. ©3e8UPPQIR@Sr T6TT8Uak =,, ,~ 1 *166166* RF RECElI VER HAVI NG %C&ED
JFILTERS AND AN | NTERVEDI ATE AVPLI FI ER STAGE FI ELD OF THE | NVENDI %03
FFB 20 mmsl nvention rel ates g'é'neral ly to radi o frequency
com‘run'cammm“‘mmm and, nore particularly, to receiver configurations
t heref or. Radipef r equency RFBRECEEVERVEA¥ING (CASTADEDFILATRS

stations and other tel eco j

degr ees ctivity (the ability to distinguish between signals
separ at wmmmmmm&m,ﬁ equency di fw&\%{m@ﬁ vity (the ability to
receive we L gna s). Typically, an 1ncom ng signhal is first passed

t hrough a | owT"oss, passive, RF bandpass filter to renove signal conponents
outsi de of the frequendje Pigsrye inyentigndelgies gensaplly;tg madio fregpengYesul ti ng
filtered signal is thep. usuy if Li ‘ .daes not

i ntroduce a signi % f’%’atnﬁ‘czt%ﬁk%&gg mr?lc{dingdég??la&le}@’qu‘lfclg%ﬁ%c}n?%ﬁlgtrlr%? ifier or
LNA) . In this mannesrefot.ne LNA and ot her system conponents are protected
fromany anplified, undesired signals. The advent of w despread cell ul ar

t el ephone communi cation systens hasﬂiémmdemnds pl aced on these
RF filter-anplifier configurations. S been increased by using
two identical RF bandpass filters instead of relying on a single filter.
See U S. Patents Nos. Radisg7Treg8écy SRENRcEBIs fongelliBar366pismg basadgtitipnsonal

selectivity has als een.realized.b nuf act urj n ilters.having nore
sections, which aﬁagﬁg‘lﬁ%w&‘i?‘@gmﬂc?no@?{ Syggﬁ‘rc8‘&a%’}?é‘isé§‘s;?f°\xﬁe %f?htaq\ééregsr ansf er
function of a fil tboRBEOAGHTheWbility td dstiBhisRbétwesiesigild epiraedbgoef fi ci ent
approaches zero). However, adding another filter or _nobre sections cones at

the expense of i ncmaldwguengy differgnces)and sengitivite fheabii{Q Fecriye tF3k and,

t herefore, increa t 1,0 Li Fﬁg{ ' LNg signals.
RF filters have sz %agés?%%béu%cwc?ﬁ%qgaﬁgﬁagﬁ |t|%aﬁ§zgglaq§g'é%}fglr?“{1nt roduces
very little signallodsppassivé;0RF baraippdsefjlteRE6 reinovesignah gompaonents wdtside o€thenant

el ements utilizing high tenper.ature. superconduct i SC). .0 FCB 2003
.J -2 materials. &ﬁ@&gfc?'lr?@s"fﬁfv SE‘EA; e o&ﬁe {eaulﬁﬁ%g?ﬁgfs%‘éaﬁli‘%@e‘f actors
(Q the ratio of tkgalfemptified Ibfequeﬁ@nﬁé;qhzhmee&m&thﬂnm dllgtlﬂﬁcaans hi gh as
100, 000. In general, however, low loss filters have a quality factor above
about 12,000 and prRauet efifojsedpeya lowaoise smpliftrs or WNAR- dBdHs Badheri Bhal pol e
of an HTSC filter {9kt | Wl . gtill further
rejection have resllﬁllﬁ{\gg&iPﬁlle?%isggrrg&é%so%ﬁssLﬁz’?/iﬁgﬁédngggﬁgﬂgm ﬂflriee’ pol es. HTSC
filters, however, wdesicdsignglsrel ative to RF filters utilizing conventional
materials ) as HISC materials are relatively costly to manufacture and nust
be mai ntained at very | i (s B} [ : si xteen
poles) HISC filters ha\}glwgggér??%%#gﬁté ﬁlréeég%ﬂgﬁe%g%%v?ﬁg?r#n{ﬁg?%&ty ﬂtgrr? about

si Xt een secti ons -hastietrdased thé 8€inands piacedon thoseaRF filtet-ammifier becone

i npractical for several reas , .l.ncluding the feasibility of uf acturing
and tuning them |5PPYEHARAE: %{‘]’E’ﬁflﬂg lgsgr:qr{gig?r.e?sgﬁﬁyluélgg ot @Ptﬁ:éﬂgﬁof bot h
the resonant frequsingyas®filtesGhlidad P Pfihg 8f 6 sindMe fafd. SBeUNRFarasavdt. t ype of
el ectromagneti ¢ coupling between sections. Tuni ng these hi 8h-order filters

is probl ematic bechidb68hE,412,339; and $.88h 82k cAdditionnd selentiyiy PasslspsheeRve t o
even m nor changes_|# n [ [ r a nunber
of systens have belga&5§§g§§a§ ﬂ%tg?%gﬁrﬁ?%ﬁgv%{l\?ﬁ?ﬁfegc err%’é’vttla1 gc? ?\i}l{oi/ and
sensitivity. For epdegd.e., fidgienciistaewhichithe ttandfdd filhétiortofsctiles @ppraadhegh
performance data tuner for video systens in which an input_signal is

appl i ed directly t¥uy Bd5)anddedeiieesian eoofticient approprbes #iP} d¥Eebn | oss and
then applied to a RAGEOMORRAANGTR hdrk SeriBfifedie: SLbRRANCH hoteARP! 00 L0 2.
narrow band filler. S arly, U'S. Patent No. 5,244,869 discloses a

super conduct i ng m btossesdive, Ggceqpsaineysitaty® and, wkeréfotet, éncreayest attenyagion of) a
superconductive Filter.connect eﬁl.to rrecei ve RF signals and perform
filtering before tRECRENVHHAVLIPECUBENSBE t 0 nonlinear circuitry such as

| ow noi se anplifiers. \Wile European Patent No. 0 720 248 di scl oses a high
t enper at ur e super conducRF ¥itessihaeeibdenfdesigned aucinthataaacloadklitivney sevdone devi ces

including filter FEB 2~~
¢l uding ters intr%dgces very%ittle?’signal loss. For example, RF filters have included

resonant elements utilizing high temperature superconducting (HTSC)



dnvention, an RF receiver includes a f%rst RF filter stage, an

stage, and a second RF filter stage ha¥ing a different selectivity than the
first filter stage. An output termnal of 5 the first RF filter stage is
coupled to an input termnal of the anplifier stage, while an output
termnal of the anplifier stage is coupled to . an input termnal of the

secondmpteripls (RTSGligEs hapgbesr shaven 1orproyide gpality faeorsd{R, theovi de nore

rejectj ' |kt | hAc! wde a | ow | oss RF
fil ter#aqﬁhogqﬁ%%qli]%sfgéquﬁpﬁgt&é% Bf? %@Hf@%gh)f %gﬂﬁgg’r)%r ﬂgt age may rely on
super cogedll ho\Wevee SioRclats Alt@BAYSa qhdlitf Pattéredove hbsutgeqwod RF filter stage
may i nclude conventional resonant el enents. According to another aspect of

t he pr axkprefarably aboverabouh2(R000.c Péitlv eachiadditionalspale pf amHTISE filter stage, an
anplifier stage, and. a.second filter . 15 An qutput term nal of the
st Bien pirodvcing eplRie foss, doments it sl fitSies releeion ThEL he anpl 1 11 er

st age, jrd £ <1 @I&Ii ' e is coupled to an

I nput {éeg{riir%(ﬁléﬁaﬁlg?la%ﬁgﬁssfé%ﬁ%ﬂgb ?ﬂ{q ﬂ[hgf‘e tageﬁl@(ﬁeﬂ}?g’st RF filter stage

I ncl udhewevelr pavelcostty fefativieltdb RE fikerd utiliging eonveaitibhal fmdtérddls, sisage i ncl udes an

RF filter having a hiq%her I nsertion loss than the lowloss RF filter. 20
Accor dFI5G mateials apg relativelis prstly tomanyfaciyreandymustReamainginedan RFE recei ver

i ncl ud ' |J.ter stage including superconducting material and
havi nggg%&%pjé‘{p’)z%m e?t[r#rslal . The RF receiver further includes an amplifier

having an input termnal coupled to the output termnal of the first RF
filter stag®hilEHeglRbrdee e gy esixtedn pdles) HESE filtersdlavelbeera second RF filter

t I ncl udi ducti terial .and hayvi [ t t I nal
tace |elie 5, SVpsLcontcl g reter o and i an {nout term el
RE 111 ¢SS bAR ettt fifterd! 0 5eRbAE imPlactitdl f6 Several PeaSors, B £¢~3

including the feasibility of manufacturing and tuning them. In general,

-3 SUMVARY OF THE I NVENTION I n accordance with one aspect of tlﬁgﬁr&rﬁiﬁé
B 2003

tuning a filter requires adjustment of both the resonant frequency of each

resonant section and the degree and type of ele-ctromagnetic coupling

between sections. Tuning these high-order filters is problematic because the
] filter’s response becomes highly sensitive to even minor changes in

component parameter values.

Over the years, a number of systems have been proposed for filters with higher
selectivity and sensitivity. For example, U.S. Patent No. 5,731,841 discloses a high performance
data tuner for video systems in which an input signal is applied directly to a broad band-pass
filter having low insertion loss and then applied to a narrow-band amplifier and then
subscquently applied to a narrow-band filler. Similarly, U.S. Patent No. 5,244,869 discloscs a
superconducting microwave frequency selective filter system having a superconductive filter
connected to receive RF signals and perform filtering before the RF signals are applied to non-
linear circuitry such as low noise amplificrs. While European Patent No. 0 720 248 discloses a

high temperature superconductive circuit for use in various microwave devices including filters.



-4 According to still another aspect of the present invention,
receiver includes a first RF filter, a second RF filter coupl eng(EEBEZUM
“first RF filter, an anplifier coupled to the second RF filter, a third RF
filter coupled to the anplifier, and a fourth RF filter coupled to the
third RF filter. 5 The first through fourth RF filters may include thin

fil msuperconducting elenments. The first through fourth RF filters may be
di sposed on respective substrates or, alternatively, be disposed on first
and second substrates. The first through fourth RF filters are preferably

| ow order filters. 10 Qther features and advantages are inherent in the RF
recei ver configurations clal | becone apparent to
those skilled in the art f i w10 =t-+ed description in
conjunction with the acconpanyi ng draw ngs. BRI EF DESCRI PT1 ON OF THE
DRAWNGS 15 Fig. Inh&oiddb®Gkh®nagspmat off thaprdsbntfiydntion iR F tdcejver
configuration in accordance with one enbodi ment of the present invention;
Fig. 2is anlmcskuﬁaetarﬁrsi RIpfilten gageypeomphifier saget anhp jroped RFé’ﬂ@natﬁge cavity
filter for in RE filter onf i uratl n of Fi ; Fig. 3
is a cross- sz‘éYlflaﬁ F%WGL?F{’Y'%% rfgﬁ{ﬁﬁ%{v*‘% ut fermpna 2 20 :
taken al ang bhefidsi RESiIRr stdge KicBupldd t&malngbpﬁhnﬁhﬁwtﬁmbnﬂa é&ce
filter-anplifier configura %I on in accordance w th anot her errbodl ment of the
present i nvemthileran oatpht FErgrinad of feanplifiensingeisdioagiedn af inpneteenineldi nent  of
the RF filter _anplifi nfiguration of Fig. 4 utilizing thin filmHTSC
resonant el eﬁéﬁ'{esg?condgi}:s%gi”gs‘%@c3 -s DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENT The present invention provides RF bandpass filter-anplifier
configurations havihageddt RIiBH stle@edy prolide dte Pejt@WnARISEe Firgure (1. e.
the ratio in dB of the output noise power to the input noi se power scal ed
by any 5 gai RF.filtar segelwhichiiayuncudonlow ss Barfdfsas $he idw toss R filerspl it into

t RF filt ted b fi t Afilt
ool 111 00 - of Byt B SEERegranaY 1 oh Sherisndhoriie Ervet S0 EBROle & devi ce
having one, OtoRiE ikd IcbBAFRE AN cATRL hafiludcltefy ity orthl ter stage

protects the anpli’fier stage by refecting out frequencies, while
t he second RElehientser st age

According to another aspect of the present invention, an RF receiver
includes a first RF filter stage, an amplifier stage, and a second RF filter stage.
15 An output terminal of the first RF filter stage is coupled to an input terminal of
the amplifier stage, while an output terminal of the amplifier stage is coupled
to an input terminal of the second RF filter stage. The first RF filter stage
includes a low loss RF filter, and the second RF filter stage includes an RF

filter having a higher insertion loss than the low loss RF filter.

20 According to yet another aspect of the present invention, an RF
receiver includes a first RF filter stage including superconducting material and
) having an output terminal. The RF receiver further includes an amplifier
having an input terminal coupled to the output terminal of the first RF filter
stage. The RF receiver still further includes a second RF filter stage including
25 superconducting material and having an input terminal coupled to an output
terminal of the amplifier. Both the first and second RF filter stages include

high-order RF filters.



10 inproves the selectivity. The anplifier stage should introduge a little
noi se into the systemas possible, while also providing a necﬂhgigaifﬂm3
"isolating the two RF filter stages. The isolation permts the two RF filter
stages to be tuned separately. As a result, two RF filter stages nmay

provi de the extraordinary rejection of a single, ultra-high-order RF filter
w thout the 15 inpracticalities of manufacturing and tuning such an
ultra-high-order RF filter. The intervening anplifier stage al so renders
the noi se added by the second RF filter 4stage relatively inconsequential,
thereby permtting the use of |ess expensive, conventional RF filters. Wth

reference to Fig. ’Cﬁ eisrlgto%%mgihggigfgéé&%}?eteﬁg%%@glﬁjeégrbéﬁRqeneraI |y

indicated at 10 incC n “antenna dpass filter
stage 14, whi ghreRRBimRMdesk Firdt RIefitérNakecond RIFefltdr @odpled Pt fir@RA nal of an
anplifier stage 16. The RF receiver 10 may be incorporated into a cellular
t el ephone basdéiltet, anijamplifier canpias tgdimeseappd/ RF dtigr,cohid Rénfiltesfcompledauni cat i on
systemthat receiv RF si gnal The conponents .of F 25 receiver 10
rréy be coupl eﬁ"et tsté’ra"afg@af‘%%% @g‘?i)?f’ eégooﬁthséhlf)quﬁ-ﬁ} 6t her suitabl e
transm ssion line known to those skilled in the art. O course, to avoid
reflecti o and, thdaheffRiehrdigdfahrth BFSfiltdrbendyriaclade &fh Gilml i ne shoul d have

0 s ~~e zcc3 -6 an inpedance matching the input and output inpedances of
the el ements otper¢nndprtingeglements. lthe fyethzsonghi fopgh Rt filjers @aynkey i ncl ude one

or nore anplifiers .(not shawn ach of ich is.preferably.a. | ow noise
anplifier (LNgjspo§_e8rory5reég(e§ﬁﬁ? é‘?bsﬁﬁ S&ﬁp?‘@?@ﬁ%é’ggﬁ S%&’/ﬁ/ﬂfﬁt fP%e an LNA
avai | abl e frogcbadsisehng! ome fifsttlbhdd PurthRF FRER A2 pAgefbRddet nunber
JC12-2342D. Such an LNA provi des about 25 dB of gain over the frequency

range 1850 tootdtdilterz wi th a maxi mum noi se figure of about 1.2 dB at room
tenperature. Alternatively, the anplifier stage 16 includes a | ower 10
frequency, ,LNA avai labl e. from J Technol o as _progdu nunber JCA013140

whi ch proVi des si m(ﬁ%refﬁg}lfeérar‘?gﬁgéa@?meéiaf'igﬁ'gﬁegﬁgl @\731: t55&™FY equency range
824 to 849 MgenfighraediR cHames anll dlkclod&l 8 KEEBécoitVphiedhNto @Bsout put
termnal of the anplifier stage 16 is coupled to an'i nput term nal of

anot her RF' bakilpdastheqrf fromethe Soliayeing Betalibd dessoipRen fni tenguncsivageith 14 and 18
may i ncl ude Or\% or nore.di ati nct passive RF filters. Each RF filter, in
turn, may inclFECIBIHRY PTAVBES r esonant el ements for attenuating signal s
of undesired frequencies. The resonant el enents may constitute resonant
cavities, thin filmstructures on dielectric substrates, or any other
resonant structure known to those skilled 20 in the art to be suitable for
RF signals. These reson e| ene nay. .f Q sioelliptic, elliptic,
Tchebycheff, or Butterwsty s rhe—fesoranfterefrents of the RF filter
stages 14 and 18 may utilize = HTSC naterials, conventional (i. e. ,

non- HTSC)15mat er i al Fig.or iskioblbek diagfam bhen RF filkdri@iplFiea@entidurtion inf or

exanple, include a single thin film HISC 25 filter, while the RF filter
stage 18 i ncl aekesdancpayith ¢rie eyakasiment)of b presentdnwdntionesonant cavity
filters. In another exenplary enbodi ment, both of the RF filter stages 14
and 18 include a simgle; Lanal .. te I fi A 6 FHB 203
The RF filter stagggg ﬁlsgaﬁgg(%g&g@éﬁ %)r}tlgj;gi?g'b y- Sr%gtt%&? éé]ﬁt #éégﬁm ae‘{:l use the RF
filter stage fdtepforaneds tirrBF fiter-afmplified confighrdtioa of (Rigni;ng si gnal , any
filters in the RF filter stage 14 preferably have a | ow insertion |oss. For

exanple, the HTSC tJ.lters descrihed hereinhel ow provide excellent, rejection
5 characteristics W P FOpHieHoR ¢devafhtheyg ,an‘r‘r%?;y‘%éﬁfeﬁ@&h:ﬁﬁ)rzat ed into

the 20 - taken along the lines 3--3;

Fig. 4 is a block diagram of an RF filter-amplifier configuration in

accordance with another embodiment of the present invention; and

Fig. 5 is a schematic diagram of one embodiment of the RF filter-

amplifier configuration of Fig. 4 utilizing thin film HTSC resonant elements.



RFfilter stage 14. In contrast, the RF filter stage 18 may, bﬁtﬁfFQBd q’@t,
i nclude such lowloss filters. The gain of the intervening anpYi“fi& g ge
‘16 scal es down the insertion |loss of the RF filter stage 18, such that the
noi se factor (i. e., the ratio of the output noise power to the input noise
power) of 10 this portion of the RF receiver 10 is as follows: NF = NF + NF
(NF -1 ) + system stages srage~ anp (NFstage~ 1 ) NFsrage~ G where Gis the
gain factor of the anplifier stage 16 and NFsystem NFstagel, NFStage2, and
NFenP are the noise factors for the RF geceiver 10, the RF filter stage 14,
the RF filter stage 18, and the anplifier stage 16, respectively. 15 The
gain of the amPHET S ED i""g;i"i'ﬂi S FiRODIMENP! € than 15
dB) that a conve R e Hy D U e0C W tHout any appr eci abl e
insertion loss. Assuming that the anplifier stage 16 utilizes an LNA the
syst em noi se f act oThd preséritgnvestion padd)iddseRP besdpabsbRer-amplifiex] y dependent on
the insertion loss (i. e. , the noise factor) of the RF filter stage 14 and
the 20 noi se §adigyrations hpdng hpih gl selegtivily and a IpWenaisgolighre((. ¢+ dhe st ages 14
and 18 may al RL QWA i I i Lff.are anount s
of rejection £ 1;9 ngpeoﬁqp %Oﬁéjﬁ{ec@%%ﬁgg%ztpgan E}?hgﬁé f g‘?elf %gc#ﬁdte[he&é’dges of
the passbgnd. gdthef Br @bh ¥onfidativ, @BS baidphadfledrlierivispiy infd tWERE fMterfil ter
stages will be conpared herein in ternms of 25 their rejection just outside
of the passbasiagesesepprated by raacpmepiifier atagab dufilterier papdidinr) ‘stge."taban t he

equi val ent | ow pass.filter bandw dth)., In a preferred enbodi nent, the RF
Filter ot age et ngimialberBREttbO) entle 3 e B TrEMMni | o (ne RE
filter stage ARersh&H MHRSHG: Bhe AFIRF ﬁﬁé}\/ﬁé% ﬁBﬁ:ktsfthé h@plifier fage FFB 2003
~g_In this manner, the l|ovloss nature of the HISC filter and the |ow

noi se figure bf raj¢émingropt-of-band Sequpacies, whide thetsecoridnRF ifileer ofage he noi se
figure of .the RF receiver 10, d the, high-order conventional filter

provi des Phe ’SEHrRV‘Eﬁtg? ﬁéegé’lné(c?fhﬁ ‘EIVPII%‘]‘?F S&%ﬁg‘%‘dé% RIS £ i cant
cost savings ﬁu‘ic?m%%g?ﬂe&eﬂ a@sﬁlﬂfg, %@il{er}ﬁo 61 RS el dnARE forGRolhtlC materials
- wth hardly any appreciable difference 1n sélectivity or sensitivity. A
“hi gh-order fihett@t RF fifetusggbsheTiri isolatdrapdrniin the des RiFofildertstageetebe t 0 an RF

filter having nore than about ten poles, and preferably about sixteen or
nore pol es, ofungthsqmaraielyt ks 3 peshltppver REHterstages may prewide tsr e t han about

extraordinary rejection of a single, ultra-high-order RF filter without the

15 impracticalities of manufacturing and tuning such an ultra-high-order RF
filter. The intervening amplifier stage also renders the noise added by the
second RF filter stage relatively inconsequential, thereby permitting the use

of less expensive, conventional RF filters.

With reference to Fig. 1, an RF communication system receiver
20  generally indicated at 10 includes an antenna 12 coupled to an RF bandpass
filter stage 14, which has an output terminal co-upled to an input terminal of
an amplifier stage 16. The RF receiver 10 may be incorporated into a
] cellular telephone base station or, more generally, any component of a
" communication system that receives RF signals. The components of the RF
25  receiver 10 may be coupled together by S0 Ohm coaxial cables or any other
suitable transmission line known to those skilled in the art. Of course, to

avoid reflection and, therefore, signal loss, the transmission line should have



10 40 dB of rejection at a frequency about ten percent nore thprﬁ tp'EEB 2063
equi val ent |ow pass filter bandwi dth. A "loworder filter" shall
“understood to refer to an RF filter having | ess than about ten poles, or an
RF filter that provides, for instance, |ess than about 20 dB of rejection
at a frequency about ten percent nore than the equivalent |ow pass filter
bandwi dth. 15 In operation, the anplifier stage 16 acts as an isolator for
the cascaded RF filter stages 14 and 18. In order to mnimze reflection
and signal |osses, directly cascaded filters nust, of course, be

i npedancemat ched. (Directly cascaded filters, as described herein, are
filters coupled.to er Wt . j j | i f:l & fer stage.
) Hi gh-order %lr’f)}i’?%[%é‘l?]esr,na%br\%\c}gér 3%%%%%S%§f?ﬁe‘{rf%f‘§g%gﬁt}et%%@%%%onponent
paraneters, ipelrEidggiveeo] oad i npedance, and are not perfectly matched to
even an ideal 50 OChm | oad. This problem becones particularly acute for RF
filters having about sixteen or nore poles. Thus, even an additional slight
i mpedance ni snat chThapmplBen $tagenlq ABY declidmprryoomors #aplifisys ipicaded

filters. In 2 t t r ' I I N ched to an

i deal 50 Ohm 031‘3’3? éa;&iadfrdé@%ﬁ fsﬂ?%r{ﬂd#%ﬁé@gﬁo&% aﬁo‘\%/!/- c?_rrglé}r@\‘)i ltérs is usually
not necessar Yexaniplé,sthé @m[pliheﬁﬁag@%ﬁﬁ dtiizk ah NN ARRviildbiefromt Ryes 14 and 18
are separated by the anplifier stage 16 in accordance with the present

i nvention, buTectmelogydCemarlo20atiforgia) aniproductaiungirer IC12-@842). Wuchi n each RF
filter stage 14_ ,18 need not parated. I.n such nultipl ilter

erbod ment o EHENBITIR A0oRFE 5 L eEingvien i SeEeatbranet 1§58 ibr ani y of a
sufficiently Wi ' t bi t ach other, while
each RF fil te!rlﬂgtglggle151&1gnlggzElﬂshﬁyupﬁ?lgegﬁg%’rgsgtagsgﬂsjpg o filter in the
aggr egat e andienipersurencAltdraativel g ctht ymplifienstege 10Minchideebdowerce to Figs. 2

and 3, either the RF filter_stage 14 (Eig. 1), the RF filter_stage 18 (Fig.
1), or bdPh, FaguenAR Ldve 2xailaRle Fpmpi&A aé%é'wé%yya% RYQfWCA B EDSY J%O?ﬁ g. 2)
having multip cayiti ELRnaRt j.td of the RF
filter 20 ar eégd'eq’;%ﬁgg? {/ova Egﬁg?%qp% gfz?’ﬁgg‘fe:\%egﬁgau r c%vggirﬁg f\%\%%f:é&% (Fig.
2), an upper yakt 82810 84@MHtower wall 30. The housing 24 al so includes a
pair of plates (not shown) that are secured via screws or the |like to the

end walls 26, the er |1 28,.and the |ower wall 30. The, housing 24 al so
el udes mil i pl'e. ThiRGPI4AaRs $Bshe BiestrdaveR g A avad eBHe PedBnant
cavities 22. AspRRQWiage! IRisRBuplel 16 hn #butetnting | ot dBodiby RFFUaﬁdISa%NS of
resonant cavities 22 separated by an inner partition wall 34." In such an

i nst ance, 15t hefiltemstagepkd.t The omo Rl filtSAktdges 14 and Ul mayginehde tone er 3oré Fi g.  2)

formed therein for coupling together the rows of resonant cavities 22. 20
The t hi cknessdiSHNG PASSIYRBF %&’F%i F?%Riv:vafﬁFerSH‘ WER T2 V‘Cf‘l’@eédﬂ dat e

di fferent coupfi r i . . i nas i nput

cavi ty 36 (Fi o 1ot BieRERt Sneding SRR B IR ITRENRES B | Ve
apertures 40 fdsbgant 2)enfents g esistiqie edsofam@dpiticn\xhirefilng Birsdtuepoh shown) .
The i nput and out gut cavities 36, 38 are separated by a portion 42 25 (Fig.
2) of the inn@ielegHiq SubpBReseAr|any HtheaESRPABHEFISITAdNEM) o Wase skied t hi ckness
of the hor i f .t i =tk r{i.on t he i nner
partiti g?bwal fly%lg af‘s‘gg%e Os\q}lﬂglélaQﬁ]ﬁhsﬁ}gls‘é\?’i‘#ﬁsgéﬁgﬁgﬁ égé;raédtggé?ﬁ‘%%

consi der at i ongudspeNptibyellip@s eTdhkbydheer, b Bultervadrih filterld. 6 FCB 20C3 - to The
i nput and out put coupling mechanisns are) in turn, connected to respective

RF transm ssion lipes that carry the input_ and output RFE signals. In

general , each coupll MhEESRBAREMMIAL picthe dds NHer dagssntaandni mansiikze f or
Ut put_cavi't1 B3 SSemafifhisg e Eate SRS by THEl Bacse bhphd” HiBtce Ve
the RF filter stage 14 may, for example, include a single thin film, HTSC
25 filter, while the RF filter stage 18 includes a pair of cascaded, conventional,
resonant cavity filters. In another exemplary embodiment, both of the RF

filter stages 14 and 18 include a single conventional, resonant cavity filter.



| oop or a nore conpl ex structure that provides for nechani cal adjnttgt m&f
the position of a conductive elenent within the cavity 36, 38. A im

‘of such a coupling mechanismis described in U S Patent No. 5,731,269, the
di scl osure of which is hereby incorporated by reference. 10 Each resonant
cavity 22 includes a resonant elenment 44, which preferably, in turn,
includes a split-ring, toroidal resonator 46. The resonator 46 may be
oriented within the resonant cavity 22 in the manner shown in Figs. 2 and 3
to achieve a certain degree and type of_ <oupling, or otherwise as is known
to those skilled in the art. Each resonator 46 may be 15 secured to the

| oner wall 30 by a.di ric_nmountin chanj s neral ly indicated at 48
(Fig. 3). The muntﬂﬁ?ﬁ@ﬁﬁﬁﬁag?ﬁ %aquilérgrg perteﬁat{Bég%PgldFﬂ[é aIl'o FR&I1 30 via
screws (not showRk Miertshigel laksteddirl aBX hpRfi¢dion I heaRRbiHRaRY, 40y 9- 2) -
Further details on exenplary nmounting nmechani sns may be found in U S.

Pat ent Appl i cdilteoninSiheiRH fiker st@@ Bbpredeiablythare 200w iisektomuloss.oFomhi ch is

her eby i ncorporated by ref afence. Anot h%r S%i table djielectric nounting
mechani smis d¢&3@plendls HAGCMERRR dpseribedhersipbeiaw RrayPdecsrcribmt SEptan No.

08/ 869, 399, t I.S.C: ' ' S I .

r ef erence.5 Threb(ﬁfi %%E%%R%% gg?ﬁf%s'ﬁ‘gﬁgﬁ agg\/flﬂ'}l 5%%??5%&%??&%%?3&%; j%st ed by a
25 tuning di skRIBAIEFtage B). UhadnthisnjBERF fildrGtdghd Srmsanhe@bndtf y 22 near a
gap 54 (best seen in Fig. 3) in the resonator 46. Each tuning disk 52 is
coupl ed to a deelede suschdawHpsshltgrs; Theppin phthe antenisamgtanndiiigh sege dperture 58

(Fig. 2) in the_upper 1] 28 Suc ism f t uni lit-ring
resonators is S\%IF{)BOWB“% EE%%EB%SS@{@%@%M{%Q&% itﬁziqetggf’ﬂls? he art and
will not be fusdibe( deserati®df R irput rokkegoNer €S tHRI thut dOREPOR, y be
found in the di sclgsure of U. S Pat elm Applqbcati on Se?i“al No. (%)I 2726,371.

W t h cont 1Ghuedhisgbeti@nefetht REragsive? 1GuidasFollawf:acent resonant cavities 5 22
of the RF filter 20 are coupled via a coupling a?ﬁﬁ.tur_el)GIQFi n each inner
wal | 32. The size w}d sh@p& of tp%‘cou 'k_ng_ er tures40 ‘nayswqry greatly,
as will be appreciat edeby ﬁo@e ski'lsked 1 awet e art. Forginstance, as shown
in Fig. 3, the coupling aperture 60 may generally be T-shaped. In contrast,
as shown in Fiwher2G withepaiadhaceof the esphifiet stagy 16 ard NI  aWHEg  coupl ed

t oget her 10 by _l arger and differen,tlgqcshaped apertures. For exanple, it
shoul d be not e suira 2D A =e0R1BIths1BOIaH BACIQRS dordbe ResreseiypigHy.fthe Rt filerd f f er ent

shape than th r | LU I oupl i ng

bet ween reson?aﬁlagét(}g\’/lI %@%Qg%@?&?t%@?thggﬁnﬁ%gwgﬁl It%g?etcggelghd est abl i sh
a particulir rEspeisef teraveplifier tagac 6 angyl besdvedgnifidart Qupl | meres®ie1s ( not
shown) disposed in apertures (not shown) in the upper wall 28. The
apertures are 9 dbatagonyenyipsat REfdier snaynbe wilized ydihogbany aprgedietlew proj ect's
into a respectjye,.: i rt Sing. t F filter 20
is preferably drlrse?g%&g#é%s'i g%@@@ﬁttg%%g?egwpgﬁ% &%tidrlg[yg%%g%‘ég‘gb a vari ety
of materials Rgsemthoisel favo? dor R&irs tih UB) BecoRedalBbdt entifdhe d&ftiniémdnng
resonators 46 may be nmade of a Tow resistance metal and, in one embodi nent
of the presentthe mgemtiondess (he. .abaneide factar) afi thaTRE fikter stageill4 apdithteher detai | s
on the chfq:acal .C(%nﬁosiﬂ#on arfq. = rretq d for manufacturing such HTSC

mat er i al s“hay BECFEURUCT e BB L 5BAT Rppl i cation Serial No. 081794, 038
(issuing as U. S Patent No. 25 5,789, 347), the disclosure of which is hereby
i ncorporated by refFHeanoeRF ifitepsRg& PP ER nagfaldogopide deffdrentnvent i on, the
selectivity of an ultra-high-order (e. g. , about twenty-eight poles),

quasi - el | i pt i @mqupiseqf reigctiony  Piffeagnpgosints of mejestion eeryietasds ceigetap t wo of

t he above-described sixtee e, .res nt cavity firlters. Wth each filter
representing ghtgproéjea{ HE%ﬁF{}?'SR{I%Fd%ePa? 2@3 Iialfgtéﬂ?a‘ 1%?@@3%@% ’U@Tsﬁ the two
filters are coumd®antRass MierP¥r ier ARANSHARSN idiSfredhGbBRIinfEBrUANCY LNA
commercially available fromJCA 5 Technhol ogy. The sixteen pole filters are
i mrensel y2%kasitheir tejeationjhstcutside aftie tpassband (eag.i \aefréquendyeatabberteat i ve
twenty-eight pole filter. general , such ultra-high-order filters have

|
about " t went y- SIF5CCBY MRET @aBéliT"e%qm%‘ﬁ%‘H low pasy Biterchandwidsh). alioy prefesoediB or nor e
may be provi dedagah ntt,hﬁeﬁfﬁEﬁé‘lnﬂa%dgfg{rcﬂ@sggéngéim{?eggE@%&W.ﬁct en percent

nore than the equivalent |'ow pass re particularly,
each sixteen {iMee, Whilé e RF GNtetl etage 18| iritSihdes lal Hifh-ofdet @6NEONA filichas one
cross-coupling, such that the response of each filter has only one zero (i.
e. , a frequency at which the transfer function of a filter approaches
negative infinity in dB). The cross-coupling between resonant 15 cavities
22 may be inplenmented by a nechani sm (such as an aperture between two
cavities) well known to those skilled in the art to achieve electric (i.e.,
negative) coupling.




The two filters need not be tuned such that their respective S
curves are identical. In fact, to inprove rejection by providbﬁgﬁﬁixgﬂﬁb
"degrees of freedomto the RF receiver designer, the respective zeros of
each filter are preferably non-coinciding. In this manner, when the RF
filter stages 14 and 18 are cascaded, the transfer functions of the RF
filter stages 14 and 18 are nultiplied, and the resulting systemresponse
is inmproved by having two distinct zeros. In one exanple, both filters may
be tuned to have 25 a center frequency gf 1950 MHz, with the first filter
having a 3 dB bandw dth of 15.20 MHz and the second filter having a

bandwi dt h of 1 E'\%? d together by
50 Chm coaxi g\? ?hlg.g] theg%%;@%é%{f 6ﬁE§Wﬂ eac d?ﬁjﬁtlée:‘?%@é)?}prl sing HTSC
resonant el e@ﬂ%@ofﬂabanffhﬁélt stﬁ%vl—iz@ﬁrel duiériigdtlel of U AoikelEsuR dfehect i on of
approxi mately “55 dB at 1958.1 | e the second filter individually

provi des 40 &®F rkeivey &tandﬁh@hlgbmdmvcmgq@bﬁw proFisgs theebulk pf ers are

cascaded in con dance th.the esent. 5.1 entl 0 nor e dB of
rej ection i s%ber?f\ﬁc&‘—ﬁﬁy aﬁ] P‘I’ﬁs}tar’f‘?’ﬁﬁ &Y SIELY af’%%osgﬁad'éngc?far? ﬁgaﬁgasband,
however, s he dﬂ@'t&ﬁxefdegfé'é&dqfehﬁﬁl‘% GIYHITSQ MhtkHals AL GABRRARAY W N only

appr oxi matel y the losses introduced by the first filter and t he noi se

i ntroduced byppieciabllAliff¢nencenimt detactivmp ovlbensitvityt i | i zi ng cavity resonators,
both of the RF 10 filter stages 14 and 18 consist of a ten-pole,

i-elliptic RF fi b &l d
rass- coup i ngs.  The PR lteR aEheRg bR & BRERSAF el coi e s
"PCS" filteranfRPOMit e vansheneaR hbbltqeP pSIeS MndaRelel b | hwm slxtdennoi s
Super conduct or Corporation (M. Prospect, Illinois). As |1 be appreciated

by those ski lor @wré poleheoraarnt RFtfHeer thas pm\aé@ for imstapds, mrgsreltlnmramet t he
rejection at frequencies near. the sband ed he .ex of

sacrifi cithg éb@ PIHEECHPRBAL § &PBW%@}&V tep Ha’icg?tcﬂ}gﬁel aR the Lfilter was
tuned to a C%&?Bssfﬁl?éiltb%{i&%d‘ﬂ{ %8’§§w30¥§eM1¥erV“sﬁdil€eQﬂ’dé@é’%w&{b ﬁ?er

approximately 1 Once agai n, the above-described, higher frequency
LNA was uti | it enl RiFofiltdriimvingtlessvban alpouw gy pdlesarorsaha‘@*eﬁlﬁr thd0 Each PCS filter

individually praqyides an approximate rejection of 54 dB at 1846.9 and
1863.9 Miz. E5W ﬁalpﬁéanp lqsg thany afboab%%ﬁééfﬂasemrhattah%ew@%nt i nvent i on

| nproved rej %?%dt%‘n £}c %oéqgarpﬁe%umgéi?lo%@‘ﬁ%mlﬁg%ﬁ&ﬁbﬁtﬁ W thout any

detri nent al ect e system noi'se figure e anplifier stage 16
provi di ng about 29 dB of. gain, the systemnoise figure 25 renmai ned at
appr oxi nigt el y t he Is aperatien,ethe amphﬁsysammam agamfdojatomtor e filter st age 14

L L T L
respective zgig) 108de, MedtnyQUatialich Rittershihidihof FOATQY & inpeadneb-ecti on.
matched. (Directly cascaded filters, as described herein, are filters coupled '
together without any intervening amplifier or buffer stage.) High-order
20 filters, however, become extremely sensitive to component parameters,
including the load impedance, and are not perf.e}:tly matched to even an ideal
50 Ohm load. This problem becomes particularly acute for RF filters having
about sixteen or more poles. Thus, even an additional slight impedance
- ‘mismatch may result in the de-tuning of directly cascaded filters. In
25 contrast, low-order filters are usually well matched to an ideal 50 Ohm load.
As a result, re-tuning such low-order filters is usually not necessary. It is
for these reasons that the RF filter stages 14 and 18 are separated by the

amplifier stage 16 in accordance with the present invention, but the



0 6 FEB 2003 -14 As set forth above, the present invention is (n§tFEB ri0f%d
to use with filters having superconducting resonant el enments. Nor is the
"present invention limted to RF filter-anplifier configurations having RF
filters that provide relatively the same anount of rejection. Indeed, in a
preferred 5 enbodi nent, the systemnoise figure of the RF receiver 10 is
established by a lowloss, loworder RF filter preceding the anplifier
stage 16 and the noise figure of the LNA. The loworder RF filter may only
provide sufficient selectivity to protegt the anplifier stage 16 from
anplifying signals of undesired frequencies. The bulk of the rejection may
be acconplis . i.eh- i I out put term nal
of the anpli Pﬁg}@%{{agggafi%r&x@g%g%%mﬁﬁgﬁEt&gglrfgbgéjeéeéra rLoE?an such a
filter-anpli fée?ﬁraﬁe‘dnflin%f:ﬁltﬂlﬂﬂilplbiﬁlt&ﬁbmb@dlitﬂtntselﬂw\indmt HiFf@ligre yet anot her
enbodi nent utilizing resonant cavity filters, the RF filter stage 14

consi sted of withinasitagel arp preferablyeef penfliciambclew jordar tpeqomEBOdats ee
cross-couplings, while the RF filter. sta onsi st ed an. el even pol e,
convent i onal ‘ﬁfellcf EQUBLIDg; tP £BTTLO Frorﬁ'elggr?alcgﬁﬁlé%i %?%?gfﬁ?{ﬁlo{\%‘ﬁm acturing
Corp. (Apsbusperaidass Silet Filter ﬁﬁth@ragglﬂégatewapeﬂhs,&ﬁ%mﬁl The anplifier
stage 16 consi'sted of the above-described, |ower frequency J filter. Both

RF filters wesascsleparately tuned to have a center 20 frequency of 842 Mz
and a bandw dth of approximtely 15 MHz, which corresponds with the U S
Cel | ul ar B- band. e 4 ot r oyl I ej ion at 3 MHz
away fromthe ban'gJﬂ'}g%gr(Sh:I(;l g%?&?%@z 2@%@?%@5&@&%&%& %%e rF4 Qﬁ%] ifier

confi gurati on)0thd RE fﬂfe?@@?é 1B MFRN1) 061, bdIRVWRYE inchilleQii REGilgPr € than 110 25
dB. This inprovenment in selectivity was acconplished while nmaintaining a
noi se figure geaeralyindiBated et (it g)ahzuéng plultiple ogsomanticevities 22.1 flde. Thus,

e P oSSRt BN B0 S5 T e 6T RLLY A Su AR, hi
i gni fi cant riegugtLiwhils ot de ﬁggllpgaaewgﬁ%,emﬁy 16w yAIIES0, 0T SC

resonators. In yet another e further cost reductions may be
obt ai ned wi t hhdusing 24 alschmckides a Iparof plage&ot dheny thl acosusdd vig of

conventional RF 5 filters. As in t evi ous enmhodi nents, the nqjse figure
for the entir¥q¥s ‘P%@Eﬁ%r‘o i <09 ngefé)rtgﬁl'}?ﬁeﬁé{%m gé’d’é‘gé]??ﬂ% I'the
insertion | osg 0 j r; { fol f the
anplifier st a:goé f{gé H%ﬁgg ﬁié&ﬁéﬁgﬁﬁgﬁ%ﬁegﬁﬁ éorg?lfé%?ﬁr IS%I%?‘? avi ng a

rel ativell§ higljac@neresonsnt tavieel 221 Akahdinf the tRH fiktm2emidd indlide noi se figure

for the entire RF receiver 10 may be %uite 10 Il ow - despi.te the use of an
i nexpensi ve BRI FOSSAT TREOTRPY GaYjties 22t s5parRiedrhy) greinng %E“@L‘B}”aﬁﬁé- pr esent
invention is L o} LR eavi o .~dror
i nst ance, theﬁ%lﬁl“:4J %ﬂulies‘r?glg{aaglgzﬁrﬁnptgﬂg 8&]%7%95glﬁgg?h‘gélﬁge%p%ﬁp%c%ide RF
filters relyi(Rg.d) folthéed fheldin Serpuphing tepledier tes@wat dfirésondhd davitiekm 15
resonators provide the potential for significant size reductions.
Accordingly, %?ast RF filters utilizing thin filmresonators have tended to
include a jingle wafer having as nmany as stages di sposed thereon as
possi bl eggThi s ap q [Walel Lty nd, eventually,

i nter rmda ation d%%@ﬁ@%ﬁ Agg%lhtﬂlgp?ﬂlgggggg%i ggjﬁﬂ%?c;)gﬁgtr(r& single chip

i ntegrati on hasomamdateatiffereat ciipting netarirtnangs: cBatexaiple; el hasing t he present
invention may, be utilized in the thin filmcontext to alleviate the power

density probl Rah2aniApYteaxion 0 (Fign ) pnd Ak RPUR VIR E PG on. -- Wth

reference no i er I : Lver. L ndl . erally at

100 i ncl ude;ﬁgn&gﬁ%’gﬁ e;l‘mfg%}@?xgi ?ﬁ r}ﬁﬁ_seﬁlzcl)r{ gffgi{@élgh%géfﬁ%gﬂz(g&gnpl ifier

stage 106 si ngho@n).t ThehigpudmRd iohipat cHliage36l B8 aBdepuraed 89@ fIrtibn 42 er stage

108. In one enbodiment, the first RF alter stage 104 includes a pair of

cascaded2®RF bdigiplsd the inner partition avedl 3 bavingappsoximatelpdwisd tRF fi | ter stage

a5S | nel udesfyRalordfe GARERTSP o inBARARS: Wl SriklgbrBBH a2 bR O © FE
the inner partition wall 34 is provided in light of frequency and loading

considerations known by those skilled in the art.



-16 Because the pairs of bandpass filters 110, 112, 114, 116 apﬁi ?Eﬁgzmby
cascaded, each RF filter is preferably a |low order filter. In r,
‘the direct cascading of the filters will not result in any detrinental

| oading effects. 5 The anplifier stage 106, however, allows the benefits of
the two filter stages 104 and 108 to be conbined. Mre particularly, if the
individual filters 110, 112, 114, 116 are, for exanple, six to eight pole
filters, the RF filter stages 104 and 108 would interact detrinentally

W t hout the intervening anplifier stage;d06 serving as an isolator. 10
Referring nowto Fig. 5 the thin filmfilters 110, 112, 114, 116 may be
spread over four digl i i : : ) tively.

Di sposi ng each resgggﬁﬁbgaﬁgﬁgggﬁSéigﬁ%éﬁégg%%%%gﬁaléégikgééﬁgﬁﬁﬁbmﬁII
provide nore s@peivel REkRAYMRbbAVINGS thagcdrbe tHeonpit dhdnsithuyt RF sibhaim Each
chip includes a dielectric substrate 120 and suitabl e bonding wires 15
schemat i cal | y In gemesal, eachagoupling mpghariem dnaigdogisnaatenp (wft shAwWnROrf j [ ters 112

and 114 are caoupled.to the .anplifier sta 106, which.na r y not be
di sposed on a PEOPERIRLCEAPE et sleRioadifc Wates Ml e SRtapdihe 1i st R
filter stage %%@uﬁéﬁfviﬁ&%m§@.dm8 afitehhd Sy Satdsde Abinplobdddactiite RF filters
of the second filter stage 108 are di sposed on a second substrate. 20

The foregoi nglohe @i 4 edrelesuplepisiroctuttathabpronidgs fermédanicheadjwamentoff
under st andi ng only, .and. no unnecessary ljmtations | d, be under st ood
Pheretrom - ag HOERIHEH: bferdiom o et B R oRe ok MR ETREL he ar t.
0 6 FEB 2003 - Timd - rs i 4 N ST 63 irst RF
{)i%%{?@ém métafREm'i§ A8dcY e ?n 103 BAPR™NG 5‘?%16?@

filter stage an output termnal; an amplifier havi ng an
i nput t er m naltheadidclasure of puicH i rhetredyl invdrpomatad Byheeférapaet terminal is coupl ed
to the output termnal of the first RF filter stage (14); and a second RF

filter stage (18) ving an input .term nal coupled to t utput term nal
of the arﬂgig i fier (%%ff} f%ﬁﬂ&?’&icﬁe‘%%&ﬁ‘g‘jﬁsﬁﬁe?‘?fgf‘ége@{”&‘g%f(‘%ﬂlf and the
second RF il ??éfex%i)@g?nhrﬁ?)nchﬁ%?a%ﬁf?{-ﬂﬁé,%?&&é‘l bdfakame. CaR er frequenci es
and bandw dt hs and conprise a respective bandpass filter such that highly

sel ecti ve bandgasastof Kb tneayi begotientad witkinatlie vesmnatteavity 22 iRFhef mhnrer st age ( 14)
and the second RF filfer _stage and wherein the second RF filters

stage (18) cofpPyRéFigst ?asg p‘Pf?Féil%lz’WCB‘f‘?&@ﬁéFeé@u’i‘Gd&Ei Qplpgatt
el ements. 2. oHELRE o SORMML f il Gled Al b, "ERAGILRE deShaNg. R 111 Ler

(18) stage provides nore rejection an t Irst ter e (14). 3.

The RF redei veecufddio the lewead walk 30 wiyer dielectritemaumingfmerhatitm) genoriilyi ses a | ow
noi se anplifier, 4. The RF receiver ( 1 U of claim2, wherein the first RF
filter stage @ndieAled @it (Figsda Thaymoundngyme¢hanisgy 48 may be secured to the

lower wall 30 via screws (not shown) or the like that extend through
apertures 50 (Fig. 2). Further details on exemplary mounting mechanisms
may be found in U.S. Patent Application Serial No. 08/556,371, the

20 disclosure of which is hereby incorporated by reference. Another suitable
dielectric mounting mechanism is described and shown in U.S. Patent
Application Serial No. 08/869,399, the disclosure of which is also hereby

incorporated by reference.

The tuning of each resonant cavity 22 is primarily adjusted by a
25  tuning disk 52 (Fig. 3) that projects into the resonant cavity 22 near a gap 54
(best seen in Fig. 3) in the resonator 46. Each tuning disk 52 is coupled to a
screw assembly 56 (Fig. 3) that extends through an aperture 58 (Fig. 2) in

the upper wall 28. Such a mechanism for tuning split-ring resonators is well



0 6 FEB 208 -1 s 5. The RF receiver ( 10) of claim4, wherei nﬁﬁgﬁypass
filter of the first RF filter stage ( 14) |eas a higher insernt t han

“the low I055 RF alter. 6. The RF receiver (10) of claimb5, wherein the
second RF filter stage (18) conprises a second plurality of conventi onal
resonant elenents) 7. The RF receiver (10) of claim1, wherein the first RF
filter stage (14) and the second RF filter stage ( 18) conprises a
respective plurality of thin film superconductor resonators. 8. The RF
receiver (10) of claim1, wherein . 1_4the first RF filter stage (14)

conpri ses a first RF filter (110) and a second RF filter (112); the second

RF filter e [ : urth RF
filter ( 11 g]?“ V{rh@)q’ IEI% ?”ﬁ? El]? E@ﬁn%t%%ﬂfe?é%crf%?ﬁggrseergond RF
filter (112);raiskridegils hhd\@lev@l: rhhy b@fodnalﬂ)rhd Sisclospk od 1.9, Phientf i urth RF
filter (11G. 9. The RF recei ver (10) of claim8, wherein: each RF filter

of the first ApgliatiohSenghNe.oRR/8F0,811.4) RF filters conprises a respective
plurality of thin film superconductor resonators; and each respective

plurality of thin r r

correspondi ng subsgvrl;thn(}nﬁ}‘hﬁ)eg1 %?EE%%% 86:é§ ?9%?030 a%]hac&ﬁge?dg@gﬁe%g?fé 1 U of
claiml, whergi of thBRH fiftet 20REreldobipedl ved 206urlibg)apantretdteinsacwicheRE fi | ter
stage ( 18) conprise a respective high-order RF filter. 11. The 1,2F

recei ver ( 10yaldB2c|Thersizeandwshepecoithe seuplingtaprrtures 64 may s'@ra/ggreet!)n) and the
2o, B 1 kB el B TR BT TR R A ra RS GhRgf eoonant
Fig. 3, the coupling aperture 60 may generally be T-shaped. In contrast, as
shown in Fig. 2, other adjacent resonant cavities 22 may be coupled together
10 by larger and differently shaped apertures. For example, it should be noted
that the coupling aperture 35 has a significantly different shape than the

other coupling apertures 60.

Adjustment of the coupling between resonant cavities 22 to further
tune the RF filter 20 and establish a particular response curve is
15 accomplished via coupling screws (not shown) disposed in apertures (not
shown) in the upper wall 28. The apertures are preferably positioned such

that each coupling screw projects into a respective coupling aperture 60.

The housing 24 of the RF filter 20 is preferably made of silver-
coated aluminum, but may be made of a variety of materials having a low
20 resistivity. Similarly, the split-ring resonators 46 may be made of a low
resistance metal and, in one embodiment of the present invention, be coated
with an HTSC material. Further details on the chemical composition and
- method for manufacturing such HTSC materials may be found in U.S.
Patent Application Serial No. 08/794,038 (issuing as U.S. Patent No.
25 5,789,347), the disclosure of which is hereby incorporated by reference.

In one embodiment of the present invention, the selectivity of an

ultra-high-order (e.g., about twenty-eight poles), quasi-elliptic filter is



afirst RF filter stage (14) having an output termnal; an anpgif%ﬁb
havi ng an input termnal and an output term nal wherein the in &t r

"is coupled to the output terminal of the first RF filter stage ( 14); and a
second RF filter stage (18) having an input term nal coupled to the output
termnal of the anplifier (16); wherein the first RF filter stage ( 14) and
the second RF filter stage ( 18) have approxi mtely the sane center
frequenci es and bandw dt hs and conprises a respective bandpass filter such
t hat highly sel ective bandpass fl|terln?h[8 achieved via the first RF
filter stage (14) and the second RF filter stage (16), the bandpass filter

of the first RE filter 14 Qnpri s ilter, and the
bandpass fil t 8% edttﬁ'ecasg%%%% %Fﬁ F@Pve ﬁ%é%b%ﬁg{f e%ﬁil\cl)ﬁg L0 Srﬁe rejection
than the firstafly fildrs €Wk 88 filtdkdbpredchtint e f theRBifURE sRbeciAai m 12,

wherein the first RF filter stage (14) and the second RF filter stage (18)

conpri se respend ﬂ&,erequmwdandwwon@lt@s areeepupled togetBerAnBthe@bave-20 14. The RF
recei ver {10) t he secon RF filt e (18) has a

iml12, wh
hi gher |nsertF%ﬁ?rlﬁﬁglsmg]?%rfr?%gﬁ&)ﬁ}qu%wq \y@gpﬂa@g?regﬁi@ F recei ver (10)

of claim %2, lifier 1
G An RF ?’ece%grp{%z&%oh?h@gm{ebﬁ IrDgre tﬁl@er§ haresl?[ﬂ%alé{s?l?e%gr@r {sffgagﬁ%?%eaggnprl si ng

super conduct i agd rameaelate mdlehaemagvarwmyﬁmt pelerfilreal Ingenaraplsuéti er (16)

havi ng an |nput termnal and an output terminal wherein the_ input term nal

i s coupl ed toultfachighopdar filtsrsrhave atIS’P‘ PHRALY-SiX<Qr prefpalgse suchtthale (14): and a

second RF fil nd havi ng
e ARG pbdPlo0 BB bR DS RHEORIM S Ve BB ALaR

an input ter cou out term na er ( 16);
wherein the fidrsdt aRFecfubhé}eibdift @@ﬁpe(rdéi& nmeltﬁamahseqm@leﬁﬁow pasefiltet age (18)

compri se lr(])I ghbandW1dth).

More particularly, each sixteen pole filter provides a quasi-elliptic
response and has one cross-coupling, such that the response of each filter
has only one zero (i.e., a frequency at which the transfer function of a filter
approaches negative infinity in dB). The cross-coupling between resonant

15 cavities 22 may be implemented by a mechanism (such as an aperture
between two cavities) well known to those skilled in the art to achieye

electric (i.e., negative) coupling.

The two filters need not be tuned such that their respective response
curves are identical. In fact, to improve rejection by providing more
20  degrees of freedom to the RF receiver designer, the respective zeros of each
filter are preferably non-coinciding. In this m-anner, when the RF filter
stages 14 and 18 are cascaded, the transfer functions of the RF filter stages
_ 14 and 18 are multiplied, and the resulting system response is improved by
having two distinct zeros. In one example, both filters may be tuned to have
25 a center frequency of 1950 MHz, with the first filter having a 3 dB
bandwidth of 15.20 MHz and the second filter having a bandwidth of 15.18
MHz. The two filters and the LNA are coupled together by 50 Ohm coaxial

cables.



order RF filters. 17. The RF receiver (10) of claim 16, wherei tﬁER;' t
RF filter stage (14) and the second RF filter stage ( 18) havgq&' 2@@?
response zeros. 18. The RF receiver (10) of claim 16, wherein the second RF
titter stage (18) provides nore rejection than the first RF filter stage
(14). 19. The RF receiver (10) of claim 16, wherein, the anplifier (16)
conprises a |low noise anplifier. 0 6 FEB 2003 -21 20. An RF receiver (10)
conprising: a first RF filter ( 1 J ~); a second RF filler ( 112) coupled
to the first RF filter (110); an anplifger (106) coupled to the second RF
filter {112); a third RF filter (114) coupled to the anplifier (106); and a

f th RF filt 6 led to.t RF in th
(orst RE filter ( Wit {0 Sinphfing e refonli Gpmbiih, b K aller 2| 110
(114), and t hegi{Rual px%t'%cfek latre ect(loriléﬁapp?@ﬂi é@PES’ﬁB@U@BB’.ItMHéaWe center

frequenci es and bandw dt hs and conprise a bandpass filter, respectively.
21. The RF r odelevbe se(cbﬁgi fidter gldavidudldly, pmmdcsaﬂﬁ}u dBaaflrejsttiorhat the same (110)

throughfourth ( 116) g}fftllters co ri,ses a sgec&lj: e thin film
super conduct g mentien 81 fiers apgeas N‘é?c%’r 3 %sipfﬁsﬁlit wher ei n
each of tqe ' .Sy, di sed on a
respecti v52 s&%setﬁpcziltg eﬁamt%%ggggé%%g?%%% p}%’ﬁdggf : %gﬁ%@zéféy \/\,F]\q73 I’Egl n the
first RF fil the edgtldthapabsbdnd, hewevet, e rfoidet figuré bl e sysendwiiposed on a
first substrate and the third RF filter i114) and the fourth RF filter
(116) are di SPESHINEVIE QR GRBFOXYPEP D l0ssep, intraduaept ydbe ffEfilEr 10) o f

cl aim 20, Vmpaﬁ&”tlﬂe ﬁ(ﬁgﬂnﬁfodﬁ{kﬂ B‘g; tl'iaétLNAllo) t hrough fourth ( | 16) RF

.filters conprises ow order RF filter.

In another embodiment utilizing cavity resonators, both of the RF

10  filter stages 14 and 18 consist of a ten-pole, quasi-elliptic RF filter, having
HTSC resonant elements and two cross-couplings. The ten-pole HTSC
filters are commercially available as “PCS” filters from the assignee of the
present application, Illinois Superconductor Corporation (Mt. Prospect,
Illinois). As will be appreciated by those skilled in the art, the two cross-

15 couplings improve the rejection at frequencies near the passband edge, at the
expense of sacrificing some rejection further away. Individually, eaclg PCS
filter was tuned to a center frequency of 1855.315 MHz with a bandwidth of
approximately 13.9 MHz. Once again, the above-described, higher

frequency LNA was utilized for the intervening amplifier stage 16.

20 Each PCS filter individually provides an approximate rejection of 54
dB at 1846.9 and 1863.9 MHz. Cascading the _t;llters in accordance with the
present invention improved rejection to over 100 dB at those same
frequencies without any detrimental effect on the system noise figure. With

-ihe amplifier stage 16 providing about 29 dB of gain, the system noise figure

25  remained at approximately the same level as a system having only the RF
filter stage 14 and the amplifier stage 16 (about 0.5 dB). Lastly, it should
noted that, as in the previous embodiment, the filters were designed such

that the respective zeros were non-coinciding, which improved the rejection.
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is Geater than the first collective Selectivity.
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According to yet another embodiment utilizing resonant cavity filters,

the RF filter stage 14 consisted of a quasi-elliptic, ten-pole HTSC filter with

15 three cross-couplings, while the RF filter stage 18 consisted of an eleven
pole, conventional filter available from Bartley Machining and '
Manufacturing Corp. (Amesbury, Massachusetts), as product number
847311024. The amplifier stage 16 consisted of the above-described, lower
frequency JCA filter. Both RF filters were separately tuned to have a center

20  frequency of 842 MHz and a bandwidth of approximately 15 MHz, which
corresponds with the U.S. Cellular B-band. -

Alone the HTSC filter provided 58 dB of rejection at 3 MHz away
from the band edge (about 852 dB). The cascaded filter-amplifier
:conﬁguration of the present invention, however, provided more than 110
25  dB. This improvement in selectivity was accomplished while maintaining a
noise figure below 1 dB, despite the use of a conventional filter. Thus, the

present invention provides an RF filter-amplifier configuration having both
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excellent selectivity and sensitivity, with a significant reduction in cost due

to the decreased reliance on HTSC resonators.

In yet another embodiment, further cost reductions may be obtained
with both of the RF filter stages 14 and 18 consisting of conventional RF
5  filters. As in the previous embodiments, the noise figure for the entire RF
receiver 10 will be predominantly determined by the insertion loss of the RF
filter stage 14 and the noise figure of the amplifier stage 16. Thus, as long
as conventional RF filters having a relatively high Q are utilized in the RF
filter stage 14, the noise figure for the entire RF receiver 10 may be quite
10  low — despite the use of an inexpensive conventional RF filter in the RF

filter stage 18.

The present invention is not limited to use with cavity resonator
filters. For instance, the RF filter stages 14 and 18 may alternatively
include RF fiiters relying on thin film superconductor resonators. Thin film

15 resonators provide the potential for significant size reductions. Accordingly,
past RF filters utilizing thin film resonators have tended to include a single
wafer having as many as stages disposed thereon as possible. This approach
has led to high power densities and, eventually, intermodulation distortion.
Despite these design problems, single chip integration has remained the

20 standard approach. In contrast, the present invention may be utilized in the
thin film context to alleviate the power density i)roblem, while concurrently

providing improved rejection.

- With reference now to Fig. 4, an alternative RF receiver indicated
generally at 100 includes an antenna 102, a first RF filter stage 104, an
25  amplifier stage 106 similar to the amplifier stage 16, and a second RF filter
stage 108. In one embodiment, the first RF filter stage 104 includes a pair
of cascaded RF bandpass filters 110 and 112, while the second RF filter

stage also includes a pair of cascaded RF bandpass filters 114 and 116.
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cascaded, each RF filter is preferably a low order filter. In this manner, the

direct cascading of the filters will not result in any detrimental loading

effects.

5 The amplifier stage 106, however, allows the benefits of the two
filter stages 104 and 108 to be combined. More particularly, if the
individual filters 110, 112, 114, 116 are, for example, six to eight pole
filters, the RF filter stages 104 and 108 would interact detrimentally without

the intervening amplifier stage 106 serving as an isolator.

10 Referring now to Fig. 5, the thin film filters 110, 112, 114, 116 may
be spread over four dielectric chips 118A, 118B, 118C, 118D, respectively.
Disposing each respective filter on a corresponding separate chip will
provide more space, thereby alleviating the power density problem. Each
chip includes a dielectric substrate 120 and suitable bonding wires

15 schematically indicated at 122. The bonding wires 122 of the RF filters 112
and 114 are coupled to the amplifier stage 106, which may or may not be
disposed on a separate chip. Alternatively, the RF filters of the first RF
filter stage 104 may be disposed on a first substrate, while the RF filters of

the second RF filter stage 108 are disposed on a second substrate.

20 The foregoing detailed description has_-been given for clearness of
understanding only, and no unnecessary limitations should be understood

therefrom, as modifications would be obvious to those skilled in the art.
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1. An RF receiver (10) compnsing:
a first RF filter stage (14) having an output {etminal;

an amplifier (16) having an input terminal and an output terminal wherein the input

terminal is coupled to the output terminal of the first RF filter stage (14); and

a second RF filter stage (18) having an input terminal coupled to the output terminal of

the amplifier (16);

wherein the first RF filter stage (14) and the second RF filter stage (18) have
approximately the same center frequencies and bandwidths and comprise a respective bandpass
filter such that highly selective bandpass filtering is achieved via the first RF filter stage (14) and
the second RF filter stage (18), and whercin the second RF filter stage (18) comprises a first

plurality of supcrconducting resonant elements.

2. The RF receiver (10) of claim 1, wherein the second RF filter (18) stage provides
more rejection than the first RF filter stage (14).

3. The RF recciver (10) of claim 2, wherein the amplifier (16) comprises a low noise

amplifier.

4. The RF receiver (10) of claim 2, wherein the first RF filter stage (14) comprises a
low loss RF filter.
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5. The RF receiver (10) of claim 4, wherein the bandpass fiiter of the first RF filter

stage (14) has a higher insertion loss than the low loss RF filter.

6. The RF reeciver (10) of cJaim 5, wherein the second RF filier stage (18)

comprises a second plurality of conventional resonant clements,

7. The RF receiver (10) of claim 1, wherein the first RF filter stage (14) and the
second RF filterstage (18) comprise a respective plurality of thin film superconductor

resonators.

8. The RF receiver (10) of claim 1, wherein - - -
the first RF filter stage (14) comprises a first RF filter (110) and a second RF filter (112);

the second RF filter stage (18) comprises a third RF filter (114) and a fourth RF filter
(116);

the first RF filter (110) is coupled to the second RF filter (112); and

the third RF filter (114) is coupled to the fourth RF filter (116).

9. The RF receiver (10) of claim 8, wherein:

cach RF filter of the first (110) through fourth (114) RF filters comprises a rcspective

plurality of thin film superconductor resonators; and

each respective plurality of thin film superconductor resonators is disposed on a

corresponding substrate.
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I1.  The RF receiver (10) of claim 10, wherein the (irst RF filter stage (14) and the

second RF filter stage (18) comprise respective superconducting resonant clements.

12.  An RFreceiver (10) comprising:
a first RF filter stage (14) having an output terminal;

an amplifier (16) having an input terminal and an output {erminal wherein the input

terminal is coupled to the output terminal of the first RF filter stage (14); and
a second RF filtcr stage (18) having an input terminal coupled to the output terminal of
the amplifier (16);

wherein the first RF filter stage (14) and the second RF filter stage (18) have
approximately the same center frequencies and bandwidths and comprise a respective bandpass
filter such that highly selective bandpass filtering is achievcd via the first RF filter stage (14) and
the second RF filter stage (16), ’

the bandpass filter of the first RF filtcr stage (14) compnses a low loss RF filter, and

the bandpass filter of the second RF filter stage (18) provides more rejection than the first
RF filter stage (14).

13.  The RF receiver of claim 12, wherein the first RF filter stage (14) and the second

RF [ilter stage (18) comprise respective superconducting elements.
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15.  The RF receiver (10) of claim 12, wherein the amplifier (16) comprises a low

noise amplifier.

16.  Aun RF receiver (10) comprising:

a first RF filter stage (14) comprising superconducting material and having an output

terminal;

an amplifier (16) having an input terminal and an output terrainal wherein the input

terminal 1s coupled to the output terminal of the first RF filter stage (14); and

a second RF filter stage (18) comprising superconducting material and having an input

terminal coupled to the output terminal of the amplifier (16);

wherein the first RF filter stage (14) and the second RF filter stage (18) comprise high
order RF filters.

17.  The RF receiver (10) of claim 16, wherein the first RF filter stage (14) and t-i)e

second RF filter stage (18) have different response zeros.

18.  Thc RF receiver (10) of claim 16, wherein the second RF filter stage (18)

provides more rejection than the first RF filter stage (14).

19.  The RF receiver (10) of claim 16, wherein the amplificr (16) comprises a low

noise amplifier.
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20.  An RF receiver (10) comprising:

a first RF filter (110);

a second RF filler (112) coupled to the first RF filter (110);
an amplifier (106) coupled to the second RF filter (112);

a third RF filter (114) coupled to the amplifier (106); and

a fourth RF filter (116) couplcd to the third RF filter (114),

wherein the first RF filter (110), the second RF filter (112), the third RF filter (1

14), and

the fourth RF filter (116) have approximately the same center [requencies and bandwidths and

comprise a bandpass filter, respectivcly.

21.  The RF rcceiver (10) of claim 20, wherein each of the first (110) through fourth

(116) RF filters comprises a respective thin {ilm superconducting element.

22.  The RF receiver (10) of claim 21, wherein each of the first (1 IO)Vtiu‘ough fourth

(116) RF filters 1s disposed on a respective substrate.

23.  The RF receiver (10) of claim 21, wherein the first RF filter (110) and the second
RF filter (112) are disposed on a [irst substrate and the third RF filter (114) and the fourth RF

filter (116) are disposed on a second substrate.

24,  The RF receiver (10) of claim 20, wherein cach of the first (110) through fourth

(116) RF filters comprises a respective low order RF filter.
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the first RF filter (110) and the second RF filter (1 12) provide a first collective
selectivily;
the third RF filter (114) and the fourth RF filter (116) provide a second collective
selectivity;

the second collective selectivity is greater than the first collective selectivity.



