29 March 2007 WD 02/09224 PCT/ US01/ 20983 MULTI-BI T PHASE SHI FTERS USI NG MVEM
RF SW TCHES Thi s invention was made with Governnent support urtteMarce 2907 act
No. F3361§W§%Z&h}ﬂ73 awar ded by the Departnent of the Air pEorsel2obkhe
Governnent has certain rights in this,, invention. TECHNI CAL FlI ELD OF THE

I NVENTION Thi s invention relates to techniques for introducing phase shifts
in RF applications, and nore particularly to 5 phase shifting techni ques
usi ng mcro-el ectro-nechanical switches ("MEMS"). BACKGROUND OF THE

| NVENTI ON 10 Exenpl ary applications for this invention include space-based
radar systens, situational awareness radars, and weather radars. Space
based radar systenms will use electronically scan antennas (ESAs) i ncl udi ng
hundreds of thousands of radiating el enments. For each radiating 15 el emrent,
there is a phase shifter, e.g. 3 to 5 bits, that, collectively in an array,
control the direction of the antenna beamand its sidel obe properties.; Fpr
ESAs using hundreds of thousands of phase shifters, these circuits nust-be
| ow cost, be extrenely light weight (including 20 package and installation)

, consune little if no DC power and have |ow RF | osses (say, less than 1
dB) For space 29 March 2007 WD 02/09224 PCT/ USOL/ 20983 2 sensor
applications (radar and communi cations) chase requirenents exceed what is
provi ded by known state of the art devices. Current state of the art

devi ces used for RF phase S shifter applications include ferrites, PIN

di odes and FET switch devices. These devices are rel atively heavier,
consune nore DC powMUIdhd Bt eP G riH Ml BRI SIENG cMEM RBLBWETACHEBSI n
accordance with the present invention. The

This invention was made with Government support under

Contract No. F33615-99-2-1473 awarded by the Department of

(
the Air Force. The Government has certain rights in this,

invention.

TECHNICAL FIELD OF THE TINVENTION

This invention relates to techniques for introducing

phase shifts in RF applications, and more particularly to

5 phase shifting techniques using micro-electro-mechanical
switches ("MEMS").

BACKGROUND OF THE INVENTION

10 Exemplary applications for this invention include.
space-based radar systems, situational awareness radaré;”
and weather radars. Space based radar systems will uéé%i
electronically scan antennas (ESAs) including hundreds of
thousands of radiating elements. For each radiating

15 element, there is a phase shifter, e.g. 3 to 5 bits, that,
collectively in an array, control the direction of the

. antenna beam and its sidelobe properties. For ESAs using
hundreds of thousands of phase shifters, these circuits
must be low cost, be extremely light weight (including

20 package and installation), consume little if no DC power

and have low RF losses (say, less than 1 dB). For space



i npl ementation of PIN diodes and FET switches into RF phase 10 shifter
circuits is further conplicated by the need of additional DCO®OMAsHhCIOOGUItry
along the RF path. The DC biasing circuit needed by PIN di odes and FET
switches WO H¥¥9924 he phase shifter frequency perfornmance aRETiUAtY¥4®e RF

| osses. Populating the entire ESA wth presently 1s available T/R nodules is
prohi bited by cost and power consunption. In short, the weight cost and
performance of the currently avail able devices fall short of what is

needed for ESAs requiring electrically largge apertures and/or |arge nunbers
of radiating elenents, e.g. greater 20 than 5000 el ements. O her o
applications for the invention include switch- able attenuators, sw tchable
filter banks, switchable time delay lines, switch matrices and ‘

transmt/receiatesdiF. . apsWM &&besns25 (FUMARY Lid THEhINMENTE ENoh#) acepedance
wi th one aspect of the invention, an electronicglk¥ gcanned array.is

described. THERHEY™H0® | meFto@s¥aFi ndaPT 8V -8y %oPYr SBPYRI AG2EFehtEntE® with
an array of plasedshiddé®rs coupled to the radiating elenments. An RF

mani fol d includin aL| of_ ph ift ports. .Ls T [
coupled to a corrggg%ﬁ%ﬁ%gg%hggec%hi?Sgr%gk (%%¥T8%%dugﬁaRE%§£$§§ éﬁ%é%m
steeririg contstol fegr perpwl Heat 8enphase 1sidief tfwomyad, sFGhadsodes t ArdphESe

shifters to £entdwl dehecelRase shidde sefletiing Of atbe yanrayi it hgepbase, 29
March 2007 WD 112/09224 PCT/GS01 //20983 3 shifters. The phase shifters

each incl ude @HINGI MOFS nPer RO ectd: nBEREN TaPere NERy W\ cg¥ices
responsi ve tofdhei cooed roh stgeabante sdlecttionepedsanli sevetei snmberhef

phase ShLI1 SSALLSE: Oah U5 TEAPSELLLS, PR %A1 3 - BoRgr dapce v
and sécond RBhifter circuits is further complicated by the need of
additional DC bias circuitry along the RF path. The DC%,
biasing circuit needed by PIN diodes and FET switches
limits the phase shifter frequency performance and increase
RF losses. Populating the entire ESA with presently
15 available T/R modules is prohibited by cost and power
consumption. In short, the weight cost and performance of
the currently available devices £fall short of what 1is
needed for ESAs requiring electrically large apertures
and/or large numbers of radiating elements, e.g. greater
20 than 5000 elements.

Other applications for the invention include switch-
able attenuators, switchable filter banks, switchable time
delay 1lines, switch matrices and transmit/receive RPénl
switches.

25
SUMMARY OF THE INVENTION

In accordance with one aspect of the invention, an
electronically scanned array 1is described. The array

30 includes a linear array of radiating elements, with an
array of phase shifters coupled to the radiating elements.

An RF manifold including a plurality of phase shifter ports

is respectively coupled to a corresponding phase shifter RF

port and an RF port. A beam steering controller provides

35 phase shift control signals to the phase shifters to
control the phase shift setting of the array of the phasé



i

ports, and a switch circuit conprising a plurality of

m cr o-el ectro-nmechanical ("MEM') sw tches responsive to contr ) Margnziog,

sai d SW'tCR(%z(,SW} arranged to select one 10 of a pl urallt;/ of discrete
phase shift Valués introduced by the phase shifter circuit ¢GUB2%gnal s
passed ‘between the first and second RF ports, the circuits connected to
provide a single-pole-nultiple-throw (SPMI) or nultiple- pole-nultiple-throw
(MPMT) switch function. 15 BRI EF DESCRI PTI ON OF THE DRAW NGS These and ot her
features and advantages of the present invention will becone nore apparent
fromthe following 20 detailed description of an exenplary enbodi nent
thereof, as illustrated in the acconpanying drawings, in which: FIG 1 is a
sinplified schematic diagram of an ESA antenna architecture enpl oyi ng MEMS
phase shifter shiif t eaccor darioe @fntalsearsla's@m:rts okathe imvekmde on. p215.1ﬂ'%l]ﬁty2 is

a sinplified ri | I
di agrammatic E{l%e V|egl\?és(:t%’lfcy ﬁé%Q%Erb or'm oflttq%X {k%@ﬁ%g%ﬁtg ? he
respective swcos rodesiqrasiat dta cme)lea)rtdoslwi péhactiosedetsi gnaberrtahsma%a on)

states; 30 F'sﬁlécée%@ar%@gféwéCréQLE’eé’&P\% Fh&se44niklustrates a
schematic of a 1 bit brid swtched |ine phase shift section enploying a

MEM swi ch. FI GS. IZIB mqqdﬁm atieh RECSREEC R SEERT §hr APFoRNY RN LR het

detail. 29 Maregh gRQée V&QEt@QZ?&MMJS%bZQQEs% 4f1‘Eé€3 &nd ssacsehenati c
di agram of a 4-bhit phas%i shlfter f or med )é four of the single bh. E),hase
shift section®3fS FI &% 3 FITE A §1d 83 ar&OTREpRETEvE sERBRALIEYdiHyr ans

of 5 "3.5" blntlca:@dé'léle&'rdmrtxephasecshl f t'eEMI r cuivtis dhesaceespodance vid h an

aspect of theé&ﬁgygﬂ(g}gnals, said switch circuit arranged to select one

( 10 of a plurality of discrete phase shift values introduced by
the phase shifter circuit to RF signals passed between the
first and second RF ports, the circuits connected to
provide a single-pole-multiple-throw (SPMT) or multiple-
pole-multiple-throw (MPMT) switch function.

15

BRIEF DESCRIPTION QOF THE DRAWINGS

These and other features and advantages of the present

invention will become wmore apparent from the following
20 detailed description of an exemplary embodiment thereof,
as illustrated in the accompanying drawings, in which:

FIG. 1 is a simplified schematic diagram of an ESA

( antenna architecture employing MEMS phase shifters in
accordance with an aspect of the invention.
25 FIG. 2 is a simplified electrical circuit of an RF MEM
switch.

FIGS. 3A-3B are diagrammatic side views of an exempla-
ry form of the RF MEM switch in the respective switch open
(isolation) and switch closed (signal transmission) states;

30 FIG. 3C is a diagrammatic top view.

FIG. 4A illustrates a schematic of a 1 bit, hybrid
switched line phase shift section employing a MEM switch.
FIGS. 4B-4D illustrate the switch configuration in further
detail.



FIG 7 is an equivalent circuit diagramof an exenpla- ry 180 degree phase
shifter. FIGS. 8A-8C are schematic illustrations of three 10 €Maedtd00As of
SP2T MEM swbahes22to realize nultiple throw sw tching ci rc?&{ﬁjs“ﬂ"%. SD- 8l
are sinplified schematic diagrans illustrating operation of the switch
arrangenents of FIGS. 8A-8C. FIG 9 is.a sinplified schematic di agram of an
alter- 15 nate 4-bit RF MEMS switched |ine phase shifter in accor- dance

wi th anot her aspect of the invention, where the reference path in each
section is replaced by a single switch. FIG 10 illustrates a phase shifter
circuit in three 20 sections, with SP3T junctions creating an additional
trans- mssion line path in each phase shifter section. FIG 11 is a

schematic diagramof__a reflecti o%$hase hift circuit e,ne%?lti ng %h%se
shifts by switchingflf- di tfe? FNTRALESA 43Rk & A Rate PORES RIPHESE and

25 quadr at ur e goredofoya £hiB sfiaghat g aghgbiid gHydersid £&& 32cksods of
schematic di agﬁg i I4I ustrating use of SP3T MEMswitch circuits to realize a
"multi-bit" reflec- “ti on phase shifter section. FIG 13 is a schenmatic

di agram showi ng RF WERS.t 6A 30d mH enentresBR3T1iyeinsthemapi oviddrggamspledse
shifter term - yRati.onR.; [ on fofat t .natj for. .t | et yhase
shifter t(L;’f FI G %1' : %%ec&tlrild)i I%U%t rg?%sgg%gngélhg%éacr?iColnz,t@é-'g%tg?‘efa%ggtrﬁon
phase shifter E#pIcEymWighsPaTaRERICSwOtekhe dayiens 188 -shown 35 in FIG 13. 29

March 2007 WO (12/ $18224 PETACIAR COO83 TifhGe lﬁagm AN 23] LREARLE -
2-bit reflection c,has%legshl fter circuit enploying SPST MEM switches with

integrated re&et a80e SEBrAPNROASHs SPELEET16 is a sinplified schematic
di agram of a phase FIGS. 8A-8C are schematic illustrations of three

10 connections of SP2T MEM switches to realize multiple throw
switching circuits. FIGS. 8D-8I are simplified schematic
diagrams illustrating operation of the switch arrangements
of FIGS. 8A-8C.

FIG. 9 is a simplified schematic diagram of an alter-

15 nate 4-bit RF MEMS switched line phase shifter in accor-

_dance with another aspect of the invention, where the
‘reference path in each section is replaced by a single
switch.

.FIG. 10 illustrates a phase shifter circuit in three

20 sections, with SP3T junctions creating an additional trans-
mission line path in each phase shifter section.

FIG. 11 is a schematic diagram of a reflection phase
shift circuit generating phase shifts by switching in
different reactances that terminate the in-phase and

25 guadrature ports of a 3 dB quadrature hybrid coupler

FIG. 12 1is a schematic diagram illustrating use of
SP3T MEM switch circuits to realize a "multi-bit" reflec-
tion phase shifter section.

FIG. 13 is a schematic diagram showing RF MEMS to

30 implement a SP3T junction providing a phase shifter termi-

| nation section for the terminations for the reflection
phase shifter of FIG. 12.

FIG. 14 illustrates a single section, 2-bit reflection
phase shifter employing SP3T MEM switch circuits as shown

35 in FIG. 13.

L



5 shifter section realizing 0, 22.5, 45, and 67.5 phase states. FIG 17
illustrates a reflection phase shifter enploy- ing 'the 2-bit EeMarch 2007

phase shif{,d@@iAation circuits of the type illustrated i LG, 10
FIG 18 is a sc‘herrati c diagramof a 4-bit phase shifter vvip{%ﬂﬁlsg]'b%)g%e

states, using the two phase shifter sections of PIGS. 14 and 17. FIG 19
shows an exenplary MEM switch reactive term - nation circuit. 15 FIG 20 is
a schematic diagramof a reflection-type 3- bit phase shifter. FIG 21
illustrates a single section 3-bit phase shifter realized by a single phase
section with 16 individ- ual. switch devices tied together in series. 20
FIG 22 is a schematic diagramof a 5-bit phase shifter realized with two
sections by using the circuits in FIG. 10 and 16. DETAI LED DESCRI PTI ON- OF
THE PREFERRED EMBODINENTS® 2%'%Upac8lhaRed Tade? SySéEnst RAvECHiRBedPTdTe ESA
perfor- mance dharf tsymidietdaud apepilvye ngadas Tnappi $\g) t giesindi tio Vi ritge < ot gt

indi cation anﬁﬁea%#;a{q{@ee E@%’r&{lﬁa%ﬁc&%e{ ai ndi cation. At the same tine, the

cost and weig cConme W . arge ESA fully populated with
Transmi t/ Receive (THHR). hodustes FsmphiésedabrbemprGe dipgramsiafpld fplease

schematisc  di agram of 8056 20ed [ A6 §aNCE ML 380a5RGL! Of Sheonase

i nvention, which addresses the problens of ESA cost, weight and power
consunpti on bySk&iSRr an ESA antenna architecture 35 in conbination with MEMB

phase shifters. Thef&SA M jhhiustrafRedhnBat1 Esc doANsHaiaensi phal ddbesy -
array of radiating 29 I\/e{).ch ZO(QZ VWO OZé8922-|th /1 US01/ 20983 6 el ements
20, each of wht¥h 7€ conibtt EAL 5L CBr PBEFENGIMG T MEMB SIS ¥ Ter1 3D
conprising a |lohedte atypy Dflydhaseced in FIG. 16.

10 FIG. 18 1is a schematic diagram of a 4-bit phase
shifter with 16 phase states, using the two phase shifter
sections of FIGS. 14 and 17.

FIG. 19 shows an exemplary MEM switch reactive termi-
nation circuit.

15 FIG. 20 is a schematic diagram of a reflection-type 3-

| bit phase shifter.

FIG. 21 1illustrates a single section 2-bit phase
shifter realized by a single phase section with 16 individ-
ual switch devices tied together in series.

20 FIG. 22 1is a schematic diagram of a 5-bit phase
shifter realized with two sections by using the circuits in
FIG. 10 and 1s8.

DETAILED DESCRIPTION OF THE PREFERRED EMBQDIMENTS

25
Space-based radar systems have a need for ESA perfor-

mance for synthetic aperture radar mapping, ground moving
target indication and airborne moving target indication.
At the same time, the cost and weight that come with a
30 large ESA fully populated with Transmit/Receive (T/R)
modules is undesirable. FIG. 1 is a simplified schematic
diagram of an ESA 20 in accordance with an aspect of the
invention, which addresses the problems of ESA cost, weight
and power consumption by using an ESA antenna architecture
35 in combination with MEMS phase shifters. The ESA in this

embodiment is a one dimensional linear array of radiating



shifters. The use of a |linear array of the phase shifters reduces the
nunber of transmit/receive (T/R) nodules for 5 the ESA. An RRHe®pidHIod740
conbi nes the phase shifter RF ports into an ESA RF port. A beam steering
control | eWaiR/9pHovi des control signals to the phase shifte¢EUS0/2M%ch
controls the respective phase settings of the phase shift- ers 30 to achieve
the desired ESA beamdirection. 10 The array 20 can include a single T/R
nodul e connected at the ESA RF port 42, or nultiple T/R nodul es connect ed
at  junctions in the RF manifold. The array 20 in this enbodi- nent is
capable of reciprocal (transmt or receive) opera- tion. Mreover, a
plurality of the linear arrays 20 can be 15 assenbl ed together to provide a
two di nensional array. The MEMS ESA provides new capabilities in such

appli- cationglamespaceobasadhr adakndrth GEMHHHEAIHN t9Y o ¥ r@ponikand

commer ci al ft situatio war eness radar rcial automqtiyve radar
appllcailons hﬁ@g I %ﬁﬁﬂé&ﬁ? échﬁﬂﬁg%ﬁﬁﬂacﬁ fﬂ%??%s?Bﬁgy ot phas
av0|dance/marshmgtamd auﬁh&aheé o&rakéumaﬂn(aﬁnay1aﬁIﬂhaﬂphméuﬂkﬁnﬂtéﬁgnn
t he MEMS ESA cause th nol e.to hi r erati ona
BAERLS? oL Sy slaoLet 5 ae pabl e de sk canesaLl ol

frequenci es. owi ng exenpl ary e S,
shifter§ 30 eﬁonFSWEMlﬁﬂzﬁFrﬁﬁ@ﬂf@bﬁt&@tC@Wpu@hésthB $ha sRatsdvitt te X045, 659,

the entire copbepts lgfcomlncfrﬁ &R NGOFPO- A%%th%rc%ke&l% s dahenence,
descri bes a Mswitch suitable for _the p tRose is a si [ified
0!

electri- cal BFPY¥4FESOfCHH |VEFV/E§®I1§CH:C5 ?hé’b:?vﬁet cﬁhh%%ew 38 ﬁﬁ?ltcsh 52,

54, and an ar gBhdurel156chai ehspartheeCidsesk tscaaumng@ eife dre pﬁ'id’siélllslhlt‘f&t—ween
the RF ports bé a&gllcatl an of §¥£Eicontr oIta e between line 58 and the
ground 60. Th tER 867¢ PR AT Phe order  of

0. 002518quare inchIhandrrayrEQUcaa iﬁebuﬁhaa snnghecnazﬁbdmmd domneC teaht r ol

pover. at a valtage £anoes Qo Y ool s 30 MG - Y HAL09224

PCT/ US01/ 2098
junctions in the RF manifold. The array 20 in this embodi-

ment is capable of reciprocal (transmit or receive) opera-
tion. Moreover, a plurality of the linear arrays 20 can be

15 assembled together to provide a two dimensional array.
The MEMS ESA provides new capabilities in such appli-
cations as space-based radar and communication systems and
X-band commercial aircraft situation awareness radar.
Commercial automotive radar applications including adaptive
20 cruise control, collision avoidance/warning and automated
' brake application will also benefit from the MEMS ESA
because this technology is scaleable to higher operational

frequencies.

In the following exemplary embodiments, the MEMS phase
25 shifters 30 employ MEM metal-metal contact switches. U.S.
Patent 6,046,659, the entire contents of which are incorpo-
rated herein by this reference, describes a MEM switch
suitable for the purpose. FIG. 2 is a simplified electri-
cal circuit of an RF MEM switch 50. The switch has RF
30 ports 52, 54, and an armature 56 which can be closed to
“ complete the circuit between the RF ports by application of

a DC control voltage between line 58 and the ground 60.

The switch 50 can be fabricated with an area on the order
of 0.0025 square inch, and to require less than one micro-

35 watt in DC control power, at a voltage range of 20 V to 40
V.



7 Unlike PIN diodes, netal -netal contact RF MEM switches do not need bias
circuitry on the RF path. FIGS. 3A-3B are diagrammtic side \A9dviarchR08h

exenpl ary §Qumgpb, the RFE MEM switch in the respective sw tLeh, RQREN
(isol ation{ ) st4W|tch 5 closed (signal transm ssion) statgg /[%Igugc is a

di agram natlc top view. The drawings are not to scale. The switch SOis
fahricated on a substrate 62, e.g. GaAs, on which are fornmed conductive
contact |ayers 52, 54, anchor contact 64 and bias el ectrode 60, conductive
pads 58, 60, bias elec- 10 trode 60A, and traces 58A and 609. A cantilevered
beam 62 fabricated as a silicon ni- tride/gold/silicon nitride tri-layer has
an anchor end attached to contact 58A; the opposite RF contact end is

.cantil evered over the RF cont cts 52, 54, _and has the 15 arnmature 56
di sposed transver sgl"’glﬁ? Ry )%Pé]ﬁts ofetRé -Bekmt §8NCFARE RF miElirev HEheas

fabricated asda gokdnkayebikas bhecubeam oandhESREXp@SEd smchst hadt - wheird he
.svmtchlsmthe clos%d state (FIG the armature.is brPu htr&ﬁntﬁ'@:&

bri dgi ng cont acta I5efWeen < ne \f:loen‘f%c? aéb SEAP bfear‘fﬁlzcb
conducti ve gok#ikayein6RAcexeendirng vier ewithb opent amo?satupnsmarﬂjﬂmﬁm the

bias el gotr0de1608q Taoraned SARELIEED U ALIRLUE 5 20 J he Bk,

el ectrode is not ect |ca conductrve, and 1s onl
silicon nitri H@tl?hG§PaVD@Wvol Thge Seam 1BESs GEEUBObet Aesns 1§ - co?ﬂtl%lc—"ﬂsl%?@ 60,

to provide a wgl tageaet waeraekectr g@%sé%cea@d tbegl ay8Rs62hni fnihe eam
and is isolated fromthe armature 56. \Wen the SWI?Ch i's open, the armature

i s above the RPTMEGNCRAASCEAVELBYEACE AHHET OFF i 2 A HET VFRRIRGth &hi s

30 exenplary emablodnra&ﬂtelleecrzrdsm@rew cYhancaibe yalkags,i %@Stt&tﬁd sded:-
across he bi trodes, . the bean%;%é i S %i?ei | ect ed dovvnvvardly by the
at at e

I e
electrostatic fr8 %OB‘r‘l Fihd * 35" o bridgi ng contact between
the RF contacts and cdmsihgvehedswigash. 629 {kbrchak@87 as a silicon ni-

tride/gold/silicon nitride tri-layer has an anchor end

attached to contact 58A; the opposite RF contact end is

cantilevered over the RF contacts 52, 54, and has the

15 armature 56 disposed transversely to the extent of the beam

58. The armature 56 is fabricated as a gold layer in the

beam, and is exposed such that when the switch is in the

closed state (FIG. 3B), the armature 1is brought into

bridging contact between the RF contacts 52, 54. The beam

20 62 includes a conductive gold layer 62A extending from the

contact strip 58A and over the bias electrode 60A. The

area 62B betWeen the armature 56 and the bias electrode is

not electrically conductive, and is fabricated only of

silicon nitride. Thus a DC voltage can be set up between

25 contacts 58, 60, to provide a voltage between electrode 60A

and the layer 62A in the beam, and is isolated from the
armature 56.

When the switch is open, the armature is above the RF

contacts 52, 54 by a separation distance h, which in this

30 exemplary embodiment 1is 2 microns. When a DC voltage is

) established across the bias electrodes, the beam 62 1is

deflected downwardly by the electrostatic force, bringing

the armature into bridging contact between the RF contacts

and closing the switch.



WO 021(19224 PCT/US01120983 8 One very inportant aspect of the switch is
t he physi- cal separation/isolation between the DC bias eI ect 28dderch@fl7 t he

RF cont actgohyndRgul ating layers, e.g. silicon nitride ¥ Nese
insulating layers isolate the DC actuation 5 voltage from tﬁﬁ%’%’:{r’l ine and

al so enhance the structural integrity and reliability of the cantil ever
beam 62 used in the switch. This feature sinplifies the control circuit,
and' nmaintains the high RF isolation of the switch in the open state. 10
The netal -netal contact RF MEM switches hav® low insertion loss and high
i solation as functions of frequen- cy. The netal -netal contact switch is a
series switch with a |ow capacitance in the open state that is inversely

proportional to fr%g1 en cé\é 'm]g) ?%I tlal(’.%%e%EO d%gcelAng(r)ttfﬂe 15 tPoﬁ;ﬁt al

contact switch is I'n elso
per f or mance - ofcatlheemetraltmwalsol@@npacbeswreeohtﬁlmtbmswetlhmm iemgt

frequency nmekihg il LR ebfyo n@%‘l'&ﬁ:xhﬁ E?Q'chsraQ' 8. aBE'l ?E‘ %@%rw'

accordance with an aspect of the inventio a new class o sw t che
phase shifter loisfisgur KNI RN RIS %Wtb%%a'i% bffl@vpe‘eéctpmmm

illustrates agahegaBtidin 0fhd@ RrbiEnehwbE 19 t&h@héé neh@h@%@-u%mufrtal
section 100, .or "unit cell conventi onal di ode and 4: hs swi.t ched

e
phase shifter slntteﬁélﬁWa?é‘dsﬁF]lll@E }%t?’e‘éflrz}é‘:d W“z’s St §% éfent
| engt hs of tramsmsssiwrh.| i Mesidg Ffﬁtuﬁe sUnpl kei &% I\tldeodenalaleEImmtcches

DC bi as used % aCt u%ael&srll_ﬁt;. ﬁ%% III:RTg:,nlSOle%I\l@nS\MftCJ}] éWlC ]% gqulhEd to

t he RFtransmssmn I he the um't ri cated on
a | ow| oss sulepemnatse at@2, e.g. al um na. 30 A conduct or pattern is fabricated

on the pop surface@fs ther,$uRstLat ecc%1 38 aﬁ BmMRFs P §l§e§.0%a\,ﬁ|€p4,10@}’ld

the refer- ence transm ssion |ine ase Shl t transm s- sion.
i ne path 11017FeE INEM §«ﬁi$cﬁ%)¥19§ deRAecton B? EWnes 1pasd ofoAnesticaTs

112, 114 betwegn thRecPREtalORe8RY O88tact switch is a series switch with
a low capacitance in the open state that is inversely
proportional to frequency. The isolation at X-band for the

15 metal-metal contact switch is in the range of -35 to -40
dB. Also the 1isolation performance of the metal-metal
contact switch improves with decreasing frequency making it
suitable for point to point radio applications.

In accordance with an aspect of the invention, a new

20 class of switched line phase shifter configurations using
RF MEM switches 1is provided. FIG. 4A illustrates a sche-
matic of a 1 bit, hybrid switched line phase shift section
100, or "unit cell." Like conventional PiN diode and FET
switched phase shifters, the phase shifter is realized by

25 switching in different lengths of transmission lines (FIG.
4) . Unlike PIN diode and FET switches, DC bias used to
actuate the metal-metal RF MEMS switches is not coupled to
the RF transmission line. This embodiment of the unit cell
is fabricated on a low-loss substrate 102, e.g. alumina.

30 A conductor pattern is fabricated on the top surface of the

‘ substrate to define the RF ports 102, 104, and the refer-
ence transmission line path 108 and phase shift transmis-
sion line path 110. The MEM switch S50A is connected by
wire bond connections 112, 114 between the port 102 and one

35 end of the reference path 108. E&lements of the switch 50A



35 end of the reference path | OB. Elenents of the switch SOA F. 29 March
2007 WO 112/119224 P CTJC SW 20983 9 are diagrammatically showmrdindohG 4,
including the RF ports indicated as 50A-1 and SOA-2 to which the wire bond
connect i oM e¥®2hade. The cantil ever beamis shown as el SftSBEAS3. The DC
bi as connections are made at SOA-4 5 and SOA-5. The other end of the
reference oath 108 is connected though swtch 50B to the RF port 104. MEM
switch SOC is connected via wire bonds between the port 104 and an end of

t he phase shift path 110. Switch SOD is cofnected between the other end of
t he phase shift 10 path and the port 106, It can be seen that by appropriate
control of the MEM switches, either (or both) paths 108, 110 can be
connected between the ports 104, 106. FIG 4B illustrates an arrangenent of
MEMS devices areddfgpremeasareshed JHame phBsé hi f ter gfclmdEng, thpt RF 15

MEMS devi ce Og&daf@smw&é\@\w%mhl% apfl- HEMS devicee B Q«H&%SGHHAdWQ
MEM switch S of FIG 4A. The e val egl C|rcu]a$ for thls arr%Eg/sment is
provi ded by SPSPAT t LS 2R € .© YehgEReRt bl "A%hd a
provi des two sleates; 530;(43“st 'smatrecmbmssmbhﬁbcémpenaméd sl ot BA@0-2

cl osed, 5and a se OESAS ate wltch ﬁg and W|tch B en FIG 4D
a

shows the eqwa\P 2T svmef C B?Ew crﬁ ng Se WO Sttest? 8a5| C

single bit RFdEVBRswd direddh rmﬂlpmtseﬁOB;mdt@Te TR0 13cbnowm* . FI G 4A uses a
SP2T junction. Foury L?]M s“?ﬁclhhé%g:sﬁ' sngLenBEE ?“H%Cxﬂrh Ct%‘r»@; él?

forma 4-bit phase shifter Shown i h F 5|n un|t
cel s 100A, 108B:;t 100b amd ao0BPndegdh whiet Phr i flek Bt DaphaséOSm f&mtch

transm ssion padh { €ndbthe & & COONGELLA hE o8BEEE8nHOFOMA JralWe kit £
shifter. For this enbodinent, 30 the unit cells are m)unted on a substrate

124, eXP al uRathA] +he RF Serl%s Prodam (BF SEThaNa Y FERF FN@ i ons
{122A 122B and:-dr2A€oranf behasedM GuinkedF coiment i 088 both) paths 108,

110 can be connected between the ports 104, 106.
FIG. 4B illustrates an arrangement of MEMS devices
used for the switched line phase shifter of FIG. 4, with
15 MEMS device A :epfesenting MEM switch 50A, and MEMS device
B represénting MEM switch 50C of FIG. 42. The equivalent
circuit for this arrangement 1is provided by SPST switches
A, B, (FIG. 4C). The arrangement of MEMS A and B provides
two states, a first state with switch A open and switch B
20 closed, and'a second state with switch A closed and switch
B open. FIG. 4D shows the equivalent SP2T switch providing
these two states.
The basic single bit RF MEMS switched line phase
shifter 100 shown in FIG. 4A uses a SP2T juncction. Four of
25 these single bit unit cell can be combined to form a 4-bit -
phase shifter 120 as shown in FIG. 5. Thus, single bit
unit cells 100a, 100B, 100C and 100D, each with a different
phase shift transmission path 1length, are connected in
- series to form a four bit shifter. For this embodimant,
30 the unit cells are mounted on a substrate 124, e.g. alumi-
; na, in close series proximity so that wire bond connections
122A, 122B and 122C can be used to make RF connections
between adjacent RF ports of the unit cells. Unit cell
100A has the length of phase shift path 100A-1 selected
35 to provide 180° phase shift at an operating wavelength.



bet ween adj acent RP ports of the unit cells. Unit cell 100A has the |ength
of phase shift path 100A-1 selected 35 to provide 1800 phase s3%WMarcht208h
operati ng wgvigheagt h. 29 March 2007 WO 1)2/0912-i PCT/ USO}L2QR38048 The
respective phase shift paths 100E-1, 1000-1 and 100D-1 are selected to
provi de respective phase shifts of 90, 45 and 22.5. Further advancenent of
the single bit RF MEMS switched 5 |ine phase shifter is achieved by using a
SP3T junction to realize an additional tr?ﬁsnission i ne path while main-
taining the same foot print of the basic sifngle bit cir- cuit. Wiile the
basic single bit switched Iine phase shifter circuit or unit cell 100 (FI G
4A) has only one 10 phase shift state, a MEMS circuit using a SP3T junction

Caction i & cots M Re Tent IS ey e Enr 1308 LT prPUERE SIS e

sectionis c 0 rea e equi

shifter circute ssHegtdd A GIovBAe Zr@PERL Ik pha s shiltf tshases8hi f4e?
circuit 140 hasgnyesdS5 phase states, i.e. approximately 3.5 bits, and the
| oss through t%e circuit is largely determ ned by the cumul ative |oss of

MEM swi t ches 142A Fyydrer pemencement ooy single ik REhMEMSssyi gphgd

Swi It cg.s TK\/EMCi m@i%héélézios'mﬁfzﬁ@lﬁﬁé \é\@c:hﬁéﬁ?d'jOB? osifgl bfs@éihj%ﬂég&el t(tjo 142
| NCl udes swlicnes - a3 ,, a rererence l.gna t : , _adin t wo
hase Coni Tt THATEESasR, TSR ish A I ST ERETRT LalE: G Ta T 1] DRRE- MM
swi t ches 144Aaidi43; rkéesemee foiognairipdt hof 144€, tewsd ¢ veoi ighlas eb sthi ¢irpat hs
1440, 144E of qual gtth.. T CL T Gl ts.146 8,are C ted
to one 25 side of” thew}f%ai:%etgﬁ?veggif%c%sﬁ%%Af%qf44§&l gﬁ%@hégn%42§m §§§428
provi de the cpbbiert gioeuds| eat it heetéf r&hceFpat h4Al42Es piakse snift

path 142D or phase shidd fafde 142kemsSWitehas 1444 144Bapr ?thgiatbﬂehas
capability of selecting the reference path 144C, ghas.e shift_path 1440 or.
phase shift 30vQaBPRaga4ehiAtcFhRESSIon Path B45 et iGREd w ivheRhaass

shifter section is combined to realize the eguivalent "3.5"

bit and "4.5" bit phase shifter circuits shown in FIGS. 6A

and 6B. The "3.5" bit phase shifter circuit 140 has nine

15 phase states, i.e. approximately 3.5 bits, and the loss

through the circuit is largely determined by the cumulative

loss of MEM switches 142A, 142B, 144A, 144B. Each of these

switches is a SP3T switch. The circuit 140 includes two

sections or cells 142, 144. Cell 142 includes MEM switches

20 142A, 142B, a reference signal path 142C, and two phase

shift paths 142D, 142E of unegqual length. Section 144

includes MEM switches 144A, 144B, reference signal path

144C, and two phase shift paths 144D, 144E of unequal

length. The circuit RF ports 146, 148 are connected to one

25 side of the respective switches 1423, 144B. Switches 1424,

1428 provide the capability of selecting the reference path

142C, phase shift path 142D or phase shift path 142E.

Switches 144A, 144B provide the capability of selecting the

reference path 144C, phase shift path 144D or phase shift

30 path 144E. A connection path 145 connecting switches 142B
and 144A.

FIG. 6B shows a "4.5" bit phase shifter 150 using SP3T

switch circuits. This circuit has three sections 152, 154,

156, instead of two sections as in the circuit 140. Each

35 section has two SP3T MEM switches to select a reference

path, a first phase shift path or a second phase shift



and 144A. FIG 6B shows a "4.5" bit phase shifter 150 using SP3T.- sw tch
circuits. This circuit has three sections 152, 154, 156, i nste@&8dath 207
sections awomube circuit 140. Each 35 section has two SP3-{MrMsWMsgches to
select a reference path, a first phase shift path or a second phase shift
29 March 2007 WD 02/09224 PCT/ US01/20983 11 path. The sections are
connected in series by paths 155, 157. As shown in Table 1, the "4.5" bit
phase shifter 150 has 27 phase shift statgg while the basic 4-bit phase 5
shifter (FIG 5) has 16 phase shift states. Mreover, the "4.5" bit phase
shifter 150 uses only three sections while the basic 4-bit phase shifter
uses four sections. Thus the "4.5" bit phase shifter 150 (FIG 6B) w |
have | ess RF pd@ss thpa ge@t@aabca4emdbdﬂyﬁﬁ%aﬂuﬁtg%riééGb aBRg wskl 10
offer nore phase shift ‘states than the basic 4-bit phase ter. \Wien the
"4.5" bit phals%7sh| fter is installed into the MEMS ESA archl tecture (FIG
1) , the ESA w I | Aavshownr énf imbdebaamtpnsi t4 ofs Wit hphhssashifterngsgai n.

22.5 13, 3333005 20 '3 BUrdE 28 en06sT o8 19007, & PEC1o GO a, 9439533 6
200 112 5 66.6666667 WIQ4OSRBEESOI25p8a3805b5fESSQBLBSBBBBGrEQVBZO t86
106. 656667 10, 202.8; d290nadd 21Prd32- 888333es18n9/ Rr146:860664s while
the basic 4-bit phase shifter uses four sections. Thus the
"4.5" bit phase shifter 150 (FIG. 6B) will have less RF
loss than the basic 4-bit phase shifter (FIG. 5) and will
10 offer more phase shift states than the basic 4-bit phase
' shifter. When the "4.5" bit phase shifter is installed
into the MEMS ESA architecture (FIG. 1), the ESA will have

more fixed beam positions without sacrificing gain.

15 : TABLE 1
Phase States "3 .,5" - BRits 4 - Bits "4 .5" - Bits
1 0 0 0
2 40 22.5 13.3333333
20 3 80 45 26.56666667
4 120 67.5 40
5 160 90 53.3333333
6 200 112.5 66 .6666667
7 240 138 80
25 8 280 157.5 93.3333333
9 320 180 106 .666667
10 202.5 ' 120
11 225 133.333333
12 247.5 146 .666667
30 13 270 160
14 292 .5 173.333333
15 315 186 .666667
16 337.5 200
17 213.333333
35 18 226 .666667
~ 19 240
20 263.333333
21 266.666667
22 280
40 23 293.333333
24 306.666667
25 320
26 333.333333
27 346 .666667



30 13 270 160 14 292.5 173.333333 15 315 186.666667 16 337.5 200 17

213. 333333 35 18 226. 666667 19 240 20 253.333333 21 266. 666861arch20980 40
23 293. 333%33)2/194306. 666667 25 320 26 333. 333333 27 34@,@(15[6;2,@1”%? Mar ch
2007 WD 412/09224 PCT/ CS01 211983 12 The high isolation provided by the RF
MEMS switches allowthe transmssion lines in a switched |ine phase

shifter to be conpacted cl oser together w thout penalty of RF perfornmance
degradation. The reference path of the 5 basic¢c switched phase shifter
section shown in FIG 4A includes two SPST'3wi tches and a | ength of

transm ssion line. By conpacting the footprint of each phase shifter
section, the reference path in each section can be reduced to a single RF

MEMS switch as shown in the equivalent 10 ciycuit diagram of an exenplary :
180 degree phase s\#’r}f? 19176 Phaﬁl@ ?.roﬁ’&rc{erfgrb%o%‘gcgfoﬁl%uﬁi“r tice t he

di s- crete MEMB 1sw t checotbanahi oiomt A iaed nieagrat edikihedasl ishowhdde

FIGS. 8A-8C. The hhase. shifter 170 illustrated in FIG.7.includes, 15 three
SPST MEM swi t ches ,e&:-Q_L .CoﬂPeaqﬁI‘—Edpoc r]tosselﬁzsoglcf} “lar'e tcnooﬁ‘ hect et ]tt(?] the
switch 176A byREM perfomtaoornettdmasat idn ust ritedraseradoet arsods P AIMNG 7.

The swi &ch 17685; d 0GR cLRe o SR ENCE G f OGebRgRNASE G fiter p240. /A 1800

includes two S8SPST switches and a length of transmission
line. By compacting the footprint of each phase shifter
section, the reference path in each section can be recduced
to a single RF MEMS switch as shown in the equivalent
10 circuit diagram of an exemplary 180 degree phase shifter
170 in FIG. 7. Further compaction would reduce the dis-
crete MEMS switch combination into an integrated MMIC as
shown in FIGS. 8A-8C. .
The phase shifter 170 illustrated in FIG.7 includes
15 three SPST MEM switches 176A-176C. The RF ports 172, 174
are connected to the switch 176A by wire bond connections
illustrated as inductances 1in FIG. 7. The switch 178A
forms the reference path for the phase shifter 170. A 180°
phase shift path 178 is selectively coupled to the RF ports
20 172, 174 by MEM switches 17€B, 176C. In an exemplary
embodiment, the circuit is fabricated on an alumina sub-
strate, and path 178 is formed by a microstrip line on the
substrate. Wire bond connections represented by inductanc-
es connect the switches 176B, 176C to nodes 180A, 180B.
25 The values of the capacitances and the inductances (wire
bond lengths) are designed to match the common junction
impedances in a manner well known in the arc.
The low capacitance of the metal-metal contact switch-
es in the open state results in low parasitics at the
30 switch junctions, as well as high isolation. Low para-
sitics make it possible for multiple metal-metal contact
switches to share a common junction in parallel, i.e., the
“low parasitics enable the realization of MEM single-pole

multi-thrown switch junctions. These "junctions" can be



phase shift path 178 is selectively coupled to the RF ports 20 172, 174 by
MEM swi t ches 176B, 176C. In an exenplary enbodi ment, the circ@PtMarsh 2007
fabricated ), UM na sub- strate, and path 178 is forne [.a.merostrip
line on thé‘%ghbsfrate. Wre bond connections represented b&ﬁgaa@tmé%c- es
connect the switches 1762, 176C to nodes 180A, 180B. 25 The val ues of the
capaci tances and the inductances (wre bond |lengths) are designed to match
t he conmon junction inpedances in a nmanner well known in the art. The | ow
capaci tance of the netal-netal contact switcdl® es in the open state results
in low parasitics at the 30 switch junctions, as well as high isolation.
Low para sitics make it possible for multiple netal-nmetal contact swtches
to share a common _junction in parallel, i.e., the |ow parasitics enable the
realization of JEMIGSAGILE- ByPE I dmPEC oy dRtEa 3E@s Bisofs S iTddse MMIC
"junctions" camrhie .29 March 2007 WO 02/09224 PCT/ C S01 /20983 13 realized
in hybrid circuits integrated, as single MM C chip. FIGS. 8A-BI
illustrate various %{;\ﬁsgr gg‘ﬁggmﬁﬁ?gsgfak/ﬁl\ﬁ'aﬁﬁogﬁj RTHEE TH I HR A 2 R
contact RF MEMBFsesweéschBsswi eches. mdthal eme hel basoret MEVE BRIV MEMS s sse rSRST
device, Lhese syilehorrangermnts,or guLde RRRCS, Qo N i oveskhon,, and can
be enpl oyed not” only in phase shifters, but in ol her appl rcations includi ng
swi t chabl e at t élgEosy I tchup T EARBEBENE Bt RFOVAAK S3 SB t € bt &t itmey sddl ipn
lines, 10 switchqmaidices %ﬂffﬁ?ﬁnﬁ&ér%%qz\éeirﬂzpﬁ\éﬁste?%fgg@? but in
arrangenments can be realized as "discrete MEVMS devices in_.a hybrid mcrowave
integrated cir QY MIPPbICASIANSi ndPE L ULERSI i t B £t Fi P bRav & Citfre gy aies
?i rcuit (MM Q) sdﬁ\tid?%-bl@ Cﬁl.ilBér:BOoiahkﬁ$t r@bﬁ§crﬁ£lsl§sirrtg+@-méleaﬂ-tmrrm&', 15
"SP2T") junction and "singl e-po -throw' ("SP3T" junctjons as C
Chipe, HRe Do GO 1o S o0 LraRF R/ EREiN an hoe s trpgagn Wi
FI G BA shows &rrangements can be realized as discrete MEMS devices in a
hybrid microwave integrated circuit {(MIC) or as a single
monolithic microwave integrated circuit (MMIC) device.

FIGS. 8A-8C 1llustrates the ‘'"single-pcle 2-throw"

15 ("SP2T") junction and “single-pole 3-throw" ("SP3T")
junctions as MMIC chips. The DC control 1lines for the
switch junctions pass through vias. FIG. 8A shows an

arrangement of MEMS devices A, B and C, as used for a
switched line phase shifter, described below with respect
20 to FIG. 9. FIG. BB shows an arrangement of MEMS devices A,
B and C, as used for a multi-bit reflection phase shifter
described below with respect to FIGS. 13 and 19. FIG. 8C
{ shows an arrangement of MEMS devices (1-5) as used for a
multi-bit switched line phase shifter described more fully
25 below with respect to FIG. 10.

FIG. . 8D shows the equivalent circuit for the switch
arrangement of FIG. 8A, including three SPST switches A, B
and.C, which is capable of eight switch positions. Table
2 show the switch positions used to create the two phase
30 states in the switched line phase shifter of FIG. 9. 2an
) alternative equivalent circuit is shown in FIG. 8E, which
provides the same switch positions as a combination of a

SP2T switch A-B and a SPST switch C.



arrangenment of MEMS devices A, B and C, as used for a swtched |Iine phase
shifter, described belowwith respect 20 to FIG 9. FIG BB shd@Magh 2007
arrangementy 9, devices A, B and C, as used for a multi-bit reflection
phase shifter —déscribed below with respect to FIGS. 13 and@gUSH{t433gc
shows an arrangenent of MEMS devices (1-5) as used for a nulti-bit swtched
| i ne phase shifter described nore fully 25 belowwth respect to FIG 10.
FIG .8D shows the equivalent circuit for the switch arrangenent. of FIG

8A, including three SPST switches A, B andl4, which is capable of eight
switch positions. Table 2 show the switch positions used to create the two
phase 30 states in the switched |line phase shifter of FIG 9. An

alternative equivalent circuit is shown in FIG BE, which provides the sane .
switch positions as a combination of a TAPPF dwitch A-E and a SPST switch C.
29 March 2007 WO 02/09224 PCT/ USU 1/20983 14 TABLE 2 State Switch Switch
Switch A B C 1 OPERtELOSE OPENSW2EEROSE OPENS®GSER 5 FIG &Ei&EBws an
equival ent circuit for the switch ®arrangenent of BFIG 8B, incl&ling three
SPST switches A, B, 1C, which toggbhrr are capabiespf eight swphbel positions
as shown in Table 3. Table 3 show the swtch positions 10 (associated with
t he comhi nation of tRree SPST swi%idis) used t @*&Mate the ei G Ephase
states i°n the nulti -ﬁct efl ection phase shifter circuit _400 %f FI G J}?
TABLE 3 15 State Switth &ni CER¥SWIThTIAT B €51t GPEFEPENTOPERDS SwWitce

arrangement of FIG. 8B, including three SPST switches A, B,
C, which together are capable of eight switch positions as
shown in Table 3. Table 3 show the switch positions
10 (associated with the combination of three SPST switches)
used to create the eight phase states in the multi-bit
reflection phase shifter circuit 400 of FIG. 19.

TABLE 3
15 State . Switch ' Switch Switch
A B C
1 OPEN OPEN OPEN
2 OPEN OPEN CLOSE
3 OPEN CLOSE OPEN
4 OPEN CLOSE CLOSE
20 5 CLOSE OPEN OPEN
6 CLOSE OPEN CLOSE
7 CLOSE CLOSE OPEN
8 CLOSE CLOSE CLOSE
25 A subset of the switch positions in Table 3 is shown
in Table 4. The switch positions in Table 4 can be used to
create the four phase states in the multi-bit reflection
phase shifter circuit 250 of FIG. 13. While using the same
MEMS arrangement in FIG. 8B and switch positions in Table
30 4, the equivalent circuit in FIG. 8D reduce to that of a

"SP3T" as illustrated in FIG. 8G. (Note the "SP3T" switch
described in Table 4 is really a SP4T with one of the

output ports terminated to an open circuit.)



2 OPEN OPEN CLOSE 3 OPEN CLOSE OPEN 4 OPEN CLOSE CLOSE 20 5 CLOSE OPEN
OPEN 6 CLOSE OPEN CLOSE 7 CLOSE CLOSE OPEN a CLOSE CLOSE CLQSHEMargh 2607
subset of heyswich positions in Table 3 is shown in Table itch
posi tions }Jr?'i'g%yl ep4 can be used to create the four phase %@F%@%"Wt he
multi-bit reflection phase shifter circuit 250 of FIG 13. Wile using the
sane MEMS arrangenent in FIG 8B and switch positions in Table 30 4, the
equivalent circuit in FIG 8D reduce to that of a "SP3T" as illustrated in
FIG 8G (Note the "SP3T" switch describedlbn Table 4 is really a SPAT with
one of the output ports termnated to an open circuit.) 29 March 2007 WO
112/ 09224 PCT/ U SO | /20933 15 TABLE 4 State Switch Switch Switch A B C
1' OPEN OPEN OPEN'5 2' OPEN OPEN CLOSE 3' OPEN CLOSE OPEN 4' CLOSE OPEN
OPEN FIG SH shows an equival ent circui™®B4Er 4% he switch 10 arrangenent of
FIG 8C, including five SPST switches (1-5) which together are capabl e of
120 switch positionxzatkable 5 shewtdne sw tch festdihons usedsiveaceheate the
three phase states in the switchedaline phase shigsfter of FIG 1®. Note the
switch positions are the same as a_conbination of SP3T 15 and_SPST switches
shown in FIG 81. TABLE 5 State SWtth Switch SWEEh Switch SWPEEN 1 2 3 4

5 5 2! OPEN OPEN CLOSE
3 OPEN CLOSE OPEN
g CLOSE OPEN OPEN

FIG. 8H shows an equivalent circuit for the switch

( 10 arrangement of FIG. 8C, including five SPST switches (1-5)
which together are capable of 120 switch positions. Table

S show the switch positions used to create the three phase

states in the switched line phase shifter of FIG. 10. Note

the switch positions are the same as a combination of SP3T

15 and SPST switches shown in FIG. 8I.
TABLE 5
State Switch Switch Switch Switch Switch
1 2 3 4 5
20 1 OPEN OPEN OPEN OPEN OPEN
2 OPEN OPEN CLOSE CLOSE OPEN
3 CLOSE CLOSE OPEN OPEN OPEN

Table 6 shows the MEM switch positions and their
25 respective phase shifts for the S5-Bit phase shifter network
(FIG. 22) including circuits 250 (FIG. 13) and 400 (FIG.
19). In this table, the MEMS switch is identified by their
associated phase shift. The open switch position is
designated by "0" while the closed switch is designated by
30 "1". Note that multiple switches are closed for some phase
‘ state indicating that their associated terminations are
being added in parallel. The switch positions associated
with circuit 250 is indicative of a SP3T switch while the
switch positions are associated with circuit 400 is indica-

35 tive of a 3P3T switch.



20 1 OPEN OPEN OPEN OPEN OPEN 2 OPEN OPEN CLOSE CLOSE OPEN 3 CLOSE CLGCSE
OPEN OPEN OPEN Table 6 shows the MEM switch positions and thei2® March 2007
respecti ve wbaseyshi fts for the 5-Bit phase shifter network (r%%nm%
including circuits 250 (FIG 13) and 400 (FIG 19). Inthi £ t VEMVS
switch is identified by their associated phase shift. The open switch
position is designated by "0" while the closed switch is designated by 30
"1". Note that nmultiple switches are closed for sone phase state indicating
that their associated term nations are beinkfadded in parallel. The switch
positions associated wth circuit 250 is indicative of a SP3T switch while
the switch positions are associated with circuit 400 is indica- 35 tive of’
a 3P3T switch. 29 March 2007 WO 02/0922? ggg/y SI 1 1/209143 16 TABLE 6 .
MEMB Switch Position 270 180 90 45 22.5 11-3°Bft Phase Phase Shift State 5

0O000O0O0O00OO0OOLO0O0O1 O0O0O0O0D0O0DO0OD1O0000111.252 00001000010 22.53 0
0001100011 33.75 4 MBMB BwitBhOroBAiBQ@oc#s5 5 10 0 0 0 1 O 1 00101 56.25 6 .
SR 0 e SRR e 1
123.75 18 00 1g 0 0 Q1100 135 13 00 lol 01 08.101 &616308 0 1
0 0 0 0 0 1 00001  11.25 2
0 0 0 0 1 0 00010  22.5 3
9 0 0 0 1 1 00011  33.75S 4
0 0 0 1 0 0 00100 as 5
10 0 0 0 1 0 1 00101 56.25 6
0 0 0 1 1 0 00110 67.5 7
0 0 0 1 1 1 00111  78.75S 8
0 0 1 0 0 0 01000 90 9
0 0 1 0 0 1 01001 101.25 10
15 0 0 1 0 1 0 01010 112.5 11
0 0 1 0 1 1 01011 123.75 12
0 0 1 1 0 0 01100 135 13
0 0 1 1 0 1 01101 146.25 14
0 0 1 1 1 0 01110 157.5 15
20 0 0 1 1 1 1 01111 168.75 16
0 1 0 0 0 0 10000 180 17
0 1 0 0 0 1 10001 191.25 18
0 1 0 0 1 0 10010  202.5 19
0 1 0 0 1 1 10011 213.75 20 ¢
25 0 1 0 1 0 0 10100 225 21
0 1 0 1 0 1 10101 236.25 22
0 1 0 1 1 0 10110 247.5 23
0 1 0 1 1 1 10111 258.75 24
1 0 0 0 0 0 11000 270 25
30 1 0 0 0 0 1 11001 281.25 26
1 0 0 0 1 0 11010 292.5 27
1 0 0 0 1 1 11011  303.75 28
1 0 0 1 0 0 11100 315 29
1 0 0 1 0 1 11101 326.25 30
35 1 0 0 1 1 0 11110 327.5 31
1 0 0 1 1 1 11111 348.75S 32




00111001110 157.515200 0111 1 01111 168.75 16 01 0 0 O O 10000
180 17 01 00 0 1 10001 191.25 18 01 0 0 1 0 10010 202.5 129Mnur¢h 2000 1 1
10011 213. Wb 392225 0 1 0 1 0 0 10100 22521 010101 JIQJTOLIQ‘@@@H;S 22 0
10110 10110 247.523 010111 10111 258.7524 100 11000 270
25301 0000 1 11001 281.25 20 10001011010292.527 100011
11011 303.75 28 100100 11100 31529 100101 11101 326.25 30 351
0011011110 337.531 100111 11111 348.75 32 29 March 2007 WO

(12/ (19224 PCT. 1S01/20983 17 It is an inpdrtant feature that two or nore
MEMS can be conbined at a single junction to formsingle-cola-nmulti- throw
(SPMI) or nmulti-pole-multi-throw (MPMI) switch <circuits, as illustrated in
FIGS. 8A-8l. This feature is.5 fa |I|t ed % Ee fact that the gp ontro
signals are isolated fPoft Hgmﬁﬁ-§1ﬁmﬂe?ﬁﬁ PahghvPhe venss “RSlS vidng

t hi s i nnovati ohetoothénbdsitt a-duirtgIRF jMENB:mttoinef@rim e ngflasecdiE-fiudrt ii- n
FIG 5 results, eall ti of n nt FIG. ere
the 10 referenhgogathS%ﬁTgacﬁﬂéeé?§g§l?§5§£ gngﬂgbaglnM%&Témnf“%tc¥ﬂe
4-bit circuit Q@UCEﬂCFLG@SQlﬂd§SQ§§£q¢:I@SEIGﬁndB&séé feﬁ@pbsmﬁEGWé§ tifsan
the 4-big phaseshiftaebhcut c10f Elag'-t 5ch @etH@aﬁﬁz S&ﬁé»ecsl 2Q05has<RE.Rorts

202, 204, and four 15 sections 206, . Each section is
ldentlcal isolated from the RF 51gna1 path thvough the MEMS.

Applying this innovation to the basic 4-bit RF MEMS
switched line phase shifter in FIG. 5 results in realiza-

tion of the alternate embodiment of FIG. 9, where the

10 reference path in each section is replaced by a single
switch. The 4-bit circuit 200 of FIG. 9 has less RY loss
and uses fewer switches than ths 4-bit phase shift circuic

of FIG. 5.
The phase shiftexr 200 has RF ports 202, 204, and four
15 sections 206, 208, 210, 212. Each section is identical
except the electrical length of the respective phase shift
path. Thus, section 206 includes SPST MEM switch 2052
connected between the section RF terminals 2088, 208C, to
provide the reference path. The phase shift path 206D 1is
20 provided by a transmission line segment, &.g. microstrip,
which 1s selected by SPST MEM switches 206E, 206F. The
SPST switches 206A and 206E form a SP2T switch circuit.
The phase shift paths for the different sections have
different electrical lengths to provide the desired phase
25 shifts for the particular sections. For the case of
microstrip phase shift paths, the microstrip lines can be
fabricated off-chip, with the MEMS in each section fabri-
cated on a single chip or substrate, or alternatively on
separate chips or substrates. The four sections are
30 connected in series, to provide a 4-bit phase shifter

‘ having 16 phase states.

Further advancement is achieved when the SP2T juncrion
switches used in the circuit of FIG. 9 are replaced with
SP3T junctions to create an additional transmissicn line

35 path in each phase shifter section. The resulting phase




except the electrical length of the respective phase shift path. Thus,
section 206 includes SPST MEM switch 205F. connected between 2AMasele20®h RF

term nal s g@fiBy92Q6C, to provide the reference path. The phang,shiks path
206D is 20 provided by a transm ssion |ine segnent, e.g. mcrostrip, which

is sel ected by SPST MEM switches 206E, 206F. The SPST switches 206A and
206E forma SP2T switch circuit. The phase shift paths for the different-
sections have different electrical lengths to provide the desired phase 25
shifts for the particular sections. For t héBcase of m crostrip phase shift
paths, the mcrostrip lines can be fabricated off-chin, with the MEMS in
each section fabri- cated on a single chip or substrate, or alternatively on

separat e ohi pengF SHDLLALGS. oThe Joul, seetions 3ne 20 camseied Lpaseli oo,

to provide a hase “shi fter avin ase sta
advancenent 'esacgleMEdfmhenﬂﬁﬁe $P2Ttmnﬁet|©mcts®m$cheéudsedthn t hebekrcui t

of FIG 9 are t?@teeegnmte $ -I:sll'ﬁngh'a%'és stt%t%rse%ts%n nladgbélroeﬁttch-

transm ssi on flne 35 pa I n eac fter sectio resultin pase
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in FIGs 10 hap1&8 Bhase Stsatgh%seu%lt%&e:bﬁ WHALhes spst hsger sigesi on@hu\éhl le
the 4-bit C|rcu has 16 hase state USInﬁ §%§SPST S\ tch-

The basic 4-bPE" swf?%%%%tll 5 Wtas & 6T ICflgﬁhﬁspTéephase
st at es using mﬁlSPSEhsmwtghegt15MGs winethal i metakbnconkactitsepdesilsivt ches

enabl e singl e:pol oo MyhLLs LI O LG ONSse i G iDL N BBKRELPOSSLDT € Lo

realize phase S ‘ ewer ) hence 1'ower TTnsértiron | oss
and reduced céssertporheoghasadshkefiterd280sicncl udes RF ports 232 and 234,

connectgd by the thpge HQeéesm'ffderseeto' qrﬁ%l?@cfés 338 S0k 5 249, §R&tb9ﬁ 236
includes a first SPST BE M sw tch 'S connected bet ween t he
section RP t eFATR&r&ed3dy the three phase shlft sections 236, 238 and

240. Section 236 includes a first SPST MEM switch 236A
which is connected between the section RF terminals 236B,
236C to provide the reference path. This section has two
1S phase shift paths 236F, 2361, provided by respective
transmission lines, of respective electrical lengths 120°
and 240°. The 240° path 236F is selected by SPST MEM
switches 236D, 236E. The 120° path 236I is selected by
SPST MEM switches 236G, 236H. The three SPST MEMS 2363,
20 236D, 236G form a SP3T switch circuit.
Section 238 has three states as well, 0°, 40° and 80°.
The reference path (0°) is provided by SPST MEM switch
which connects the section RF terminals 238B, 238C. This
section has two phase shift paths 238F, 238I, provided by
25 respective transmission lines, of respective electrical
lengths 40° and 80°. The 40° path 236F 1is selected by SPST
MEM switches 238D, 23BE. The 80° path 238I is selected by
SPST MEM switches 238G, 238H.
The section 240 has two states, 0° and 20°. The
30 reference (0°) path is provided by SPST MEM switch connect-
) ing the section RF terminals 240B, 240C. The 20° phase
shift path 240D is provided by a transmission line selec-
tively switched by SPST switches 240E, 240F.
Another aspect of the invention is a new class of

35 reflection phase shifter configurations that employs metal-



2360 to provide the reference path. This section has two 15 phase shift

pat hs 236F, 2361, provided by respective transm ssion |lines, 3P Masp2ddive
el ectri cal 120 and 240. The 240 path 236F is selec : PST VEM
sSwi t ches 2%%@9&292%5 The 120 path 2361 is sel ected by SPS#W%G?F?hES
236G 236H. The three SPST MEMS 236A, 20 236D, 236G forma SP3T switch
circuit. Section 238 has three states as well, 0, 40 and 80. The reference
path (0) is provided by SPST MEM switch which connects the section RF
term nals 238B, 238C. This section has twolBhase shift paths 238F, 2381,
provi ded by 25 respective transm ssion lines, of respective electrical

| engths 40 and 80. The 40 path 236F is selected by SPST MEM sw tches 238D,
238E. The 80 path 2381 is selected by SPST MEM switches 238G _238H. The
section 240 haBtdw B LS 9hha"98: TheS: 30! rbf et efickeTdY 1 pat he 952 Pr obi ded
by SPST MEM swat ebfleaneeh- phagd hehisfxct ¢ DRclREe t eooi. nalisi 408y n24RECi othe 20

phase shift p 40D i s _prqwi.ded a transm ssion.ldne selec- tivel

swi t ched by SP%I[IJGS\%\AJPgﬁesan%48:§1dZQ%E‘.YE%\%%)?%ePWg‘S’Se@ lglftetrﬁe‘ i Aven %6%u¥g a
new cl ass of @&nerdtestplorsphdse! shidt ewicobfinguiat ioh§erhat eeptoyscast al
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generates phaseeshihi€idysswhoghi ng1bn Géhbesens rgactamnsesxS thatteishnate
t he in-phase and 9gadrature orts 202C 202D of a 3 dB quadrature_hybrid
coupl er 202. E3RHEbFCIRBEtGhPSet EPnPRALEY ohd DBEN1DYEE gRihker Wi kR lEBﬁ%?BR

reflection cophdsei enigldnse t Theni ty¥atbanagsi tatle et vablkidatear entitch

phase angl es. The reactances can be fabricafed wth 10 4 nguggaggeg or
Eapaci tances, TAUUCTIANCER arPtabadi Tanced I a5, PARs i EE PR T FRE

segnents. In thy steabsdiigsnon thee segments. In this embodiment, the
reactances 208, 210 are equal reactances, and the switches
204 and 206 are operated in tandem, both open or both
closed, to provide symmetrical operation. The RF input is
15 at port 202A; the phase shifter RF output is at port 202B.
The switches 204, 206 are RF MEM switches, as illustrated
in FIGS. 2 and 3. The phase shift is given by:

Ap, = -2[tan*(B)d,,] ,
where n = 0, 1, & = Kronecker delta function = 1
20 (switch open), 0 (switch closed).

Unlike PIN diode and FET switches, DC bias used to
actuate the metal-metal RF MEMS switches is not coupled to
the RF transmission line. This embodiment of a reflection
phase shifter has only two phase states (one-bit) per unit

25 cell or section; this is also the case of a conventional
reflection phase shifter using PIN dicde or FET switches.

In reflection phase shifter configurations, the MEM
switches are able to combine the termination reactances in
parallel. Thus the functionality of a 3-bit phase shifter

30 (including three sections) can be combined in a single
| section. These new circuits occupy the same foot print as
a conventional single bit phase shifter circuits but have
increased capability to generate twice or more the number

of phase shift bits than the convention designs with less

35 RF loss across a wide band width.




reactances 208, 210 are equal reactances, and the switches 204 and 206 _are
operated in tandem both open or both closed, to provide sy Magedy 2007
operation. whe, 5.4 nput is 15 at port 202A t he phase shift ut is
at port 202B. BEe swi tches 204, 206 are RF MEM swi t ches, agél ﬂgﬁggted in
FIGS. 2 and 3. The phase shift is given by: AO = -2[tanI(B)b|n] where n =
0, 1, 6 = Kronecker delta function =1 20 (switch open), 0 (switch closed).
Unli ke PIN di ode and FET switches, DC bias used to actuate the netal-netal
RF MEMS switches is not coupled to the RF #fansmission line. This

enbodi mrent of a reflection phase shifter has only two phase states
(one-bit) per unit 25 cell or section; this is also the case of a
conventional reflegtion phase shlfter PRI N di.aode FET. switches, In
Foflecti on phase. st SIS cat; BuPBYT SHEILEN LNV cHaL i o BB e iy Ln
conbi ne the t&rmnaﬂﬁammmﬁﬁctﬁM@ﬁs shifparal telhs Thusvihesf uanbthaal itgwof a
Sbit phase Stiddlce i GREdAG L 88 39EN Q03,0 anRE OO0 Dot L e
singl e section. Sircdits occy Sane 1 r
convept!onal:ﬂ&gﬁuﬁ%n@fph@SeREhchﬁeaCCErcatn§Sbmmﬁuhm;edrhwe@hedmetal—
capabi lidy to gener abentlce sl RIS tsbﬁtlawbers of, P e Shg ife! dqlta Ej?h&@é‘n

t he convention designs wth | ess RF | oss across a
Mar ch 2007 \/\Gfelzflmz'hswat%mwm%é 901 lThauldd rare &W ST ryF @S potle

mul ti-throw j uRcti i#ed ay e&h@@&h@ﬁgphﬁs‘tk@hlcﬁﬁeﬂdﬂ@ PLOVE £ieSe anetdier
new reflectlonwphase shlfterlggpflguﬁﬁglon lizabl e because of

the RF char act®HiSt1a<E 41 152 Tt B %rﬁ&%ﬂe AFRCPT REA VERECT
switch. By usungiaFBTngwetphaae nﬁufaﬁ@r setttenfoar umid cehfiguvatiphe

phase states n reali n e diff nt.r hat
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i's not appromd%ﬂx;&%ramﬁlbecénﬁﬁgmﬁnﬁﬁﬂlPerformance limitacion due to

the required bias circuitry along the RF path.
FIG. 12 1is a schematic diagram illustrating use of
SP3T MEM switch circuits to realize a "multi-bit reflection
15 phase shifter seétion“. In this embodiment, the SPST
switches of the embodiment of FIG. 11 are replaced with
SP3T MEM switch circuits 224, 226, each fabricated by use
of three SPST switches as illustrated in FIG. 8B. The SP3T
circuits can be fabricated by bonding three SPST MEM switch
20 chips to a common junction, or by combining three SPST MEM
switches with a common junction on a single substrate or
chip. The respective ports 224A, 224B, 224C are coupled to

corresponding normalized reactances 228A, 2288, 228C, to

provide a means to select the termination reactance. The

25 phase shiftc A¢xyz provided by the circuit 220 is given by:
Apyy, = -2[tan™ (A) *x+tan™* (B) *y+tan™t(C) xz]

where x = 1 when port 224A is open, and = 0 when

closed; y = 1 when port 224B is open and =0 when closed; =z

= 1 when port 224C 1is open and = 0 when closed. The

30 switches 224 and 226 are operated in tandem, so that
‘ reactances 228A and 230A are selected together, or reac-
tances 228A, 230C are selected together, or reactances

228C, 230C are selected together, or both switches are

open.



10 because of the higher RF | osses associated with these devices and
because of the performance limtation due to the required bi a§9M?}f@h?Qor7y
along the R pasNs FIG 12 is a schematic diagramillustratj®g YsseQf SP3T
MEM switch circuits to realize a "nmulti-bit reflection 15 phase shifter
section". In this enbodinment, the SPST swi tches of the enbodinent of FIG 11
are-replaced with SP3T MEM switch circuits 224, 226, each fabricated by use
of three SPST switches as illustrated in FIG 8B. The SP3T <circuits can be
fabricated by bonding three SPST MEM switct?20 chips to a common junction,
or by conbining three SPST MEM sw tches with a comon junction on a single
substrate or chip. The respective ports 224A, 2243, 224C are coupled to
correspondi ng normal i zed reactances 228A, 2289, 228C, to frovi de a nmeans to

sel ect the terni natén FRRIRZME e O ITHE D pRas 1B f £OAGKTR: PFOVE déd R4 he
circuit 220 isugtvennbys afPpINgd To Drivvdme & AHasH ahi frB)darktiarkd (@) xz1
where x = 1 when part 4A.1s open, and =.0_wh cl osed; = 1 when port
2249 i s open Sﬁatgﬁ’%ﬁéﬁ'c %28 ;“?te% MeﬁQEOerZﬁ?Yégﬁﬁén“%%ﬂ %V\hen
cl osed. The 30886W, t anes Z20° apda226sartespdrat edhe nteamdemt isost Hatr the

react anges 228Arapd, 230A @8 S t t her r ac- ce 8A, oC
are sel gct ed '?(e)ggtghgr%,%go ?]ragsfcf%‘r?g%tgedr 2%%% 3538&8& g‘%s'el gf;htaegcrts:qcégé%ﬁezrs,??gor
bot h swi t chescahe beopeabrpoahadcis27mon®l 24922 PaYbr €8 CeVAZRI VBT

The approach gfmpsiR@sRRAVEME beri-nplemend an3R3T cudingbkon vcs appld @4 o
provide a phagse shifter termnation section 250, illustrated in FIG_ 13,
provi di ng t he?849025f80,2%hd®5706°pR&sESSt at % NEVhEWEEFH ety SIRFGS t he
5 reflection phasecsi sy 22kafad Cor 1260 Thadchi-euintd .250rhee MEM&wWicch

071 C3heT 538 5,01 L1 Aoy ogy Rl COTT 368 A0 orfn 257
254 couples MEM switch 258 couples the node 252 to inductor 284 and
ground.
In operation, all MEM switches 254, 256, 258 are open
to provide the reference phase (0°). For 390°, MEMS 251 1s
15 closed, and MEMS 256, 258 are open. For 180°, MEMS 256 is
closed, and MEMS 254 and 258 are open. For 270°, MEMS 258
is closed, and MEMS 254 and 256 are closed. The reactance
values for capacitor 260 and inductors 262 and 264 are
selected to provide the respective desired phase shifts.
20 In an exemplary embodiment, the phase shifter section
250 can be fabricated to operate across the wide 8 GHz to
12 GHz frequency band.
( FIG. 14 illustrates a single section, 2-bit reflection
phase shifter 270 employing SP3T MEM switch circuits as
25 shown in FIG. 13. The phase shifter has RF ports 272, 274,
at the RF ports of the 3 dB hybrid coupler 276. The SP3T
MEM switch circuits 250-1 and 250-2 are connecied at the
in-phase and quadrature ports of the coupler 256. 1In this
embodiment, the reactance terminations are integrated into
30 the MEM switch circuits. The four phase states are provid-
ed by operating the MEMS 250-1, 250-2 in tandem, to select
symmetrical reactances in the respective MEMS. Thus, the
reference phase state is provided with all MEMS are open,

and the three phase shift states are providad by closing



t he node 252 to capacitor 260 and ground. The MEM switch 10 256 coupl es the
node 252 to inductor 262 and ground. The NMEM switch 258 coupl é8 Mdreh 2HHe

252 to indyefRfw2@4 and ground. In operation, all MEM swi S0d9hx; 256,
258 are open to provide the reference phase (0). For 90, b&ﬁ/@““f@ﬂu)ﬁ%, 15

cl osed, and MEMS 256, 258 are open. For 180, MEMS 256 is closed, and MEMS
254 and 258 are open. For 270, MEMS 258 is closed, and MEMS 254 and 256 are
cl osed. The reactance values for capacitor 260 and inductors 262 and 2664
are selected to provide the respective destfed phase shifts. 20 In an
exenpl ary enbodi mrent, the phase shifter section 250 can be fabricated to
operate across the wwde 8 GHz to 12 GHz frequency band. FIG 14 illustrates

a single section, 2-bit_ reflection hase ifter 270 enpl ayi SP3T MEM ,
Swton oi roui (PSSR B A TS SRR M e L K S R Er 272,
274, at the Rreqpitissoft lider8spkBetbs | TP TDupl Bt c2 hhrcdies SPSF- 1 MEMGYR t ch
circuits 250-1 and -2 .are_gonnect ed the_  _in;phase_an adrature ports .
of the coupler ZSG}QﬁQ'tﬁ%S Sgov%dﬁﬁbn??é?ﬁ%aF%agygﬁﬁé Fgfﬁfggﬁpgnsg%?%g

i ntegrated intshidrahe vEMEIW t AP i cowiloyinghe SPSEr - PEMseswibthesareith

provid- sed by QReratd gy t he MEMR @00t brmd2&t3 drfd and@ﬁlstoc?*ﬁéf ration
symmetrical reactances in the respective MEMS. Thus, the reference phase
state i s provitRLANT htUP| SHERBSaPatofERL 10RSd 20e 1t Tk 3Hise SPRPRCEREAL es

are provi ded by, ctosiag. 29 TMer ectl®hs WO A2/ 092242 PETLORRE 2398h &2t ype
correspondi ng .qes of the SPST_NMEM swi tches which together conprise the

respective SP A TR rEi F5CG25H 1, 250-2. FIG 15 shows an alternate
2-bit reflection plrasphasbi fstharf teir adde i300 Pl O¥ENGnERSE IVEM BMi t€helse Wi t h

2 ool yEactanes Len oo sILRCSITLLAVLAL LT BIBhoLS 48, S1gdle

200-2 are of tMeis ypbase shifter section can be fabricated to operate

across a wide 8 GHz to 12 GHz fregquency band. The circuit

320 can Dbe fabricated as a monolithic or hybrid device,

comprising an RF port 322 to which the SPST MEM switches

15 330, 332, 334 are connected. The MEM switch 322 couples

the node 322 to capacitor 330 and ground. The MEM switch

326 couples the node 322 to inductor 332 and ground. The

MEM switch 328 couples the node 322 to inductor 334 and

ground. This phase shifter section 1is operated in. a

20 similar manner to that described with respect to circuit

250 of FIG. 13; however, the reactance values will be

selected to provide the 22.5°, 45°, and 67.5° phase states.

FIG. 17 illustrates a reflection phase shifter 350

employing the 2-bit reflection phase shift termination

25 circuits of the type illustrated in FIG. 16 as circuit 320.

The phase shifter 350 has RF ports 352, 354 and a guad-

rature coupler 356. The 2-bit reflection devices 320-1 and

320-2 are connected to the in-phase and quadrature sidearm

ports of the coupler 356. The SP3T switch circuits 320-1

30 and 320-2 are operated in tandem, employing corresponding

‘ reactance values for the terminations to provide balanced
operation. A

The two phase shifter sections of FIGS. 14 and 17

combine to form the equivalent of a 4-bit phase shifter

35 with 16 phase states (FIG. 18). Thus, phase shift circuit




illustrated in FIG 11. A phase shifter section 320 designed to realize the
10 0, 22.50, 45, and 67.5 phase states is shown in FIG 16. T4} Naghz087
shifter segid @nyeayn be fabricated to operate across a wide, /%;g/,{,‘}%lZ GHz
frequency band. The circuit 320 can be fabricated as a rmno irthic or hybrid
device, conprising an RF port 322 to which the SPST MEM swi tches 15 330,
332, 334 are connected. The MEM switch 324 couples the node 322 to
capacitor 330 and ground. The MEM switch 326 couples the node 322 to

i nductor 332 and ground. The MEM switch 3283couples the node 322 to

i nductor 334 and ground. This phase shifter section is operated in a 20
simlar manner to that described with respect to circuit 250 of FIG 13;
however, the reactance values will_be selected to,ﬁBr ovi de. the 22. 45, and

67.5 phase stat@d. #& M7 PPFhSt r3a%7esa5.‘%r ef¥ecti on"BhaB T F45s §B€rld
enpl oyi ng the Eobpﬂaﬁﬁlyﬂﬂj(BB&ﬂEEEEdﬁﬂﬁécﬁéﬂnimaéeﬁﬂeSZSWchCHFtSuﬁﬁuthe

typelllustratedln FI as ircujt_320. Th Shlf 0
ports 352, 354 PRR& 3 qsu%a(fjés (r:leerczt)ﬂuép ero%%]GegT[E%aégbf‘Pp fPeEEI %E gevi ces
320-1 and 320<2uplexcdsdect éEBﬁ‘oMEMaswnthimasnercamt R at el @is@edrmitport s

of ‘the cgupl er 356, TheSEATAAAC ShGHLS 22051 I0apd 3200 ang) opetat od
Iloyl A

in tandem enp g correéspon react ance val ues £6r mtRAt FoRs to
provi de bal anc€@nnggdsst iteh. t%@‘tvﬁﬁ%ﬁ%s@@h@ﬂ@@’ﬁ%@éf—l éhéeeFmFP%tslszand

17 conbine tocharpbtpeceadiyal eptcofc e 4ilide RRasE sHi( 1%%hud§§gwbbboi§r
phase states (FILG, 18 Thus, phase shift circuit 29 Ivarch 200

1) 2/ 09224 PCT/ 8861/ 2@’9‘8‘31%8“938@3%3 ¥ for 852885 &Hd 884. 9‘P\m qU%leDr agfifle
hybrid coupl erg03§6,amB8riadie ClaNest&Aldi B28LLbAS, 1Wcllbd|REg0kt'bﬂpﬂ.erp08'B)386E

ng tcgﬁp I ;cﬁ?sgc%%ld%%@;g’%% Zﬂy\%f[lﬁo%t %?B%Q?gt%d' gcgl ve~ gr%ﬁ) ;-fsl ogﬂs ‘(as
shown in FIG 1Be shemse shifter 380 can provide 16 phase shift states.
The phase shifter secﬁions described above with
respect to FIGS. 14 and 17 actuates the SPST MEM switches
within each SP3T junction one at a time. Further advances
15 can be achieved when multiple switches are actuated simul-
taneously and their corresponding reactant terminations are
added together in parallel. The new impedances resulting
from these parallel combinations of reactances realize
additional phase states. Again this is possible because of
20 the high isolation and low RF loss generated by the metal-
metal contact RF MEMS switches.
FIGS. 19 and 20 illustrates a circuit designed to
{ create phase states using the parallel combination of the
baseline terminations when actuating multiple -switches
25 simultaneously. FIG. 20 1is a schematic diagram of a
reflection-type 3-bit phase shifter 420, having RF ports
422 and 424, and a hybrid 3 dB coupler 426 having in-phase

and quadrature ports 426A, 426B. Respective MEM switch
reactive termination circuits 400-1 and 400-2 with a 3P3T

30 junction are used to terminate the coupler ports 4263,
4268B.

FIG. 19 shows an exemplary MEM switch reactive termi-
nation circuit 400 as used in the circuit of FIG. 20. It
is possible to realize as many as eight phase states from

35 a junction 402 with three SPST MEM switches 404, 406, 408



connected to the in-phase and quadrature sidearmports of the coupler 386.
Wth the first section (including coupler 386) providing phas? Maicht2087 at es

of 0, 900,,489¢9¢ 270, and with the second section (incluydil er 388)
10 provi di ng p/ﬁa'ée shift states of 00, 22.5, 450 and 67.5, $q;rﬁ%"|§/ﬁggle,

shifter 380 can provide 16 phase shift states. The phase shifter sections
descri bed above with respect to FIGS. 14 and 17 actuates the SPST MEM
switches wthin each SP3T junction one at a tine. Further advances 15 can
be achi eved when nmultiple switches are act@déated sinmul taneously and their
correspondi ng reactant term nations are added together in parallel. The new
i npedances resulting fromthese parallel conbinations of reactances realize

addi tional phase states, Again this is possible because of 20 the high
i sol ati on andF$REBE YRS GORBRLTeATy QR hEeREEaRceRettt© coAtdet R MEWMB

switches. Fl Geall®zéingd 20pit| pakkat enidteis cUiThidesd Ongrk t 9ec€1 At 8-Phase
states using the paral combi nation of th basrélj ne teEn‘i natLons_when
E);xe FEi 3
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di agram of a of etheeti aortwpe brirt phagéestnift eph428, draviusy REepoibvss 422
and 42 and rid,; . I 4 Vi i_n- : nd dragure_ports
426A, 426B. R}gss{p}%le(%télsv%a ?ﬂﬁg%ﬁ?cﬁ&z\rr ég(??%vg@ggr(:% g%%islgcne%i rcﬁ%{?séafégggtand
400-2 with a $¥3TeBPleYvidclieRtace lusdd 3 tert? hiat eatfie 400up ém porbsla26A,
4268. FI G 19;shayscair £xerPt 6. MEM swi tch reactive term - nation circuit
400 as used in the circuiit of FIG 20. it 1is possible to realize as many as
ei ght phase statedf 2dMI35 aSFGREPRoM 40 WPFRSEhr 8B1EPST VB s\iiLSEne8S404,

406, 408 29 Masghi 2007 byW:024 09203 BRESYS03420968 24 ci espect hielydual
connecting to_reactances 410 .4%2 414, to, realize Z’[:g blk Phasg §hi_fter.’
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performance shown in FIG. 21, in which phase shifter 440 includes RF

ports 442, 444, and a 3 dB hybrid coupler 446. The in-

phase and quadrature ports 446A, 446B are terminated by

respective series circuits 450, 452. Each series circuit

15 including alternating series connected transmission line

segments, e.g. segment 450B and MEM SPST switches, e.g.

switch 450A. The phase shift then becomes the cumulative

round trip time delay of the transmission line segments

when they are switched together in series. The cumulative

20 delay is selected by the appropriate control of the MEM

switches to lengthen/shorten the round trip path length

FIG. 22 1is a schematic diagram of a 65-bit phase

shifter 460 realized using two sections 462, 464 by using

the circuits in FIG. 10 and 16. Thus, section 462 includes

25 a hybrid 3 dB coupler with SP3T MEM switch reactance

terminations 250-1 and 250-2 connected to the in-phase and

quadrature ports. Section 464 is connected in series to

section 462, and includes coupler 464A with 3P3T MEM switch

reactance terminations 400-1 and 400-2. This new phase

30 shifter uses four SP3T junctions and generates 32 phase

“ states using only two sections. Thus, metal-metal contact

series switches enable single-pole multi-throw junctions,

which in turn make it possible to realize phase shifters

with fewer switches, and hence lower‘insertion loss and

35 reduced cost.




of three conventional single bit phase shifter sections 5 using 6 individual
PI N di ode switch devices. The circuit 420 enploys identical cg? Marehs2050- 1
and 400- 2 i, | - anced configuration. A single section 3-hit e
shifter ca\lﬁaeg?/ggﬁ e realized by a single phase section w ?ﬁ%‘é”pgg%i dual
10 switch devices tied together in series (FIG 21). This is showm in FIG
21, . in which phase shifter 440 includes RF ports 442, 444, and a 3 dB
hybrid coupl er 446. The in- phase and quadrature ports 446A, 4468 are

term nated by respective series circuits 4508, 452. Each series circuit 15
including alternating series connected transm ssion |line segnents, e.g.
segnent 450E and MEM SPST switches, e.g. switch 450A. The phase shift then
becomes the cunmulative round trip time delay of the transmi ssion |ine
segments when they'h# epéwﬁﬁcmftpt@g:etﬁércmt§erurésac¢ﬁédéaﬁral atit/e 2blgel ay

is sel ected byidhe i opriate @OALr obaohdthe MEN Sy edesyt Oadvantages
Iengthen/shortenthe_roupdtrlgpath length FIG 22 is a sch mitl% di agram
& e y

of a 5-bit phd<ECEHi¥ieri%eD FBSI ME¥d Vi, 350 s¥EN &ifs %6%:C UsFng

the circuits ireddiGe Hhyamt BGaslihds cisectiiton 146 ithel rdepacBS arhybagtle3 dB

coupler mth T NEM s 'tgh reag}tcai_pce term ngt_i gn 50- 1 and 250-2‘?]

connect €d to tHe i pRESESBng=SqPsh aiure: Por PENISEE: iRFF U4 T Tonhat &d i n

series to sectonprGd e amthti nobudescoopberr dédiigmi tus BRET mMENMigMict CAIN

reactance ter | natd ong AG0:L audh A00- 2.5 Hhisonouphase 30, SLLLEE:Hsesedour
g 2 g only two t s. Thus,

SP3T junctions ‘and gener at es phase 'states usin sectio

met al - met al cdft it s e viihiethexparmbt easFpgs e2 pol éerufrparApe band

junctions, Whjidh i Todd NREBKS SIS, m&ﬁ&l e3tq beakhze phaseshifsers amiath
fewer switches, and hence | ower insertion |l oss and 35 reduced cost.
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accordance W tdtdtd $f the art devices. This is dcone without sacrificing
weight, cost or power consumption. Low cost manufacturing
of MEMS is achieved using standard thin film fabrication
processes and materials use in the commercial IC industry.
15 Unlike conventional IC devices, MEMS RF switches can also
be fabricated directly onto ceramic hybrid circuit and
traditional printed circuit board assemblies to achieve

even lower cost.
The use of MEMS RF switches results in the realization
20 of phase shifter circuits that operate across a wider
frequency band, with lower RF, higher 3rd order intercept
point and less DC power consumption than what 1s available
{ in currently used state of the art devices (or circuits).
The unique construction of the metal to metal contact MEMS
25 RF switch allows 1t to operate as a series switch. Because
DC actuation of metal-to-metal contact MEMS RF switches 1is
decoupled from the RF path, these switches dc not require
any DC biasing circuits along the RF path. Thus, these
series switches can be combined to form multi-pole, multi-
.30 throw switches (FIGS. 8A-8C) and can be used to realize
‘ multi-phase switched line phase shifter circuits. These
circuits occupy the same foot print as a convention single
bit phase shifter circuits but have increased capability to
generate twice the number phase shift bits than the conven-

35 tion designs with less RF losses across a wide band width.




i nventi on have many advant ages, including advantages resulting fromthe MEM
switches. MENI RF switches do not require any DC biasing cir@@iMareh 200y t he
RF path. A single 5 MEM RF switch has better wi de band RF perfaorman than a
conpar abl ew§d’12/gf?§fe conpl ex design using nultiple PIN di od /lgsr‘u'Hz'ff .
devices. A phase shifter circuit using MEM RF switches can then operate
across a wider frequency band wth lower RF |oss, higher 3rd order

i ntercept point and 10 hi gher isolation than what has been achieved with
current state of the art devices. This is2done w thout sacrificing weight,
cost or power consunption. Low cost manufacturing of MEMS is achi eved using
standard thin filmfabrication processes and naterials use in the
commercial 1Cindustry. is Unlike conventional |IC devices, MEM5S RF switches
can al so be fabrikated Wrdersrgodntbaketa®i ebayerddseribait eahgdiments
traditional prtdtedegidiguit jhoarcd asseabl igs tarachi guasigen | ouer;egst .
The use of NMEMS switches results in the realization 20 _of phase shifter
circuits thate%‘gﬁf‘%nﬁﬁrﬁgécﬁ Wede PESGIEN BF P 1 &7 t BT | ber PRESSRFgher
3rd order intateaptionol NOWARG | @SSadXefavwes fanstRdiQy thankdahasedSin
availahle ‘in currently u tate of the art devices (or_circuits). ,The
i que Tonst I TSRS  HeERettile Too MRV BT aBY FERE SR M« &b BFows
it to operatens wistbouss dsprrhinBedarse LB scopat iamd ospaetial -ab- bbeal
cont act NDVSﬁEVér&{ hes is decoupled fromthe RF path, these switches do
not require any lasing circuits along the RF path. Thus, these series
swi tches can be conbined to formnulti-pole, multi .30 throw sw tches (FIGS.
8A-8C) and can be used to realize nmulti-phase switched |ine phase shifter
circuits. These circuits occupy the sanme foot print as a convention single
bit phase shifter circuits but have increased capability to generate tw ce
t he nunber phase shift bits than the conven 35 Lion designs with |ess RF

| osses across a wide band width. it 29 March 2007



WD 02/ 09224 PCT/ US01/ 20933 26 It is understood that the above-descri bed
enbodinents are nerely illustrative of the possible specific 22 Myseh 2t s
whi ch may represent principles of the present invention. O her arrangenents
may readily be devised in 5 accordance with these principles by those
skill-ed in the art wthout departing fromthe scope and spirit of the

i nvention. 29 March 2007 27 CLAIMS Wsat is clained is: 1. An RF phase
shifter circuit, conprising: first and second RF ports (104, 106); a switch
circuit conprising a plurality of single-pole- single-throw (SPST)

metal -nmetal contact RF mcro-electro- nmechanical ("MEM') series swtches
(50A-50D) responsive to control signgls, said switch circuit arranged to
select one of a plurality of discrete phase shift values introduced by the
phase shifter circuit to RF signals passed between the first and second RF
ports, said circuits connected to prewi#e a single- pole-multiple-throw
(SPMIN) or nultiple-pole-multiple-throw (MPMI) switch function; wherein said

phase ohi {1 WUl chagemalohed |1 no phase Shiit ojroult, and furiher
path (110), said switch circuit arranged to select one of said reference or
said at |east ong ROpHaspalshs fitarr espease, tCofpaseindi ft control signals.

first and second RF ports (104, 106);

a switch circuit comprising a plurality of single-pole-
single-throw (SPST) metal-metal contact RF micro-electro-
mechanical ("MEM") series switches (50A-50D) responsive to
control signals, said switch circuit arranged to select one of a
plurality of discrete phase shift values introduced by the phase
shifter circuit to RF signals passed between the first and
second RF ports, said circuits connected to provide a single-
pole-multiple-throw (SPMT) or multiple-pole-multiple-throw
(MPMT) switch function; wherein

said phase shift circuit is a switched line phase shift
circuit, and further includes a reference phase signal path
(108) and at least one phase shift path (110}, said switch
circuit arranged to select one of said reference or said at

least one signal paths in response to phase shift control
signals.






