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is invention was nade with CGovernnent support under Contract No.

3615- 99- WA @M@24war ded by the Departnent of the Air ‘FoPEHUSO}2983
Govgi\nnent has certain rights in this invention. TECHNI CAL FI ELD OF THE
I | ON This invention rel:ates to techniques for introducing phase
shifts in RF applications, and nore particularly to' 5 phase shifting
techni ques using mcro-el ectro-nmechani cal switches ("MEMS). BACKGROUND OF
THE |1 NVENTI ON 10 Exenpl ary applications for this invention. include
space-based radar systens, situational awareness radars, and weather
radars. Space based radar systens will use electronically scan antennas
(ESAs) including hundreds of thousands of radiating elenments: For each
radi ating 15 elenent, 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 sidel obe properties. For ESAs using -hundreds of thousands of phase
shifters, these circuits nust be |ow cost, be extrenely |ight weight
(including .20 package and installation), consunme little if no DC power
and have | ow RF | osses (say, less than 1 dB). For space WD 02/ 09224
PCT/ US01/ 20983 2 sensor applications (radar and conmuni cations) these
requi renents exceed what is provided by known state of the art devices.
Current state of thevoutr denr Gamdis eurFeErRBFUBRRECMEN B i @icHRp! | cati ons
include ferrites, PIN diodes and FET- switch devices. These devices are
relatively heavier, consume nore DC power and nore expensive than devices
fabricated i n accorBaheelnyentiorne wasegede WakbnEdverniire: supplcetenhdeiron of

PIN di odes andcéhrawtt®desr33gys{¥s-phaa®s awarded by the Department of
the Air Force. The Government has certain rights in this
invention. ' '

TECHNICAL, FIELD OF THE INVENTION

This invention relates to techniques for introducing

phase shifts in RF applications, and more ba;ticularly to

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

BACKGROUND OF THE INVENTION

10 : Exemplary applications for this invention include
space-based radar systems, situational awareness radars,
and weather radars. Space based radar systems will use
electronically scan antennas (ESAs) including hundreds of
thousands of fadiating _elements. . For each rédiating

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



10 shifter circuits is further conplicated by the need of additional DC
bias circuitry along the. RF path. The DC biasing circuit needed by PIN
di odes and RgJofiwhisches limits the phase shifter frequenpemaghimoggnce and
increase RF |osses. Populating the entire ESA with presently 15 avail abl e
TFR nodul es is prohibited by cost and power consunption. In short, the
wei ght cost and performance of the currently available devices fall short
of what is needed for ESAs requiring el ect£i cally large apertures and/or
| arge nunbers of radiating elenments, e.g. greater 20 than 5000 el enents.
O her applications for the invention include switch- able attenuators,
switchable filter banks, switchable tine delay lines, switch matrices and
transmt/recei véerddor Svwigplieatidhs SUVMRERYY OFarddiE ¢ddviiviilda ilomsaccaheance
wi th one aspect_o lnyent,i I l.cal I '
descri bed. The ra?‘%ué"%??é{elgng%ggg ‘gﬁ%ﬁ' ?’esg‘lb%%g%ao%yr a ?‘%tgie%ga%ér ?r‘?:eﬁtﬁg
with an array o#*tp ceFi-fters coupled to the radiating el ements. An RF
mani f ol d i ncl udi ng aydnentl idtatel dqhadee shtt t @evposs sused £68PREL phaky
coupled tg a Coﬁfﬁoe@cﬂ '%QgggnﬁhEBE?&d?FfePPIEeeF,n%fw ke tafr]diF Fam
S p |

steering controlTér praqvide ase S { control signals_to the phase

shifters to cofitfh(AevhRete s cteY LD 2FRe XAy VELY L REaIHELe WO
02/ 09224 PCT/ USfAn A8 3moBe S INCf t pweer Thadphase sékpérsiveeathan ndevdees
plurality mcrg; c ' o MEM 't%]pgge RRRSI to

control .signal s%%hg%ft{aeg r{gln%%%lf&ggalégcret%' E% er o‘??;s)"haset\ig i'fttﬂ%

settings for thEpkamentation,piRINdiodes and; FET swdtGhReelnfe REaRbese:
aspect ofot he isieftdmwncinmit: phasersheit eompilicatedi byl udes heedt ofnd

second RF portgaq AN 1SWhd Ol £d M G dn AP A Y ehd! & 2bAEY. Of The De
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 is
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 lines, switch matrices and transmit/receive RF

switches.
25
SUMMARY OF THE INVENTION
In accordance with one aspect of the invention, an
electronically scanned array is 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 phase



m cro-el ectro-nmechanical ("MEM') sw tches responsive to control signals,
said switch circuit arranged to select one 10 of a plurality of discrete
phase shi fyyowahdies | ntroduced by the phase shifter cir egirfgsbiodlz Si gnal s
passed between the first and second RF ports, the circuits connected to
provi de a single-pole-multiple-throw (SPMI) or nultiple-

pol e-mul ti ple-throw (MPMI) switch function. 15 BRI EF DESCRI PTI ON OF THE
DRAW NGS These and ot her features and ad\\ll\?nt ages of the present invention
wi || becone nore apparent fromthe followng 20 detailed description of an
exenpl ary enbodi nent thereof, as illustrated in the acconpanyi ng draw ngs,
in which: FIG 1 is a sinplified schematic diagram of an ESA antenna
architecture ﬁmﬁ@ﬁmg MeNE phage SHhiffters ieachachrldaiecea vxmhra:mqspect of

the Thvent! O @ h@ett 'ﬁxeghgﬁ ShIPL1 fufiftu®) SREY AR Eééé&ﬂéﬁ&f £8"

switch. FIcs.™ e vie ormof
the RF MEM svferirdln Stlﬁéaf‘-és"'gfé(ﬁei]-\%ts‘aﬁl%d?\f @péhscifﬁ%ﬂaff@h%) ofebas® t ch
closed (si gnaéhilx‘{@%‘é'ﬂtﬁ.%g@nfoﬁaﬁlﬁésresp%tﬁlvg pREsé sshi fiiagr ammatic top
view. FLG 4A i trate \/ e I ne
phase shift secti t)iz errpl‘%dg‘1 n3s &Wgoe{, ﬁa]s;%c%soﬁ %Il %n@%égﬁa?aeﬁt he
switch confi gRiF aPhagei rﬁmtfrtteﬁerc“ifé’c% | incAmdes 06529t perAuSSEordodF 4 FIG
5 is a schenapderd aaﬁdmaof swidelbi t':l.:phﬂ:Bte ebimprésingf ar nethral iftgurodHf t he

single bit p &é*lal cté:%C&n'egﬂﬁgﬂfza an GMEﬂ“ Flsﬁtc%sanlde r!%rl‘\:rer e@@eCt ive

schemati c di agrans 114. bi t S circuits in
accor- dance W?W%Pn S&Qﬁ‘é&? osfa‘tchéwllﬁﬁ’érﬁ%’fﬁ}‘“ﬂaér %9155 GF'v'a‘P’é‘?]t
ci rcui todi agrafmapfplaradiegpbfi-discrete phase shift values introduced by

the phase shifter circuit to RF signals passed between the

first and second RFP ports, the circuits connected to
provide a single-pole-multiple-throw (SPMT} or multiple-
pole-multiple-throw (MPMT) switch function.
15 )
BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present

invention will become more 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 51de 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.



ry 180 degree phase shifter. FIGS. BA-8C are schematic illustrations of
three 10 connections of SP2T MEM switches to realize nultiple throw

SwWi tching ciyW@pdoszs FI GS. 8D-81 are sinplified schematic ivaghfsnss
illustrating operation of ‘the switch arrangenents -of FIGS. 8A-8C. FIG 9
is.a sinplified schematic diagramof an alter- 15 hate 4-bit RF MENMS
switched |ine phase shifter in accor- dance w th another aspect of the

i nvention, where the reference path in eacg section is replaced by a
single switch. -FIG 10 illustrates a phas€ shifter circuit in three 20
sections, with SP3T junctions creating an additional trans- m ssion |line
path in each phase shifter section. FIG 11 is a schematic diagramof a

3 _eHecti?n phatse shirfc% c! &%ugts&mtqtd agagbaﬁeoﬁfa'dht-bibyplsd\éé@ﬁﬂﬁj:e&ﬂ

i fferent reactances_that _term e the i se .,an uadr at. rts
of a 3 dB quadr g?‘ﬁ‘f‘%d h?%r?‘améo‘a%a‘é?e F‘F’d‘gibpk?’gt PR g}f%l% 3’%&"3%%%% 3
illustrating useI®f 4SP3T MEM switch circuits to realize a "nulti-bit"
reflec- tion phase spidd ersﬁeacr{d% deCrebpelct iveSshREMAL Tc CHngmss @ Ng

RF MEMS tQ 30|rrple nt a tlon row a ph hifte m -
nation section for>t Fe?ﬁ$ gr% t5rPp g’rgg?l oén) Iaaha}%e 5 %?éeoq:r
FIG 12. FIG 1danbeu'siil:lat¥s @P;ﬁortgloé §bét mwentzlcmt r ef I ection phase

shifter enpl oyi ng SPﬁiFGNE#\/Ilwahcéq@waqwrtts cagcihovdli agin BfFAK. exléupldd
02/ 09224 PCTI US111/, 68933 IhG 15 SI%%E an alternate 2-bit reflection
phase shifter (’:Vr?: T O Sesﬁgf K swi t ches with int egrat ed

" react ance term nati OESGS FI @A-§6-' i are sighematiied stheskdtdatisagPim diree

phase 5 ighi ft epopfiebi POns &3¢ igHAIMBM 8Wwibechdd tanaliize phaseple 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 quadrature ports of a 3 dB quadrature hybrid coupler

FIG. 12 is 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.



states. FIG 17 illustrates a reflection phase shifter enploy- ing'the
2-bit reflection phase shift termnation circuits of the type illustrated
in FIG 1Gvodthekd4G 18 is a schematic diagramof a 4-bi pcpiosmeossshi fter
with 16 phase states, using the two phase shifter sections of FIGS. 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 secgion 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 DESCRE¥EL ChS ORhTWE RREFEHFREDALRBCHINENTS fbectgini ePBa%®d r adar

systens have gﬁﬂ@wl_f k- chP aRifdyingBRS® Mmg s&yagheé Iwitapentegeatediar
mappi ng, ground. novin ar. . i cation and airborne noving target
i ndi cati on. 5$a?ﬂ¥“§g§§& |%§F1%ﬂ%'go$t and wei ght that conegmﬁthga . 30
large ' ESA fully piisid diedawiar impahsied srarmatie GtARFA™nBYuPeBhRSS
undesi r &bl e. Ehfxrdr | Sect iPn Rkl iedngchiemeia 6o ,disagr, amndl 6an5ESHnaSe i n
accordance wi th_an aspect of the invention, which addresses the probl ens
of ESA cost, F YR and. power consunption by using an ESA antenna
architecture 35 i FXdmBiTndtlesExates REVES ncidorspheee rehither ERICY this
enbodi ment i sifAqgofke b ENSi¥TAledtiibaaphase aghDft ragdiminatdon- eircuits---- -
WO 02/ 09224 Pg}'/,ESOIé Oegglilug]prg[:g Oﬂrlsm%p_, sgach of which is connected to a
ter CO '

correspondi ng ase shi rising a |inear array of phase
10 FIG. 18 is a schematgg diaé%anl 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 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 diagram of a 5-bit phase
shifter realized with two sections by using the circuits in
FIG. 10 and 16.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

DETAILED DESCRIPTION OF THE PRibFmiichi) mMBODINBNZS
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 transmt/receive (T/R) nodules for 5 the ESA. An RF manifold 40
conbi nes t havpbmmwedshi fter RF ports into an ESA RF port. e&Tiusammseeri ng
controller 44 provides control signals to the phase shifters 30 which
controls the respective phase settings of the phase shift- ers 30 to

achi eve the desired ESA beamdirection.- 10 The array 20 can include a
single T/R nodul e connected at the ESA RF pprt 42, or nultiple T/R nodul es
connected at junctions ixf the RF manifold, The array 20 in this enbodi -
ment is capable of reciprocal (transmt or receive) opera- tion. Moreover,
a plurality of the Iinear arrays 20 can be 15 assenbled together to

provi de a two dedemsnbaaRo areagh ofh&hiEhciEFopestiatsonancespadbrnding in

such appli- cativens phaSpaedilBasedibadampasik® AUN &4 O SPt SFFpRASe
X-band commer ci alh. rcraft,.situat |035n awar eness_radar Con'germ a%'ft

aut onoti ve radaf é‘%\p-ﬁrﬁati%lﬁi Y9 di%éQgSﬁﬁt?%a&d’%ﬁmesg &8fit PO =TS
col l'i si on avoi daeducear Fheg nambexuofntirensmbrikecapyt i (B Ronmedvles| for
benefit from t he WWEMBAESAAnbREANERIEHIE 4ECIRN QRS itheSpRhARDLRI EQePI gRET

operational fr nci.es. Ln | | ow ng exenmpl ary enbodi nent s, ,the VB
phase 25 shi ftg’(r%s%%golgérrﬁl 8‘1)} %/E%Iéngt%?&n’et 4t )&f:é(;g;-f(%egvﬁn?cﬁgggrﬁ?gr_ t ent
6, 046, 659, the ®¥OVidegosoafrslomignrdR &oe thecappe rehiirens e3h whichis
reference, descriobegods Mk Sirédpdrrisid phlke bettides B RO phbkS sRifs-a

sinplified el ectri-,gal cC] | : | 50. _The switch has RF
30 ports 52, 54%g§naﬁalr‘ioa%%% Jﬁ‘?%ngea{brﬁggﬁlggg%ggegg%s%hrﬁ%logdmI ete the
circuit bt ween the Brepa¥¥ay AP §8p ieatydm sopingled Rmadyley sppageted

bet ween |ine 58 agnéhéesyRRIpdrE04a2, The nawtti@ﬂeSﬁ)/naﬁbdmelt@labmﬁbead\AAth an
area on the ordar s 00 |k and,to i J ess .t han

Moro 35 vatt | BCdPr ol Hbar PapLEarT R PERRY BF S Hhieotay,
02/ 09224 PCTI Ustrerrpdg3capable of reciprocal (transmit or receive) opera-

WO
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 cfuise control, collision avoidance/warning and automated

- brake application will also beﬁefit 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 wvoltage between line 58 and the ground &0.
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 di odes, netal -netal contact RF MEM switches do not need bias
circuitry on the RF path. FIGS. 3A-3B are diagrammatic side views of an

exenpl ary wowimeis the RF MEM switch in the respective ®oriosi/ogmsn
(isolation) and switch 5 closed (signal transm ssion) states; FIG 3Cis a
diagram matic top view. The drawings are not to scale. The switch 50 is -
fabricated on a substrate 62, e.g. GaAs, on which are fort'ned conductive
contact layers 52, 54, anchor contact 64 qand bias el ectrode '60,
conductive pads 58, 60, bias elec- 10 trode 60A, and traces 58A and 60B. A:
cantil evered 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 and is  caUnliky AR ddedest metRl -sehahcantsrt BE MEM@Ewidcherse 15

armature 56. dki%Dﬁé@%éécﬁ'ﬁ\é%r éﬁfaui@q; @ exk e ;ﬁ\ftht herpeam 68 The
armature 56 | fabric

' d h
that when the%& WEW"‘??? £19% "q-Er"Ssagy%efga'xe“PaFéY g%‘fn}" aﬁq: r@x&% e
brought into swikdhiim tdenracpeskiveavitsd sgen disgdasion) 59'41 Smécbeam 20

62 i ncl udes acg_gggactg ?wlﬁalr@yﬁésﬁé’m el ;negIlr ot he a mrgga@tn_st rip

58A and over th ro A The e en e ar.nature
56. and t he bi 5‘? g%? &S ﬁl ‘9 sl 8% gogtitﬁodl?%%?%e 'fz'ineds ltCh

fabricated onlS¢ 0$ f@?ﬂ@@#dnpprﬁ c%lbsmea@r &-d tﬁgéseaﬁnb@ﬂﬁh agp
between 25 cogbamba %d&l@@h@ibdﬂ@{é@ tsagesbetmﬂ@ﬁo:elaﬁttra&esQOA and

the |ayer 62A| he be nd is,isg o] ar t en the
switch is opef % n%lf‘go?s Adove %ﬁi‘ggh{é ’g%)éf? @ L%% %1 ot

separ at¥®n di §f¢§ﬁ§e6ﬂ1\: viRE HEyacesh 582 8nd 6@l ary errbodl ment i s 2 m crons.
Wien a DC vol t age hs castabbirehedl Beamse2t abbiestal easr adaslikba hgam 62 is

defl ected" dowrg\éq he C [ Of &5 b glaﬂg r@gur e
I nto bridging codgéﬁog%/% lceéne M@%%ngggtis %Iﬁdflgl osl n ahﬁgogvm t?:i
attached to c0ntact S8A; 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 is 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
gsilicon 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 is 2 microns. When a DC voltage is
established across the bias electrodes, the beam 62 is
deflected downwardly by the electrostatic force, bringing
the armature into bridging contact between the RF contacts
and closing the switch. )



WO 02/ 09224 PCT/ USOL/ 20983 8 One very inportant aspect of the switch is
the physi- cal separation/isolation between the DC bias el ectrodes and the

RF contacts yiyodndsdl ating layers, e.g. silicon nitride | @ensoibgse
insul ating |layers isolate the DC actuation 5 voltage fromthe RF |line and

also enhance the structural integrity and reliability of the cantilever
beam 62 used in the switch. This feature sinplifies the control circuit,
and' maintains the high RF isolation of thegswitch in the open state. 10
The netal -netal contact RF MEM switches have | ow insertion |oss 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 freRrMETYTHEPOSERRE | asPeRt ﬁ-ﬁgém puitehels Sheephtysiet al

COH]E act sw tC][J béllééﬁéﬁtrlwaseiatﬁ&t&u&n gie ot mabhéldﬁlélgi'@déé)land
per f or mance o e e a |rrproves W ecr
frequency naki néﬁf"t cfﬁrftaafﬂk‘? Py 1}38\?% t‘:trbq' &oﬁyﬁr radig apjplgl%oarf ion sn
accordance w t hlayewmspecThese t inmsulardmg dayeasnidaplape c‘ﬂ’&%@‘bfa@ma{t@fp@d

l'i ne phase shi f’irSlt&Qé‘ffﬁ&ﬁaélh@nﬁFUﬂﬂQ amt A@Asawﬁacﬂ&s &I'Se FEtQMiéiﬁﬁ'aIH G

4A|IIustratesa r|d swtch eshlft
section 100, _o? ﬁ%ﬁt}é(ﬂqdcr‘e&ﬁ?;é‘l%%veé; on?i?mP}]I\?vc? 829!3%&
swi t ched phase thif seitschi heTlpheskeativite @rlmpéllféa‘ﬁl bleg W?@%vﬁ%mﬂlﬁg in

di fferent |engt Badoial AEAEHE SEh®midesr (f3diatibn dinldhee fliNcli gee twad FET
swi t ches, DC bi as used to actuate the netal-netal RF MEMS switches i s not

coupled to t he°RE™t ¥ % $ission line. This enbodiment of the unit cell is
fabri cat éld) on a | ovv-'Fb%s metadrmatal 16mntacy. BE uMEMa. swig-ghegonbaveorlow

pattern is fabrigabedion 1des 91 suEhaceoDit1die asSbabEabRstOF dﬁféql&rl-he RF
POrL S 102, 108yt S AL IR R0 408, T e

a low capacitance in the open state that is 1nverse1y

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 isolation 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 is 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 differént 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-loes 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 referxr-

ence tranamission 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. Elements of the switch 50A



wi re bond connections 112, 114 between the port 102 and one 35 end of the
reference path 108. Elenents of the switch 50A WO 02/ 09224 PCT/ USOL/ 20983
9 are di agygg@wmhcal ly shown in FIG 4, including the Rpcrussiiegsndi cat ed
as SOA-1 and 50A-2 to which the wire bond connections are made. The

cantil ever beamis shown as elenent 50A-3. The DC bias connections are
made at 50A-4 5 and 50A-5. The other end of the reference path 108 is
connected though switch SOB to the RF portg 104. MEM switch SOC i s connected
via wire bonds between the port 104 and an end of the phase shift path
110. Switch SOD is connect ed between the other end of the phase shift 10

path and the port % It can b seen that b%/p appropriate control of the
MEM swi t ches, % hSaPammaseRl E%{t [fhoypg 1in cafs bdnednAded efhgeREeen t he
ports 104, 106;>oﬁlsGmdBcatédsas aSes- ararel saagement whi clVEie dedteC @ondused

for the swi tcm&déd&%oaaa%%esmafdeer O'f'hgl Qanéuéﬂrézh béém'\’EQ/BﬁgWhCS[sA
representing %M SW t % ap I\&B evi ce ﬁresentl n(ge swtch 500
of FIG 4A T Pén? cTRE Pt Bis t‘?ﬂ"’é’e&i‘:ﬂa §efERtmede Rtoi%ded by
SPST swi $ches anﬁd, FA-5.F| GhéGpthdheendr afigehentrederbhb® pashdiBsprievi des
two states, aédﬂn%bt%&?%ﬁoﬂ\éﬁ hewpii e R 0fA eeeeh@% :ttC'l 20 closed, and a

second state with t cl osed and switch B open. " 4D shows the

equi val ent SP2T s hS¥F R ROy 1ot FrIneqhRg ¥iacwire 'h?é‘dﬁa’é?‘éweﬁrhﬂ’@ bit RF
- MEMS swi t ched Bante Ydagsed ahi endr of00hehphmse nsiFifl pghthisa®.a SRdEch

junction. Fourseyf i23chheseed! Bobied terdknee! gn&aafbeﬁgrgaarg%d drdgkorma
4-bit phase Shlf er 20 as_s bit un|t cells

100A, 1008, 1616?) p‘é%% ‘th g Tt f}%ef esrﬁen 5%&% ¥ RERTPAASR ssi on
pat h | ength, a?@t@@ﬂn@@t &dei NEMsewibshen, f oither f ber Witth)s patther 10Ber this

enbodi ment, 30.1headnbt eShhsctHE HERWBLAILRE sosdsigat §og24, e.g. alum -

na, in Close Serle%IBrOﬁbm fﬂué%raggs ghr%ug%%ge%ggge%%l%%Ms devices

used for the switched line phase shifter of FIG. 4, with
is MEMS device A ;epfesenting MEM switch S50A, and MEMS device
B representing MEM switch 50C of FIG. 4A. The equivalent
circuit for this arrangement is provided by SPST switches
A, B, (FIG. 4QC). The arrangement of MEMS A and B provides
two staﬁes, a first state with switch A open and switch B
20 closed, and é second state with switch A closed and switch
B open. FIG. 4D shows the equivalent SP2T switch providing
- these two states. .
The bagic single bit RF MEMS switched line phase
shifter 100 shown in FIG. 4A uses a SP2T junction. 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 length, are connected in
series to form a four bit shiftexr., For this embodiment,
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.



122A, 122B and 122C can be used to nake RF connections between adjacent RF
ports of the unit cells. Unit cell 100A has the |length of phase shift path
100A-1 sel eayvedr@dd24 0 provi de 180 phase shift at an oper atpgmguses@sngt h.
WO 02/ 09224 PCTI US01/ 20983 10 The respective phase-shift paths 100E-1
100C-1 and 100D-1 are selected to provide respecti.ve phase shifts of 900,
450 and 22.5. . Further advancenent of the single bit RF MEMS swtched 5
| i ne phase shifter is achieved by using a SB3T junction to realize an
additional transm ssion line path while main- taining the sane foot print

of the basic single bit cir- cuit. Wile the basic single bit swtched |ine
phase shifter circuit or unit cell 100 (FIG 4A) has only one 10 phase
shift state, a TEvEespestiveuRhare SISHEET DRlhet L8RBnhs 19 ":‘pﬁé@elgﬁpf‘% '
states. This RFa:MEMeS.Wctéheﬁb|pﬁlﬁr1ﬂ|&aﬁéspédmti\i£rpm®t shDfts adrHvionedsto
realize the qué}éa £t o113. 5" b|t and "4.5" bit phase shifter circuits
shown in FIGS id 6B. The "3.5" bit hase shifter circuit 140 has nine
15 phase st at es, @urﬁw?oﬂﬂﬁﬁﬁ%?wef!}: beg’c‘g,s%ﬂﬂﬂ-% fd t| BE MENS, syd§Rrhede
circuit is largel r;e ttftia@remsnedtby ideadniravedt byeuslingsa cdpMEN wswittiohesol142A,

142B, 144A, 14 c Lt 140
I ncl udes t wo égéctll ons aqr ééﬁﬁ%of}gl t‘%ﬁémé%#o g-{né%gg ﬁ%ﬁﬂesvﬁé‘gghes 20
142A, 142B, a r'etieraiedhs givge faak . priet &f tth\ﬁo &§esl§ﬁrlﬁt bitt Fdx142D,
142E of unequalchingt hwhidet i the 18dsic n@slmgee BN sswimd‘mai 12ilde DhaBe

ref erence si gnag %é} J:f!rd&lter_Bjr rPrl‘@eZﬁ g%gt (pféhsqt&gmf; Sléﬁ%ﬂot’nf

unequal | engt e circult orts are connecte

si de of tRe redphres Boidki eEakeR, P4?‘RM51QHB°“SW‘{S€-H’§S a1 4BAT Junetd oy basde
the capability todo st isteifithestapfear.encrhipatly MBI Gwitikdred dfinkt phatk 142D

or phase shift a@%&éﬁ%@m §6 omidee e PIAVLAR LQ0sEaRaR, Lol guo!
selecting the .reference pat hase shift 144 rPhase Shl ft

_ bit and "4.5" hit phase shifter c1rcu1ts shown i
. and 6B. The "3.5" bit phase shifter circuit 140 has nine

1s 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 unequal 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 1424, 144B. Switches 142A,

142B provide the capability of selecting the reference path

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

Switches 1442, 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



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

FIG 6B shows a "4.5"

bit phase shifter

Thi s circuihod@sat Nree sections 152, 154,
in the circuit 140. Each 35 section has two SP3T MEM switches to select a

path, a first phase shift path or a second phase shift WO ’
02/ 09224 PCT/ US01/ 20983 11 path. The sections are connected in series by

ref erence

pat hs 155,

Thus the

157. As shown in Table 1,

Mor eover,

150 using SP3T

156,

than the basiig74-bit phase shifter (FIG 5) and wl|

shift states than,th i =it pha
shifter is instalPgdghgﬁﬁoﬁ?ﬁgﬁﬁﬁN%’Egﬁea

have

thep 114.5" bit phase shifter
27 phase shift states while the basic 4-bit phase
16 phase shift states.

the 114.5" bit phase shifter
three sections while

the basic 4-bit phase shifter,us&gvfou5§se
11pash.pj Thehaeet iong e ponnerred §1)S§F14S

Pat
10 of fer

S

swtch circuits.
i nst ead petrukioss@ct i ons as

150 has

5 shifter (FIG 5) has -
150 uses only

i ons.
1%%' | oss

nore phase

sQi Ehep; e iedsd Nhirte? 180t phase

rchitecture (FI G

1),
nore fibRed Taphpesi shoht Wtaksgt WHde RS nBrgLs n.‘*’li%‘}T

he ESA wi ||
€1 Phase

States & 3. 5" gshiBtkg 4rIcBig)s hak 35 ph&ié sshilft) sBabes2 Afo1drvex], 35833333 20

6. 6600667 11240 P55 HEem A35e, Re0 e o

10 202.5 120 theibasic sdifzphage shifter uses

10

15

20 -

25

30
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40

333

$R2ae 3selt ¥k Whd1e

.320 1§8ué9%h266667

our sections.

"4 ,.5" bit phase shifter 150 (FIé. 6B) will have less RF
loss than the basic 4-bit phase shifter (FIG. 5) and will
offer more phase shift states than the basic 4-bit p@ase

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.

TABLE 1
Phase States w3 5" - Bits 4 - Bits

1 0 0

2 . 40 22.5
3 80 45
4 120 * 67.5
5 160 90
6 200 112.5
7 240 135
8 280 157.5
9 320 180
10 202.5
11 225
12 247.5
13 270
14 292.5
15 315
16 337.5
17

18

19

20

21

MO N
e N

NN
S,

ll4-5ll

0
13.3333333
. 26.6666667
40
53.3333333
66.6666667
80
93,3333333
106.666667
120
133.333333
146.666667
160
173.333333
186.666667
200
213.333333
226.666667
240
253.333333
266.666667
280
293.333333
306.666667
320
333.333333

346.6666677

- Bits



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 2583.333333 21

266. 666667 92440 23 293.333333 24 306. 666667 25 32GcrAfkegandss333333
0 C 0 8
27 346. 66668@3 %@ 02109224 PCT/ US01/ 20983 12 The high isolation provided

by the RF MEM5S switches allow the transmssion lines iri a swtched |ine
phase shifter to be conpacted closer together w thout penalty of RF

per formance degradation. The reference pat f the 5 basic swi tched phase
shifter section shown in FIG 4A includes Two SPST switches and a | ength
of transmssion |line. By conpacting the footprint of each phase shifter
section, the reference path in each section can be reduced to a single RF
MEMB switch as shownrhé ihig_he- ﬂfbﬂiatalcﬁﬂtpr'kﬁrldeﬂcwyt tihiea RFaMBMS awidchesl ary

180 degree phas%ihi ftt?{ ss:Lg‘n Middd thgr cogpﬁcécfggu wﬂgdprhgg;éce _

the dis- crete natlon Into an integrate shown in
FI GS. 8A-8C. Thehpfizee. t%mer tcempweeﬁwm%tfaﬁtﬁem E?-‘?’h‘i’ﬁﬁ"cll?ﬁf&)-tylﬁ' t hr ee
SPST MEM swi t chrp béGhkolhbfice TdegREdpeibh. 17 2hel Theferrenceonpeich edft ahishe

itch 176A b b
-S|-¥]Me gWI tC% 17%AWas:Lc %QHt%RQQe?Ha%%S sﬁif&@rgggglﬁ |s'ﬁgu,ﬁt aj_l}peﬁlbn BhG 7.

includes two SPST switches and a length of transmiseion
line. By compacting the footprint of each phase shifter
gsection, the reference path in each section can be reduced
to a single RF MEMS switch as shown irn 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 in FIG. 7. The switch 176A
forms the reference path for tﬁe phase shifter 170. A 180°
phése shift path 178 is selectively coupled to the RF porté
20 172, 174 by MEM switches 176B, 176C. In an exemplary
‘embodiment, the circuit is fabricated on an alumina sub-
atrate, and path 178 is formed by a microstrip line on the
substrate. Wire bond connectioné represented by inductanc-
es connect the switches 176B, 176C to nodes 180A, 180B.
25 The wvalues of the capacitances and the inductances (wire
bond lengths) are designed to match the common junction

impedances in a manner well known in the art.
The low capacitance ‘of the metal-metal contact SWltCh-
es in the open state results in low parasitics at the
30 switch junctions, as well as high- isclation. 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 Yjunctions" can be



forms the reference path for the phase shifter 170. A 1800 phase shift
path 178 is selectively coupled to the RF ports 20 172, 174 by MEM sw t ches
176B, 176Gyghineasy exenpl ary enbodi ment, the circuit ispépsiadsgd on an

al um na sub- strate, and path 178 is fornmed by a mcrostrip line on the
substrate. Wre bond connections represented by inductanc- es connect the °
swtches 176B, 176C to nodes 180A, 180B. 25 The val ues of the capacitances
and the inductances (wire - bond lengths) afe designed to match the common
junction inpedances in a manner well known in the art. The | ow capacitance
of the nmetal -nmetal contact switch- es in the open state results in | ow
parasitics at the 30 switch junctions, as well as high' isolation. Low
para sitics makalikedossilyleriidrecimohitpl e nettagrated! asontsigiglesMMIChes to
share a comjrpqﬂ;\ilér]cti onin parallel, i.e., the |ow parasitics enable the
realization of Msingle-pale. multi-thrown switch junctions. T
"junctions" can bePUP 0Bt A1 bEgF TR Voga8YS A ATIPPZEECPRS I'R/‘%ﬁiﬁ
circuits or i mRregsatieches, aesgnglmetdl-@etali pcofta@s. BE- SYEMS | wemigise

vari ous gew ar @gﬂgﬁotsmlyE%eRﬁamtm,sﬁ&h ey & -dmimlasareact RF
MEMS seri es switches. Wile the ba SPST devi ce,

[ sic IVE%/B switch Ir?ts g 3

these switch APEERGBWETRR A5 aPPaReRER &Y 1GF FFRETHR &t FBR, T ™SI 1081 be

enpl oyed not @midy dan phmsemghoyedrsot bauly ninophaseappiiftars onbukndhudi ng

st Cha%e at %o%%*é%t ?raizpli%%ggltqﬁbl QnE%Jféﬁﬁg _ b@w@cha&ym'té ﬁrwae_ﬁ]datmsqm ay

i nes, switc Ces_, rans receive.: wi t ches S

arrangenents &S alf”iﬁl i?ég"eefs g?g%n?’et & ﬁ/Bg‘ag?/Fl (S:téLsmel 'ngala}ﬁygrlﬁfs'

m crowa¥@ i nt egrikichd matrdges- aNECErapsait Aredaiglee REsvelitichgise nilde®Rave

i2nt ﬁgr ated ci Ea&liia%x%éh{%@ &gy i-KeB-reEh@&edlfia{’s Bﬁlsidxlelt&t meMesdétitcesiinglae- pol e

-throw' 15 ("SP2T") .junction.and "singl e-pol. ow! ") Jaunction

2s MAC chi ps MYRa ot BRieR i Rarfid® PR ) 08: LI dingd
monolithic microwave integrated circuit (MMIC) device. -

PIGS. BA-BC illustrates the "single-pole 2-throw"

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

arrangement of MEMS devices'A, B and C, as used for a
éwitched line phase shiftexr, described below with respect
20 to FIG. 9. FIG. 8B éhows 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. BA, including three SPST gwitches.A, B
andlc, 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. 8. An
alterndtive 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.



switch junctions pass through vial. FIG 8A shows an arrangenent of MEMS
devices A, B and C, as used for a switched |ine phase shifter, described
bel ow wi th ResPRRE2420 to FIG 9. FIG 8B shows an arrangemgnjuseis2dvgdVb
devices A, S and C, as used for a nulti-bit reflection phase shifter
described below with respect to FIGS. 13 and 19. FI.G SC shows an
arrangenent of MEMS devices (1-5) as used for a nulti-bit swtched |ine
phase shifter described nore fully 25 belgy with respect to FIG 10. FIG.
SD shows the equivalent circuit for the switch arrangenent of FIG 8A
including three SPST switches A, B and C, which is capable of eight swtch
positions. "Table 2 show the switch positions used to create the two phase
30 states in the switched |line phase shTABBE »f FIG 9. An alternative
equivalent circuit is shown in FIG 8E, which provides the sape switch
positions as a conbSkateon of a SwRXFhswitch ASELEAW a SpST S8¥ieeh ¢ wo
02/ 09224 PCT/ USOL/ 20983 14 TABLE 22State Switch®witch SwitchS A B C 1
OPEN CLOSE OPEN 2 CL@SE OPEN CLO®BENS FI G 8F cylosEs an equi VOPEMit circuit
for the switch arrangenent of Fléioﬁg, incIudiBgE hree SPST Qggphes A B
C, which together are“capable of €rg switch positions as shown in Table

3. Table 3 show the swk! ClirPaRblkOBS LOuieasest atedout t h ebke peniviaidron of
t hree SPST swi tches used to_create t.he usi.ghtt has?%g; tes
dUi%g0

mul ti-bit refl REYFRFEPIREQLRIP B cilhE S| 15?”1‘?"5\%1?%?}%}?5

State Switch Swei ckhiSvh tisigetheB @re capable of eight switch positions as

shown in Table 3. Table 3 show the switch positions

10 lassociated with the combination of three SPST switches)

' “used to create the eight phase states in the multi-bit
reflection phase shifter-cirpuit 400 of FIG. 19.

TABLE 3
15 State ~gwitch '  Switch Switch
A B C
i 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

"SPATY 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.)



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 wosazwezs of the switch positions in Table 3 ispehgindrs Tabl e 4.
The switch positions in Table 4 can be used to create the four phase
states in the nulti-bit reflection phase shifter circuit 250 of FIG 13.
Wil e using the sane MEMS arrangenent in FIG 8B and switch positions in
Table .30 4, the equivalent circuit in FI_% 8D reduce to that of a "SP3T"
as illustrated in FIG 8G (Note the "SP3T" switch described in Table 4 is
~really a SPAT with one of the .output ports termnated to an open
circui.t.) WO 02/09224 PCT/ USOL/ 20983 15 TABLE 4 State Switch Switch
Switch A B C 1' OPEN OPEN OPEN 5 2' TBEHRE ©@PEN CLOSE 3' OPEN CLOSE OPEN
4' CLOSE OPEN OPEN FIG 8H.'shows an equivalent circuit for the switch 10

arrangenent of Fl Gede i Nncludi ggiddive SPST swikeles (1-5)gwiwdgh together
are capable of 120 switch positioas. Table 5 sihow the swtcle positions

used to create the three phase es in the .t ched |ine se shifter
of FIG 10. Note ttf.%e switch pos(?%}l'ir(‘)ns are th(g%s ne as a co?rglﬁgation of
SP3T 155 and SPST sW®i‘t ches showOPENF| G 81. PRBNE 5 State GB@SEch Switch

Switch Switch Sw tCBt OPEN CLOSE OPEN
' 4 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 Switech 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 5-Bit phase shifter network
(FI6. 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 s1", Note that multiple switches are closed for some phase
state indicating that their associated terminations are
being added in parallel. The switch positiqhs 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.



1 2. 345 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 resgdddoya phase shifts for the 5-Bit phase shift@rsaisik (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 110" while the closed switch is designated by 30
"1". Note that nultiple switches are cl osed{for sone phase ML state
indicating that their associated term nations are being added in parallel.
The switch positions associated wth circuit 250 is indicative of a SP3T
swtch while the switch positions are associated with circuirt 400 is
indica- 35 tive of a 3P3T sw tch. WO 02/TBLE] 6PCT/ USOL/ 20983 16 TABLE 6
MEMS Switch Position 270 180 90 45 22.5 11.3 Bit Phase Phase Shift State
50000000000001(}4@,5)&@ PORPdi1dd. 252 0000 1 0 00010 22.5 3
000O011 00011 09300 45 0 01 1 _00.
56.256 00 0 1 fig iéB 67. ?>°7 0'9?) 0 % 1 030{1’1% 733‘955 %{aétl (EJ"

0 01000 9.9 0O 01001 101.25 10 2500 1 O 010 12.5 1 0
01001 1 D010 12} 75 1% °1 ¢ s 6 10‘90‘901 5 h

0 0 1 00001  11.25 2
0 0 0 o 1 0 00010  22.5 3

a 0 0 0 1 1 00011  33.75 4

0 0. 0 1 0 0 00100 45 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  78.75 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 o 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 11000 270 25

30 1 0 0 o 0 Y 11001 281.25 26
' 1 0 0 0 1 0 11010 292.5 27
. 1 0 0 0 1 1 11011 303.7S 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 337.5 31
1 0 0 1 1 1 - 11111 348.75 32



001100 01100 135 13 001101 01101 146.25 14 0011 1 0 01110
157.5152000 1111 01111 168.75 16 01 0 0 O O 10000 180 17 .01 0
0 0 1 100Gfodfab2245> 18 0 1 0 : 0 1 0 10010 202.5 19 0 1 OcHudehbods®01ll 213. 75
20 .25 0101 00. 10100 22521 01010110101 236.2522 010110
10110 247.5 23 01011110111 258.7524 1000 0 0 11000 270 25 30 I
000O0111001 281.2526 100010 11010 292.527 , 10001111011
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17 1t is an inportant feature that two or nore MEMS can be conbined at a
single junction to formsingle-pole-multi- throw (SPMI) or

mul ti-pol e-mul ti-tAtows( ¥eMiypevkanth fegturei thatatkwp| pysmerg MEMS, qANGS,

8A-8l. This ’ffiﬁet WoRbli Sed {26 gii;{%i@dj&wttlba t 3torinh 8 nine-B¥) €anilal-

signals are oI ate t he nal, path th h-t IVS. I '
this i nnovatl ﬂ@ E@ c®%- bﬁmtlfhg— \%ttlc%g 7 nzﬁp%se s"fﬁ? 4 ng
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where th 10 I i
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switches than % grﬁﬂa%é Oéﬁ%ll%aarc& F’h fﬁé?r% ltg'nssMEﬁgd uses fewer

Applylng 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 RF loss
and uses fewer switches than the 4-bit phase shift circuit

of FIG. 5.
The phase, shifter 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 206A
connected between the section RF terminals 206B, 206C, to
provide the reference path. The phase shift path 206D is
20 provided by a transmission line segment, e.g. microstrip,
which is 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 Junction
switches used in the circuit of FIG. 9 are replaced with
SP3T junctions to create an additional transmission line
35 path in each phase shifter section. The resulting phase



The phase. shifter 200 has RF porté 202,'204, and four 15 sections 206,
208, 210, 212. Each section is identical except the electrical |ength of

the respectiwgodage shift path. Thus, section 206 incl udes dseidosddEM
switch 206A connected between the section RF term nals 206B, 206C, to

provi de the reference path. The phase shift path 206D is 20 provi ded by a
transm ssion line segnent, e.g. mcrostrip, which is selected by SPST MEM
swi tches 206E, 206F. The SPST swi tches 20§4 and 206E forma SP2T swi tch
ci.rcuit. The phase shift paths for the different sections have different
el ectrical lengths to provide the desired phase 25 shifts for the
particul ar sections. For the case of mcrostrip phase shift paths, the
mcrostrip |inehifaerbeirtubti 230 eghowh - &hi BIGw 16 has MENVBhaseeakhtection
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usi ng 13 swit chegtiinthhpwe Jyaetions, whick ineturn| wakej ieupespibl® EFo9 has
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I ne phase shifter in 5 FI 5 ha ase.,states using 16 SPST sw tches.
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junctions® whi ch i nTher phaareshifieig s2I0 eingludesy|RF; o3kgs@33heRteR34wi t h
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phase shift sections %%, %82 an
which is connected between the section RF terminals 236B,
236C to provide the reference path. This section has two
15 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 is selected by SPST
MEM switches 238D, 238E. .The 80° path 2381 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 shiftexr configurations that employs metal-



240. Section 236 includes a first SPST MEM swi tch 236A which is connected
between the section RF termnals 236B, 236C to provide the reference path.
Thi s sect iwgoh@szat W0 15 phase shift paths 236F, 2361, peevwsatkosss
respective transm ssion |lines, of respective electrical Iengths 1200 and
240. The 240 path 236F is selected by SPST MEM sw tches 236D, 236E. The
120 path 2361 is selected by SPST MEM swi tches 236G 236H. The three SPST
MEMS 236A, 20 236D, 236G forma SP3T swiggh circuit. . Section 238 has
three states as well, 00, 40 and 80. The reference path (0) is provided by
SPST MEM switch which connects the section RF termnals 238B, 238C. This
section has two phase shift paths 238F, 2381, provided by 25 respective
transmi-ssi on mehal, RDOMEMS pedtihesel d1Gi ddl is| angehematticsdagganTag 40
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The reactances$ can
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:

A¢, = -2[tan*(B)d,,) : .

where n = 0, 1, 6 .= 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 diode 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.



10 i nduct ances, capacitances, i nduct ances and capacitances, or by
transm ssion |ine segnments. In this enbodiment, the reactances 208, 210

are equal Q@%{,ﬁ@;ﬂs, and the switches 204 and 206 are opgfflsefooss t andem
both open or both «closed, to provide synmmetrical 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:. AOh = -2 [tapg (B) aln] where.:n =0, 1, 6 .=
Kronecker delta function =1 20 (switch open) 0 (switch cl osed) Unl i ke
PI' N di ode and FET switches, DC bias used to actuate the netal-netal RF
MEMS switches is not coupl ed to the RF transmssion line. This enbodi nent
of a reflection phade sisef ofr ahaswoslingl eopphaseldtiattdyrauodanistipnpdn uni t

25 cell or SeCtéo'}eftlle:Elbﬁ a{)ﬁaosé h%hqeesroftm@we%aeaalancrtqfazec;lean
phase shifter using Pl

ectjon ase, shifter
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a new single pole | -t hr unctjon in cti ase..shifter thus
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FIG. 12 is a schematic diagram illustrating use of
SP3T MEM switch circuits to realize a "multi-bit reflection

15 phase shifter section". 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 canbe 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, 228B, 228C, to
provide a means to select the termination reactance. The

25 . phase shift A¢xyz provided by the circuit 220 is given by:
Adyy, = -2 [tan~t(a) *x+tan’1'(B)*y+tan‘1 (C)*z)
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 is 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.



term nate the coupler. The use of diode (PIN or varactor) and FET sw tch
I's not appropriate for this configuration 10 because of the higher RF

| osses asswosbegh Wi th these devices and because of thecpasézessnce
limtation due to the required bias circuitry along the RF path. FIG 12
Is a schematic diagramillustrating use of SP3T MEMswitch circuits to ~
realize a "multi-bit reflection 15 phase shifter section". In this

enbodi ment, the SPST switches of the embodi ment of FIG 11 are repl aced
with SP3T MEMswitch 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 juncti on,
or by combi ning t e &RsToadEM ofwisih@sRRi MEMS demimplemestti om' 8R3A single
substr at edor-j&ﬁwiclﬂ fa%draﬁmgteaw@ ﬂlg%%%é%%%ag%g%\é%‘ t tRimiagdRbed 10
correspondi ng”nor jal i reactances \ ! rqQvi de_a means
to sel ect thes?%?*ﬁrhé?’dnlig‘éﬁ%eéi. 1:11h€‘1c2'5 a?gogﬁ{if?got&%o%'pggvf ded by
the circuit 2280%s aide?®y:phaex\gtates Zdrt &ie teapinptions 1£68) thg+t an- 1

(O *z] gwher exgriede e bHYE! sRiffetS2pPeds ®iel 120 WAgR cghesed; 2¥0= 1
when port 224B is 224C i s.open

open, and =0.when_closed;, z. =1 N, ROLt
and = 0 when §73sB%. %?ﬁ’glgﬁt%% ?%hgsmﬁﬁﬁﬁﬁélizgrapggﬁb‘grg?‘é%ic?h #8ddem so
that react ancempisye gl BBOPoRE e282| bet whichgbhaePPSEr MEMaewitghees 228A
230C are sel egsgd 3991508, a¥d dQBEARAES TAEBUEM 0Etahne 288! ecliflles

together, or poth swt are__open. 02/ 09224 PCT/ US01/ 20983 . The
approach of u ﬁ'?\gm?éé I\%{%S‘ioo ﬁﬁ%afgﬁgﬁt ygo ﬁgﬁr‘?‘{ﬁﬂcgﬁ’&?&g‘ ngF(I%éd to
provi dé0a pha2®s stpuples ttdearinede 862 Secindwet®0 262 |anst gxeendi.n The 13,

providing themiy 8G9tchl1860, caipied Ocpdansdst 262stboinBhietdLr pshakhans for
the 5 refl ect Qase shifter 220 of FIG 12. The circuit 250 can be

Lon
fabricated asgﬁowgnol ithic or hybrid device, and
In operation, all MEM switches 254, 256, 258 are open

to provide the reference phase (0°). For S0°, MEMS 254 is
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 connected 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 pbase shift states are provided by closing



conprises an RF port 252 to which the SPST MEM sw t ches 254; 256, 258 are
connected. The MEM switch 254 couples the node 252 to capacitor 260 and

ground. The y\Msdsqt ch 10 256 coupl es the node 252 to i nduyghpgses/sdsand
ground. The MEM switch 258 coupl es the node 252 to inductor 264 and
ground. in operation, all MEM sw tches 254, 256, 258 are open to provide
the reference phase (0). For 90, MEMS 254 is 15 cl osed, and MEMS 256, 258
are open. For 180, MEM5 256 is closed, and M5 254 and 258 are open. For
270, MEMS 258 is closed, and MEMS 254 and 6 are cl osed. The reactance
val ues for capacitor 260 and inductors 262 and. 264 are selected to
provi de the respective desired phase shifts. 20 In an exenpl ary enbodi nent,
t he phase shift eprsespondingdhasawibheadPST NEM switehesawbighr begethrr wi de
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2-bit reflection ase s 270 enpl.oyi ng, SP3T CI rc ts as
25 shown in FIG 13.F¥fe &ﬁas@’%”‘fﬁf?’ér aIJréE?ngt lzt?lvg72re
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coupler 256. In nbodi e t he reactanc termn s.are _inteqrated
into 30 the ME LP¥R EPPcETPILe Tkt f?ﬁﬁtiﬁﬂfsgoé)t at 38 ?ggp?o'\:f‘fgan y
operating the MVEMS=23Ges,. 25be2septiandcRP0+d 3vfc200-2yanetof chhe type

react gnges IR tltiqmggggggavgnl\ﬁ\@ qhhus, the reference phase state is
provided with a MVEMS are op and the th hase s t st

provi ded by cl osi ng %Pg?FGQfgifﬁﬁ/@g 9@’69%%8 gﬁst%’?‘?g é%nﬁ??\ 12%651§e of

t he SPST IMEM swiottch28 . 8hi c4b1.0@edhér . 52 -phams isteteleis esipevmn ikre FSP3TI&W t ch
circuits 250-1, 73@- %mas'a %mléeihcy&:ﬁrénaléaﬁ{r@éef;bméawilestbpar@@@se
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320 can be fabrlcated 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 324 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 is operated in. a

20 similar manner to that described with respect to circuit

- 250 of FIG. 13; however, the reactance wvalues 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 quad-

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.

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



enpl oys two single bit sections 200-1 and 200-2 connected in series. The
sections 200-1 and 200-2 are of the type ill-dstrated in FIG 11. A phase

shifter sagdhoHNin22420 designed to realize the 10 0, 22.5pctfuso1anss67.5 phase
states is showmn in FIG 16. This phase shifter section can be fabricated
to operate across a wide B GHz to 12 GHz frequency band. The circuit 320
can be fabricated as a nonolithic or hybrid device, conprising an RF port
322 to which the SPST MEM switches 15 33Q,, 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 inductor 332 and ground. The NMEM
switch 328 couples the node 322 to inductor 334 and ground. This phase
shifter secti G80i shazpeRBt @dbrin. 3B20amd n3Bar nmafwer quedraturelebwbiclbdd with

respect to Gily ub%erz@e@f FH G ark3icdhAvBYES, 1ﬁh§ei’-fé’é3t AR w easput! | be
selected to pro

45, and 67 tate
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phase shift teoupheti368. ZSPGTrMEMt&NLGthIher¢qqﬁ§|ﬂ5Wu§tan¢eﬁ§Q12 FLEh 16 as
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switch circui the3@0udle0 386d 3VDLlP theefbpel aant iom t(an@b\mllngrﬁowulﬁg

gg; ; gfpgndl ng 38r5c;agfeﬁgam§| WS ekOleHilEe ts%ra%eatdfor@o f 09¢ pVigee bahanced
I on

shifter QN ne t
formthe eqw zZIoent gB 315hb?l?e p‘?ﬁfso%ts ?é‘?n éérclasl‘tl%ﬁ% Cd%“é’se s?rg??es (FIOG '
18). Thu&, phasevifing phaseshifh caz:/a@szznfpcs"n Lgbl?‘zo%’g’ argl 33058as RF
ports 382 and t?h%REh'arge ShoEl et Wed Exhrpﬁlovmmeer;ma%%sha% st£eapnnect ed

n series, wth REQUURWL, Pors 3808 ol GOURLPT o3H0:ERUR! otbdvt RbakmPul
Por ° respect to FIGS. 14 and 17 actuates the SPST MEM switches
within each SP3T junction one at a time. PFurther 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 actUatihg multiple -switches

25 simultaneously. FIG. 20 is 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 c;rcuits 400-1 and 400-2 with a 3P3T

30 junction are used to terminate the coupler ports 426A,
4268,

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



coupl er 388. SP3T MEM switch circuits 250-1 and 250-2 with 5 int egrat ed
reactive termnations (as shown in FIG 13) are connected to the in-phase

and quadr at lsgar m ports of the coupler 386. Wth th ' tion

(1 ncl uding g@ﬁ%‘ggﬁ 386) providing phase shift states of 86%h§%g?§§go and
2700, and with the second section (including coupler 388) 10 providing
phase shift states of 0, 22.5, 450 and 67.5, the phase shifter 380 can
provi de 16 phase shift states. The phase %hifter sections described above
wWi.th respect to FIGS. 14 and 17 actuates t & SPST MEM switches within each
SP. 3T junction one at a tinme. Further advances 15 can be achi eved when
multiple switches are actuated sinul taneously and their correspondi ng
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di agram of a r4%9 &Elewst yidensipal phaseits| $0@r1 907 AW ThgiREpBREs 422
and 424, and a dnded dodardBueatpber 426 having i n-phase and quadrature
ports 426A, 426B. Resp, By %EM itgh,:re AV 1 nat | jarcui

400-1 and 400-2 w t.E\ aggr%]TEeS J-u%é(g:\ft‘i %nbéﬁ'e%ﬁ{sa{esl t%ﬁ%_fe%ér?ngtgg ﬁ)les%go%él er
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connecting to RFE S £t AR 313 dBhybrid coupler 446. The in-
phase and quadrature ports 446A, 446B are terminated by
respective series circuits 450, 452. BPRach series circuit
is including alternating series connected transmission line
segments, e.qg. segment 450B and MEM SPST switches, e.g.
switch 450A. The phaée 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 is a schematic diagram of a 5-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, netal-metal contact
series switches enable single-pole wmulti-throw junctions,
which in turn make it possible to realize phase shifters
with fewer switches, and hence lower_insertion loss and

35 reduced cost. .



-realize a 3-bit phase shifter. This single section 3-bit phase shifter
circuit equates the phase shift performance of three conventional single
bit phase whaddeess sections 5 using 6 individual PIN di ogerssénadssdevi ces.
The circuit 420 enploys identical circuits 400-1 and 400-2 in a bal- anced
configuration. A single section 3-bit phase shifter can alsp be realized"
by a single phase section with 16 individual 10 switch devices tied
together in series (FIG 21). This is shayw in FIG 21, in which phase
shifter 440 includes RF ports 442, 444, and a 3 dB hybrid coupl er 446. The
I n- phase and quadrature ports 446A, 446B are term nated by respective
series circuits 450, 452. Each series circuit 15 including alternating
series connected tThesphaseoshlifbher ségowvits, in. gccerdanne W50B dbdsVEM
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by the appropreguirecany giC biiasheg MEMcuwE W atbes the REngabkn/ ﬁ]mlmﬂet he
round trg p pajgm! ﬁ@ggum&%ag%e&@r sehedratdga Chﬁ@ﬁéfﬁd%fma%cé lahtanplaase
shifter 460 reallzedb t wo sectlong 6% 464 b smgﬂ %Qe% Pg(kyts I n
FIG 10 and 1§°m?ﬁ5§ Eon™ED CREPLGYEs 985298 AN TUdBRYTpIFEF with
SP3T MEM swi tdhodeacmam(ﬁ:'x glevilgasi onk Piseel siidtegocirevinamiog MEM he

i n-phase and grgUBHiatkES AN lthenSBpbiQe 484-dgs ﬁoﬂmaékeﬂrdz@éﬁﬂ %%nHO

section 462, a cl udes_coupl er.  464A th 3P3T MNE ct
term nati ons Zl’ggh 98H8r438- 3 g‘T’hl bighor g‘r‘g 5%6 I\ét e@se? g%r
juncti ois andhdoheraieslapigmddmn shate aesbﬁgnowlylw&ﬁ Seicith (m!}”re'{ll‘ius
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02/ 09224 PCT/chﬁ%&@ggg 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 assewblies to achieve
even lower cost.

_ The use of MEMS RF switches results in the realization
20 of phase shifter circuits that operate across a widerxr
frequency band, with lower RF, higher 3rd order intercept

point and less DC power consumption than what is available

in currently used state of the art devices {or circuits).

The unigue construction of the metal to metal contact MEMS
25 RF switch allows it to operate as a series switch. Because
DC actuation of metal-to-metal contact MEMS RF switches is
decoupled from the RF path, these switches do not require
any DC biasing circuits along the RF path. Thus, these

serids 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.



25 The phase shifter circuits in accordance with this invention have many
advant ages, including advantages resulting fromthe MEM sw tches. MEM RF
sw t ches do yw@hanekaqui re any DC biasing circuit along the gdrvaisns® Si ngle
5 MEM RF switch has better wi de band RF performance than a conparabl e but
nore conpl ex design using nmultiple PIN diodes and FET devices. A phase
shifter circuit using MEM RF 'sw t.ches can then operate across a w der
frequency band wth | ower RF | oss, higherzgrd'order i ntercept point and 10
hi.gher isol ation than what “has been achieved with'current state of the art
devices. This is done without sacrificing weight, cost or power
consunption. Low cost manufacturing of MEMS is achieved using standard
thin filmfabricati @s iprandsssisohdhait theakksowsalescribedc embedimahts C

industry. 15 Unldeke gonwgnti eiahst fadeyd cese MEMR RR ééf\é.il&ﬂ?s Q?Qc@kﬁ? be
fabricated dlrggggﬁﬁonto ce anlc hybrid circuit .and tra i.tiona rinted

circuit board FeeLe: i éﬁhl% reRAEGPTHAT RGPl esn 8f  Lhe opr RF
swi t ches resul tiowientibs.r egthezt iagwrangément phasy shadilky beérdevised him

opter ate fs:r 0Ss at%dﬂrgﬁlﬁcef wegHerRa¥sbapdintibled Owﬁr thbae Péﬂbﬂec?r?ngf.ﬂér

i ntercep poi nt_ an es 0 opnsunp |on i S aval e in
currently used *rat'EH°Y %h%%‘?"’f V%é'\ﬂ on oFhE| F’EﬁPFs)ang AR i the
construction ofinviestdenal to netal contact MEMS 25 RF switch allows it to
operate as a series switch. Because DC actuation of nmetal-to-netal contact
MEMS RF switches is decoupled fromthe RF path, these swi tches do not
require any DC biasing circuits along the RF path. Thus, these series
switches can be conbined to formmulti-pole, nulti .30 throw switches
(FIGS. "8A-8C) and can be used to realize nmulti-phase switched |ine phase
shifter circuits. These <circuits occupy the sane foot print as a
convention single bit phase shifter circuits but have increased capability
to generate tw ce the nunber phase shift bits than the conven



35 tion designs with | ess RF | osses across a w de band wi dth. WO 02/ 09224
PCT/ US01/ 20983 26 It is understood that the above-descri bed enbodi nents

are nerel wéhdssiqr ati ve of the possible specific enbodeoemtsedssch nmay
represent principles of the present invention. O her arrangenents nmay
readily be devised in 5. accordance wth,these princi i1 ed

7
in the art wthout departing fromthe scope and spi tion.
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CLAIMS What is claimed is: 1. An RF phase shifter circuft,tcohprd si*ng: .
first and second RF ports (104, 106); a switch circuit conprising a
plurality of single- pole-single-throgLASRST) m cro-el ectro-nmechani cal
("MEMOD) 5 switches (50A-50D) responsive to control signals, said switch
circuit arranged to select one of a plurality of discrete phase shift

val ues introduced Whatt Ae ghatmed di:fter circuit to RF signals passed
between the first and second RF ports said circuits connected to provide

a i o single-pole- LE;JI t |A%I gFt W)eroénéﬂ{lltt' PL& xéﬂé’iném' tiple-throw

(MPMI) switch functi on. CI rcw - accor aim I wherein said
phase shift circuifiiysk andupeednd RF, H@rbﬁag’é"’shllpﬁ icircuit, and further
i ncludes a refererg:eswﬂe&e aipghalt @Eeiigriciag) aarpﬂ.xa:ta]hetazstoﬁanei@ﬂase shift

path (110), sai d, gl(éhtﬁ%‘su'(%ﬁg'ff aﬂgggot&e%@lrgchegg&pgapal(%@#)erence

or said at I%as? lﬁ S 1n response to se shift contc{ol
signals. 3. 5A§‘€it?@1ﬁﬁt éﬁ&‘ﬂ%ﬁ g Eesrgnfiyer, t%éPBF% Sigads, sal

switch circuit arranged to select one of a plurality of
discrete phase shift wvalues introduced by the phase
shifter circuit to RF signals passed between the first and
second RF ports, said circuits connected to provide a

10 single-pole-multiple~throw (SPMT) or multiple-pole-
multiple-throw (MPMT) switch functioi.

2. A circuit according to Claim 1, 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

5 switch circuit arranged to select one of said reference or
said at least one signal paths in response to phase shift

control signals.

3. A circuit accdrding to Claim 2, wherein a single
MEM (176A) switch selects said reference signal path.

4. A circuit according to Claim 3, wherein said
single MEM switch provides said reference signal path.

- 5. A circuit according to Claim 1 where in- said
bhase shifter is a reflection phase shifter (200), wherein
the MEM switch, circuit is arranged to select from a
plurality of termination xreactance values (208, 210)

—_—
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MEM (176A) switch selects said reference signal path. 4. Acircuit
according to Caim3, wherein said single MEM sw tch provides said
reference siygpgnoRath. 5. A circuit according to Caiml vighselswssai d
phase shifter is a reflection phase shifter (200), wherein the MEM switch,
circuit is arranged to select froma pl ngl ity of term nation reactance

val ues (208, 210) This Sheet Has Been Repfaced [~I1I1

02/ 09224 PCT/1TS01/ 20983 28 | ~~~~1111111 VIII II111I ”"'II”"I m‘“mlmm
determ ning a phase shift value. 6. Acircuit according tb Ctai'm5, further
conprising a coupler device (202) having first and second RF I/O ports
(202A, 202B) anfbreRmdhasg anshdBa@matdrealwerts (202C, - 202D), said MEM
switch circuit includes first 5 and second reactance switch circuits

sel ectively coupling first and second termination reactance circuits
respectively to the6.n- pRasecizsttijuadcmorddngpotios, @eadm sai d FugEReFce

circuit incl Ud'é&&l@&ﬁéahl E)Suﬁieﬁeh@@ic%ﬂ eoeahamngt figkdeand gecbdnd
circuit accordi an 8 Claim6, %@ g%?%)n fJirst a}_gdeseco d re%ra nee
switch circuit 7 460°1 PAH3E- 0§ PPEh o8RG oM RFES 8PS HERTERETOf
said plurality pirtssdi202€e| 202Bbl sxichMEMnswitahuetrewit sinaludgsebisss

term nati ongof 5§ hddimhasRABdcaUad AENT 81 PAI{ts hyelsditd velpr @cupaingne of
said plural | ty of selectaple reac ancE val Lg 8. J:"AéaCI rcuit acgordl to
Claim7, wherei d % st 55587 ecoFETRERT SV ch TTACEEES pr & MT

swi t chi ng functreapectdvedyciticc ujhe atwphtisey and agyagrapws ngOLr A nﬁach

said reactance circuit including a plurality of selectable

reactance values.

7. A circuit according to Claim 6, wherein said

First and second reactance switch circuits (400-1, 400-2)

are arranged to select more than one of said plurality of

said selectable <reactance +wvalues for simultaneous

5 termination of said in-phase and guadrature ports by said

more than one of said plurality of selectable reactance
values. '

8. A circuit according to Claim 7, wherein said
first and second MEM switch cixcuits provide MPMT
switching functions.

9. A circuit according to any preceding claim,
further characterized in that a plurality of said RF phase
shifter circuits are commected in series to provide a
discrete set of selectable phase shifts to RF signals
passed through the geries-connected phase shifter
circuits.

10. A circuit according to any preceding claim,
further characterized in that at least first and second
ones of said SPST switches have said first ports connected

This Sheet Has Been Replaced
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further characterized in that a plurality of said RF phase shifter
circuits are connected in series to provide a discrete set of selectable
phase shi fye od2B- signals passed through the series-coonasseogphase

shifter «circuits. 10. Acircuit according to an receding claim further
characterized in that-at least first anggsecond yzmm—swi t ches
have said first ports connected This Sheet Has BeeH, mmmu""”m,l VO
02/ 09224 PCT/US01/20983 29 11l * 11111 21211121 1111"%§ " l MS

at a common junction. 11. A circuit according to Caim 10" erei i said

function is a SPMI swtch function, the nunber of switch throws is N, and
said at | eastat iad dommod jewcnibmnes of said SPST swtches with said first
ports connected at a 5 common junciton includes N SPST swtiches with
respective .first ports_ at  said comon 'unctio&(‘a,lz A circuit according to

any precedling cldilm HhELEFHE RECNEIHIEN T HePil e Yot WPSTREYI 53Sht act  RF
MEMS series Sswdttles.isla eMi rawiitichadooctiony, t thenyupbec edf newitch m

el'ect ront cal [Soouf oo, JB SELS £7TUd: | Padty dd Mieddha Whee oF

S ray, prising: i i_ating
el enents (20)8akth %?*?‘“éys‘ﬁ?t%ﬁ?sé"’s% fﬁaé'i %3"(?)‘: cli‘ﬂﬁﬁseacc}/rﬁ‘etcﬁga F%diaati ng
el ement s; san &Ebmmani fuodcd te40)inciotedi Ng SRS ewaliches ovipharespett fveer

ports respectiyaly Bl gf L85 SREbASPRRGE YR, Phase shifter RF port and an
RF port; and %uggear%%gjtﬂeer?ng controller (44) for providing phase shift

control signals to the phase shifters to control the
12. A circuit according to any precedling claim,

wherein said MEM switches are metal-metal contact RF MEMS
series switches. '

13. A circuit according to any preceding claim,
further characterized in that said circuit is installed in
an electronically scanned array, comprising:

a linear array of radiating elements (20);

an array of phase shifters ' (30) coupled to the
radiating elements; .

an RF manifold (40) including a plurality of phase
shifter' ports respectively coupled to a corregponding
phase shifter RF port and an RF port; and

a beam steering controller (44) for providing phase
shift control signals to the phase shifters to control the
phase shift setting of the array of the phase shfiters;

and wherein said phase shifters each include a
plurality micro-electro-mechanical (“MEM”) switches (50)
responsive to said control signals to select one of a
discrete number of phase shift settings for the respective
phase shifter. '

14. An RF switch circuit (224) configured to provide
a single-pole-multiple-throw (SPMT) or wultiple-pole-
multiple-throw switch (MPMT) function to RF signals,
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AR




phase shift setting of the array of the phase shfiters; and wherein said
phase shifters each include a plurality mcro-electro-nmechanical ("MEM)
swi tches (5 ?ﬂonm ve to said control signals to sel eGlerARG1/sbs

di screte nu er of phase shift settings for the respective phase shifter.
14. An RF switch circuit (224) configured to provide a

singl e-pol e-mul tipl e-throw (SPMI) or mul ti3f e- pol e- H!Mﬂ l’ujmﬂ I‘”ﬂ"ﬁn tch
(MPMT) function to RF signals, This Sheet Has Been 11111
1111 1121 1111 WO 02/ 09224 PCT/ USOI /20983 30 111113 111111 "M1ti1t111

[H 11 Mconprisi ng a plurality of single-pole-single-throw (SPST) s

m cro- el ectr 0- NpgRGA "éi 3lg @ VaMpa1RE SWftQJi eaﬁblereﬁiya@cﬁeoho (eesepnt r ol
signals to control en- cI ose.d tate he sgxl,t % SPST

swi tches eaclf ?‘hﬁ%cﬁ%ﬁg" rorpeghanEaort & Ysecdfd REBEFESSand®2fRer ei n
at |least first mespoeciord bmePCof catinbIlSPSignals witc rentrole tslmdopienst

ports connect edgfts é’dcmw of UBRLT @i tbn ThibsiSheebrHammBasl tRaesaeash

LIt lllln {uAJAg élrst RF port and a second RF port, and

wherein at least first and second ones of said §PST
10 switches have said first ports connected at a common
junction.
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