lends itself to high volune plastic
extrusion and netal plating processes that are conmon

i n autlhediTS eedarray 42 ise mvgovdvemouphbng/mdsatiagdrray. As is shown in

56T TS RS AR T g T i
%nﬁ%.léﬁ@'}"ﬁ'avie Rssdelafed with HRf Bﬁgihd?ﬁil 3ldcfic M@eaOOnents

nodes [aunched via a prinmary Iine feed of arbitrar

dotafringtad by itlerprbsenee athe cominadusnsttib 64 hthenebyp expitingla foakitudinal, z-
electric current components 15 interrupted hy the, .

pigsieth displcerperd cUBRRY AFERSE e zgallelplis E’(S%I?aéic iTSJSﬁ@d%ed

AL et ] BB PRSI G Gl PR i

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 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 CTS radiating
elements 68 via the parallel plate waveguide of the CTS feed array 12 and is radiated out
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 wide band feedthrough lens 11
by the CTS radiating elements 68 and then converted into discreet RF signals. The RF
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di spl acenent current in turn excites equival ent
el ectromagneti c waves traveling in the continuous

W@ Lwl/06%0T n the x direction to the CTS radi at i PgI/US2004/003905

el enents 68 into free space It has been found that

such CTS nonscanni ng antennas may operate at

frequencies as high 20 as 94 GHz. For further details
relating to an exenplary CTS feed array reference may

be had to U S. Patent Nos. 6,421, 021; 5, 361, 076;

5,349, 363; and 5, 266,961, all of which are hereby

i ncorporated herein by reference in their entireties.

| . . . ¢ o _
MBS B SIS e Sy L0 e s
tréletipmtoadn MIEMS phase whiftegrefatencsfmayhiee @030 8 dPaent Nos14,281,838;

and_is radjated out in the formof a plane wave in .

e Trddr 214 &P E.001, aflof wé%ﬂgbarﬁ Reieby Heopioesisth bgreimpiyeforence in
- ergy travels fromthe RF input 62 to the CTS

FQ%E%?Fﬁggélenents 68 are not equal. The RF plane

wave is emtted into the input aperture 54 of the w de

band feedt hrough lens 11 by the CTS radiating o
el enenths MEManproeesser sigtnlesre s trirediated opkidrough the radiating

' I {7 R .
N Tl T

Rd fras thS stebriig drtérinadeardeFal sieh arsetiad fed CTDfead alyEMB, the
phase shifter reference maybe had to U S. _Patent Nos.
@nizgna bagn moyeyFiffognt angulas posrdorseiongthe Eqplang i @iz as a

er eby i.ncar porat ed..herein.by referen in _thej -
IReERY ot B BRSNS b B PGy il po in i 4. s
Rigs fr&ﬁieﬁ&%ﬁ’a&é} the RuUEPhdsE 6f 6RHIGAS Rdiatiap eleibne 69 8nMges at
the wi de band feedthrough lens 11, which then
defferai rates reshinRAn Segwealcy scaanhgf or ms t he st eering
antenna beam For such a series fed CIS feed array 12,
the antenna beam noves at different angul ar positions
al ong i b afeRbNCen{odifibit; 2 FldeAand HQuédéyGd hewRl by feeding the
frequency, as is illustrated for exarnple at reference
iiTrferadiatiB@ elemdbisyn8 ih. paradle] vdmes 4 cagoabcyaralial plde waheguide feed

out put phase of each CTS radjating e] enent 68 changes
Qpo iy RS e e e e ElsTHEHS e Busres that the
RF energy travels from the RF input 62 to the CTS radiating elements 68 are 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.

Figs. 6-10 show an exemplary embodiment of an array of wide band radiating
elements 14a and 14b and MEMS phase shifter modules 18 in which the wide band
radiating elements 14a and 14b are fabricated onto a printed circuit board (PCB) 84, and
the MEMS phase shifter modules 18 are mounted to the PCB 84 between the input and
output radiating elements 14a and 14b. Each MEMS phase shifter module 18 includes a
housing 86 (Fig. 9) made of kovar, for example, and a suitable number of MEMS phase

shifter switches (not shown), for example two, mounted to the housing 86. It will be
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In an alternative enbodi nent, a wi de band frequency is
achi eved by feeding the 15 CTS radiating el enents 68

wo pooparmbt el using a corporate parallel plate MewEsHde3905

feed (not shown). By paralibel feeding the CTS

radi ati ng el ements 68, the distances that the RF

energy travels fromthe RF input 62 to the CTS

radi ati ng el enents 68 are equal. As the frequency

vari es, the output phase of each CTS radiating el enent

68 changes at substantially the same rate, and thus

the antenna beamradi ated out through the radiating
ABprRBRIUhE t’éesmhﬁﬁ@flo&rMEqu)hfawﬁﬁiftmﬁchémwﬂfd%%nd Bn it
show an exenpl ary enbodi nent of an array of w de band
ipadicatar applicatiement s 14a and 14b and MEMS phase shifter
nodul es 18 in which the wide band radiating el enents

1l4a and 14b are fabricated onto a printed circuit

boar d - : t '

18 ar & B e AT N BRR R el P Bottom of
dloet ponsingdi iatai digcbdresubstantidlencamell tbahe plaae bf eMbusihg 86 (Fig. 7).

shifter . modul e 18 i ncludes a,. housing 86 (Fig..9) nade
orho Rius 8%0‘}‘)“8%51?6% thegpepegtivg inp i Ercigineggns 14a and

R e A—
RCTH1bIZ2O0HRE POBORE and Areaftrtuailfcethectedtio tdspedtivabgicrafrip

MEMS phase, shifter switches wll depend on the
FERsissiPa Aingph K4 @hatisa balanyiat agmmaumias) gisthg gidged the PCB 84

i ' I h ttomof, 5.
RO L 1 g, L 5 AN S GRL AT R LRI G 7
8heThé aaentibsiéBndy008 iargel8iriédTiytoupled to TRaedfectiVdisp@tand output
correspond to the respective input and output

readiating dements hthand Whdo sy REsignalyie apgt fionmithe dgus vnd autput

. h.the .t hjckn f the P 4 in.a direction
bR i, DR, B4 Sl by By PbBin e
elaférhisti6R linYs POUE ¢LBedpdd) af EBRRWnk & éﬂtéi{di’l%]édr@ss the respective
transm ssion lines 104 (that is, a balun) that are

sotnitein theractrngrlagbase porties FAABiB2) oHtheperpsitive radiatihgelements

i ch F M5 ph hi.ft Ul 18 t
LS00 T R, S e Aot DU
%‘Siﬁ%ﬁi{sﬁ@ﬁ ik 169URk 8 sid? 36/ ¥Bere8S R BRdak USros MM lor@d plane (that is, the

rectangular portion 34) which causes a voltage potential, thereby to force RF energy to

propagate along the slot 36 of the respective radiating elements 14a and 14b.

The DC pins 92 also extend through the thickness of the PCB 84 and are
electrically connected to DC control signal and bias lines 108. The DC control signal

and bias lines 108 are routed along the center of the PCB 84 and extend to an edge 110 of
the PCB 84.

It will be appreciated that the orientation of the RF pins 88 and the DC pins 92
relative to the plane of the housing 86 of the MEMS phase shifter modules 18 enables the
RF pins 88 and DC pins 92 to be installed vertically. Such vertical interconnect feature
makes installation of the MEMS phase shifter modules 18 relatively simple compared to,
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radi ati ng el ements 14a and 14b to carry RF signals to
and fromthe input and output radiating elenents 14a

wae@4041807 I n the illustrated exenpl ary enbodi meert/pS100€003905

transm ssion |ines 104 arell-shaped, and have one | eg
extendi ng across the respective 15 slots 36 in the
rectangul ar base portion 34 (Fig. 2) of the respective
radi ati ng el ements 14a and 14b. The rectangul ar base
portion 34 functions as a ground plane for the

transm ssion line 104. At the slot 36, there is a

break across the ground plane (that is, the

feCe ARG, abnRAkibhD MIBAJS WHitCdbagAL SR medt oM WrledB8nal wire bonds, or
potential, thereby to force RF energy to propagate

Sthen gonveatighad padeges havimg endstoesntlitype qoadedions teqmirgrgaminserous

el s R DB i bR el s PsBhati
CRMIRG! B ckanple, £aRHEncthE ??{n gelz([‘ %6@} 38 BUA‘@?e +PBackibe

DC control signal and bias are routed al ong
the center of the PCB 84 and extend to an edge 110 of

E)?ieerr: i 1?3@%‘%4%%5&?&@%%@53%%%& %?Eﬁ%ilhgggtﬁd exemplary |
e il

Backédesr wRidatly berangedtiakolachnviiled fastdabh,yand Spaved upart b gpacers 114.
interconnect feature makes installation of the MEMS . .
E%Hg%wgﬁit ¢ BPuhdd usnt redipineqlerenty 142 srdl ibefiiparaspective input
S AR EALAL R VPRI b1 9B ot

ewbd diralsionis thatie adsticestruchird of rovaind kbivamalof dgsk ase sutput
havi ng end-t o-end ty € connections requiring numerous

prdetEgelopers i fomd 14pHs foraed; dap lathiecipeeing axydeselppied dased on,
fol exi bi bty A0 | Il at | bl.ing. . f | L
sféf?%?g%@ém‘%n@u%@%ﬁS%?l?%cya@%?ﬁﬂ'g%%sy&% £°f§a%%%§2%ﬁi%ga§ﬂmﬂ°n-

5 As is shown in Fig. 10, nmultiple PCBs 84 (eight in

the illustrated exenplary
The DC control signal and bias lines 108 of each PCB 84 engage a connector 124.

In the illustrated embodiment, there are eight connectors 124. The connectors 124 in
turn are electrically coupled together via a connecting cable 132, which in turn is

connected to a DC distribution printed wiring board (PWB) 138.

Referring again to Fig. 9, an application specific integrated circuit (ASIC)
control/driver circuit 144, which provides the E-plane and H-plane two dimensional
scanning, is mounted in or to the housing 86 of each phase shifter module 18. The ASIC
circuit 144 enables the DC inputs/outputs of adjacent MEMS phase shifter modules 18 to
be connected together serially. The ASIC circuit 144 controls the individual MEMS
phase shifter phase settings of the MEMS phase shifter module 18 in which it is installed,
and allows serial command and biasing of the MEMS phase shifter switches. As will be
appreciated, the design of the ASIC circuit 144 may be according to current CMOS IC

manufacturing processes, for example.
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enbodi nent) each representing a row of the w de band
feedt hrough |l ens 11 naybe stacked or vertically

wa@eooangmad7 i n col um-1i ke fashi on, and spaced aper/USimg4/003905

spacers 114. In this way, 12he i nput and out put

radi ati ng el ements 14a and 14b of the respective input

10 and radi ating apertures 54 and 58 of the w de band

feedt hrough I ens 11 are configured in two di mensions,

that is a lattice structure of rows and col unms of

i nput and output radiating elements 14a and 14b is

formed. The lattice spacing may be sel ected based on,

for exwppiher, Hid MEMS hae elifkNhoBGRE BD B84 ARRARBE bhid Aiating
desired for a Eartlcular application. 15 The DC

ctamants 14si agd Kb dhed mske sip (thevmputiperiufe eaaid rRGBtig aperture 58 of the

S A r e Bing 12 45 ot s Btk b mptagy embodiment,
CERAEHRNS 78 Shninthg tha dcdts %alealhlg%rtﬁ&ﬁ%syof?%%%elements 14a and

toget her via a connecting cable 132, ichin rnis
déhrandiiEglane scanDD gthsttacictms tpepengicilat edthewownof tadiatidg elements
(,PVB 8..20 .Referring again to Fig. 9. _an )

A AL of° @%B%@tﬁ? @%S%F@%P%%eg&gé forcach MIAGS phase shifter module
Q8N4 EBlaf BWhMEhd Ebﬁl%émr}éé?ﬂn‘gEoﬁﬁu QY éeﬂ?§iattﬂ§1t)%' Jﬁgtﬁgﬁtion
and H plane two di nensi ona scarning, iIs nounted In

®WB A 38 heecdvhMENP Bifasofhifachoiiad @ akhigs filiefowymdickeit iBreceived by
The ASIC circujt 144 enabl es the .DC inputs/outputs of
adiitlerenital MRRisctves builinyihie the @il @rcuitg 4o Thedogic control circuitry

_ , . t
R AR Ll Ao 108 e bad EMS phase
skifftet swischoth redlze MdvEirgihstsse stift bugut. nBabhl £SIBcitdnivtaidahus effects
it is installed, and allows serial commuand and )
Erelangypddi-plane sigenipe.shdwe dinersianal saanniageef theveeam radiated from

i ated, the design of the ASIC circuit 144 nmay be
g%%%@%#%égto current CMOS I C manufacturing processes,
for exanple. WO 2004/ 077607 PCT/ US2004/ 003905 12
Toget her, the MEMS phase shifter nodules 80 and the
wi de pdiguglnthieanyengion bhshasnsbown andidescrigsl witbrespektdo ogrtain

qhe. i nput .aperture 54 and.radi ating aperture 58 of the
GRS PEIA St PR R0 BRI il g 10 tters
skil16@ b @b ael u?bﬁ raaldaicyand AR Mg thi€ ki@ficafoR hAd @ie A8nexed
scanni ng that occurs parallel tothe rows of radiating
drasvings dn paricaladregard 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 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 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.



5 14b, and H pl ane scanning that occurs perpendi cul ar
to the rows of radiating elenments 14a and 14b. To
waadjustisvhe phase shifter settings for each NVEMII/PRES€003905
shifter nodule 18, a seridB comuand from a beam
steering conputer is sent via the DC distribution PWB
138 to each MEMS phase shifter nodule 18 al ong the
row, where it is received by a differential line
receiver built within the ASIC circuit 144. The logic
control circuitry 10 built within each ASIC circuit
144 maybe used adjust the bias of each MEMS phase
shift %e%%és%ﬁﬂn{f&tfoﬁ%dlﬁ&sQtll‘iﬁ&i EQvVARS SndRiolilfications, and is
out put. Each ASIC circuit 144 thus effects E-plane
dimaitad-quilabye thetseepd afdghe fallowimg claimsnsi onal scanni ng, of
the beamradiated from the antenna 10. 15 Al though
the i nvention has been shown and described wth
respect to certain illustrated enbodi nents,
equi valent alterations and nodifications will occur to
others skilled in the art upon readi hg and
under standing this specification and the annexed
drawi ngs. In particular regard to the various
functions performed by the above described integers
(conponents, assenblies, devices, conpositions, etc.),
the terms (including a 20 reference to a "neans") used
to describe such integers are intended to correspond,
unl ess otherw se indicated, to any integer which
perforns the specified function of the described
integer (i.e., that is functionally equivalent), even
t hough not structurally equivalent to the disclosed
structure which perfornms the function in the herein
illustrated exenplary enbodi nent or enbodi nents of
the invention. In addition, while a particular feature
of 25 the invention nmay have been descri bed above with
respect to only one of several illustrated
enbodi nents, such feature may be conbined with one or
nore other features of the other enbodi nents, as may
be desired and advantageous for any given or
particul ar application. WO 2004/ 077607
PCT/ US2004/ 003905 13 The present invention includes
all such equivalents and nodifications, and is
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limted only by the scope of the follow ng clains. W
2004/ 077607 PCT/ US2004/ 003905 14 CLAIMS 1. A

wore@rogleert r onechani cal system ( MEMS) st eer abl BCT/US2004/003905

el ectronically scanned lensg array (ESA) antenna (10),
conprising: 5 a wide band feedthrough |lens (11)
including first and second arrays of w de band

radi ati ng el enents (14), and an array of MEMS phase
shifter nodules (18) disposed between the first and
second arrays of radiating elenents (14); and, a

conti nuous transverse stub $eed array (12)

di sposed adjacent the first array of radiating
elements (14) for providing a planar wave front in the

near fl.el d:A ﬂrﬁcmblecmrnedﬂaﬁicM&VaemWMEMszisffe&@ble@@eﬂoﬁfcauy
steer a beamradiated fromthe CITS feed array

18
&Swgnefiﬁeqswaﬂﬂﬁ%)s%ﬁma (20), vorepmggG ESA ant enna of

| ai . ' i.r st ' f wde .
e AL  BS BHR gt S e
padindigdelememts (14) PARY £ 4RGBY MENIS)phasd hifi&ien MM @BRSSp0sed
shifter npdules (18) are nounted to the PCB (84)

Betwiasarihe firsbandysgencazrerys of padiatingdenbantoi( 14 dinds | ng

o ecodiatidfhs mingybRR P CISH Rl R it adincent the first
BEY beraiibBhg lefeed sAlaS 4 RfoR @MVitﬁlflg B’ﬁ%ﬁgﬂﬁa&@§%m C}n the near field;

corresponding to respective irs secon
radi atwheepie therPdBMS pliasy siftet modiles 6ii8) atecr s beomrhdiatedfsm the

f?‘regdfdi at i ng elgvrre(gflts .14) of the w de band

SRt BEHRCLL Ao duensionsTh e VEMS ESA ant enna of any
preceding claim wherein each MEMS phase shifter
nodul e (18) includes a plurality of DC pins (92) that

ext end. t hr dhgMEMS ES Aiantenessf dfint heviREBn tleetirsametl second arrays
el.ectrically connect t espective DC control signal
Ghaochad ity Qamays (e GEen i ete s oRnise s opH (PCE)
Sha. SEnt PALASIRER g Fuldills (MHLER plhfcd (FefCB h pgveen
#ieanputtané oot etidedfand radiating elements (14).

3. The MEMS ESA antenna of any preceding claim, wherein each MEMS
phase shifter module (18) includes a pair of RF pins (88) corresponding to respective
first and second radiating elements (14) of the first and second arrays of radiating

elements (14) of the wide band feedthrough lens (11).

4. The MEMS ESA antenna of any preceding claim, wherein each MEMS
phase shifter module (18) includes a plurality of DC pins (92) that extend through the
thickness of the PCB (84) and electrically connect to respective DC control signal and
bias lines (108) that are mounted on the side of the PCB (84) opposite to that which the
RF MEMS phase shifter modules (18) are mounted, and are routed along the center of
the PCB (84) and extend to an edge of the PCB (84), where the DC control signal and
bias lines (108) are connected to a DC distribution line (138).
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the PCB (84) and extend to an edge of the PCB (84),
where the DC control signal and bias lines (108) are

wa@oeonecteed to a DC distribution line (138). WPCT/US2004/003905

2004/ 077607 PCT/ US2004/ 003985 15 5. The MEMS ESA
antenna of any preceding claim wherein each MEMS
phase shifter nodule (18) includes a pair of RF pins
(88) corresponding to respective first and second
radiating el enents (14) of the first and second arrays
radi atin el enents (14) of the w de band
f eedt Rr oug H&%M&EW\ aatrina opryrpre¢edingoflaibe wiiersin (3&21)MEMS

s 5 38 AP R R TSR SPRBDSARL et
el Ak @6 dndQRAib G SEmehie @me%ttteyﬁx{;tla%)d e a&ﬁ% oF Ruaidiig

RF pins (88) and pi ns 92) are oriented

(16 ubathe wide bmctfescttbltotugh tens ( Hdumdngpl(lﬁﬁt)y ofDCtpens (92) for

ective. MEMS ph hi ft nodul e to enab e
e KL DDl B YO SEriBBEO NPT (hatdest partaly steer the
RhArhMSeY RORT fh'e@fs s Eﬁ 1@ aﬁP %VAM&@% EH# aan‘afDC pins

any preceding claim furt udi ng an tion
gPBiré ogerited pgpatdichlaiy Wlih tres()é\Slt@ howsiig (B6) df theaespective MEMS

rcu 144 ted respect to each_ phase
Shf L Sl (A 5bjo @gbledRREeInGRE of Pt 1oyhe BrFR(Ety in a
HQ@ﬁtﬂfVmﬁgﬂ. Shkr MEMS phase shifter nodul es (18) and
to control |V|dual phase settings of the

respective MEMS phase shifter nodule (18). 7. The MEMS
ESA antenna of aM/ eceding claim wherein the w de
band O adi dt %ﬁ%ﬁtaetemm? f 2 preredipggdaima figrther including an

168 11Jic 1%66{' ér? fl uft (%S'II éo%gr ?ertcgrgttlgﬁ AHLS n{outed with

s nni ng occur's e ro

etspaEns sadhlghhse &hiftdr MedNOM 8)to EdnaettNeYi TR REIA1E, togsth adjacent
frequency ener gy, cowgr|5|ng the steps of inputting

MEMS rhaggetierymedutys @8kangtoicanteoldndiviupiphases settings of the
PRESHEIAENE Mt Sk moBRE D O of “Crsradiating.
el enents (14) in the

7. The MEMS ESA antenna of any preceding claim, wherein the wide band
radiating elements (14) of the wide band feedthrough lens (11) are oriented such that E-

plane scanning occurs parallel to the rows of radiating elements (14).

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

inputting radio frequency (RF) energy into a continuous transverse stub (CTS)
feed array (12);

radiating the RF energy through a plurality of CTS radiating elements (14) in the
form of a plane wave in the near field;

emitting the RF plane wave into an input aperture (54) of a wide band
feedthrough lens (11) including a plurality of MEMS phase shifter modules (18);

converting the RF wave plane into discreet RF signals;

using the MEMS phase shifter modules (18) to process the RF signals;
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formof a plane wave in the near field; emtting the
RF pl ane wave into an input aperture (54) of a w de

whanvd/07feerdt hr ough | ens (11) including a pluraPCT/ySmn4/003905

MEMS phase shifter nodul es1618); converting the RF
wave plane into discreet RF signals; 10 using the MEMS
phase shifter nodules (18) to process the RF signals;
WO 2004/ 077607 PCT/ US2004/ 003905 16 radi ating the RF
signals through a radiating aperture (58) of the w de
band feedthrough |ens (1%%, thereby reconbining the

RF si grdirdngibg Kgﬁﬁlmais;thmu tradiatingepeniure 8y of tharwidegand

the. fr nc f.the RF signal..i t.ted in t he CTS
S QRRLERT ) @Sy Fop RS ekt it an antenna bear;
p@gi tion of the antenna beamin two dinensions and to
effect frequency scanning by the antenna beam 9. The
met hodagfing theifraq8enoytod e NF siigealshjpptedfintorthel CISgedRiray (12)

er i ncludes feeding the CIS radiating, el enments
TG DadeIER anpli o loh oF 515 BtocEh BEHAY bro drasiogs and to
fur t heprobi e idhBoschiifing be theQhicaflh Yskhng  the phase
shifter eout pdlﬁllt %C t %grgsgecte?ge MEMS phase shifter
nodul es (18) by adjusting the bias of one or nore
MEMS phase ghifter switches in the respective NVENVS
phase % shi fTﬁjgrm %pglﬁi%&_wherein the step cl?f inputting RF energy includes

feeding the CTS radiating elements (14) in series.

10.  The method of claim 8 or claim 9, further including the step of adjusting
the phase shifter output for the respective MEMS phase shifter modules (18) by adjusting

the bias of one or more MEMS phase shifter switches in the respective MEMS phase
shifter module (18).



