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ELLI PTI C FI L“F‘é&“’% METHOD OF MAKI NG THE SAME Field of the Inve

The present invention relates generally to broadband filters and, in
particular, to broadband elliptic filters made from Overnoded Bul k Acoustic
WAve piezoel ectric resonators. Background of the Invention 10 W deband
radi o. transcei vers cuLrey equire front-end, broadband _filtering. _
Because of stringent fi hg'%%&'hgﬁaﬁmgrrg&iﬂaﬁaﬂﬁ M%‘l’ggemri*'@ﬁnsert i on
| oss, quality factor, size. . ., etc.), expensive front- end filters

conpri'sing bul ky coaxi al resonators iﬁ?ﬁ%ﬁhéilﬁ}éﬂﬁgﬁsmeg are. 15
S

typically utilized for broadband filte t-generation radio
transceivers require smaller, |ess expensive filters, a need exists for a

front-end, brgadband fyhg Pieééiﬁtin\bértio?ﬁ%lét9§bbhe?él9 tarﬁbhabawgﬂ%@%n@&%

fidters, yet neets the stringent filter specificatiqgns, requLre any '
transcei vers. 20 Wmﬁwaﬁeé‘c‘,rgiﬂﬁdgﬁ"& qlmi’%Dﬁ'QﬂX%dﬂa drom iév%m’qal%jr-%'ﬁed
Bul k Acoustic WavAcoistierWave piezotlectricresonttorss With a preferred enbodi nent
of the present invention. FIG 2 is a transm ssion energy versus frequency

graph of a Bul k Acoust.i c Wave resonator operating at node two. 30
FIG 3 illustrates a broadband fi|Background obthiminwentionh. a preferred
enbodi ment ojgthe present invention. FIGs. 4-6 illustrate attenuation of

unwant ed passbands in rdapce with a preferred -enbodi nent of the present
i nvent i On'_o 35 VO 98\%@3@31d radio tran%cenvers currently require front?end.

PCT/ US97/ 11392 - Zproktiband fitdringt r Betause Cofr suingent HiteR ispecificaionsn ¢if many
elliptic filter i nsceivers (insertion loss, quality factor, size. . . , etc.), expensive front-
end filters comprising bulky coaxial resonators in metallic enclosures are

15 typically utilized for broadband filtering. Since next-generation radio

transceivers require smaller, less expensive filters, a need exists for a

front-end, broadband filter that is less costly and smaller than current

filters, yet meets the stringent filter specifications required by many

transceivers. - ' ' :

20
Brief Description of the Drawings.

: | FIG. 1 is an over-moded Bulk Acoustic Wave resonator in
25  accordance with a preferred embodiment of the present invention.

FIG. 2 is a transmission ehergy'versus frequency graph of a Bulk
Acoustic Wave resonator operating at mode two. 1

30 FIG. 3 illustrates a broadband filter in accordance with a preferred
embodiment of the present invention.

FiGs. 4-6 illustrate attenuation of unwanted passbands in
accordance with a preferred embodiment of the present invention.
35



accordance with a preferred enbodi nent of the present invention. FlI Gs. 8,
‘t hrough 1WO98108%8r at e a broadband filter on a substrate i PCIUSIHEIBR dance
with a preferred enbodi nent of the present invention. FIG 11 is a flow

chart illustrating manufacture of the filter of FIGs. 8 through 10 in
accordance wi-th a preferred.enbodi nent of2the present invention. 10 FIGs.
12 through 18 are specific exanples that serve to illustrate the practice

%1; par t ijc%le ar _eﬂt)odi:iﬁipffiu%{rafdsea'miﬁaﬂ@chbgmﬁatdiagﬁrﬂ%f an efiptic fiter in -
aile scription of the W ngs at.e epera .bro and elliptic-
filter is provREeRrdARGe witha Pr;@{fegm'ﬁgﬂé'mﬂ'? i°€%9§gi%‘iqu@d§8nat or :
operating at a first node 20 nunber and a first center frequency. A
second BAW resonat i V] | ' Cﬁm .imlhe
first and second BA%@%?)MB#@%@@%E%{%%%@?@&@Q centgﬁdfﬁggﬁigﬁéym

Oper ati ng BAW aceondance with a prefeeiedrambeodisent of $he present inventien. passbands

of the first BAWresonator t-o be attenuated by the second BAWresonat or.

Such an 25 elliptic filter design allows for ap ol (N1 er.o
elliptic filter havFifg twqaﬂgwszk\gm@%lfa @?ﬂb&?&%ﬁc‘?@@? ii!}lé%%'g'@zs- 8

transm-ssion | ixeagh 1B ik'aceordancevwithi 2 prefecedpembediment bf ¢he lpresent a
first BAWresonator, operating at a first node nunber and operating at a

first center SU“’W'Q&uency. Additionally, the filter conprises a second BAW
resonat or perati ng.at a second node nunber, and operating at substantially

the first center fr nqy. 3gfdrblshachic XampIRE that 88ReCio MUstratero! €,

(N 1)/2 zero fiIte?ﬂ%%ng?ﬁgLn (N- %éﬁgiez?elecéric resonators and N

transni ssi on | thepractice of pagiieyiar diments of the present invention.

PCT/ US97/ 11392 -3- An al ternate enbodi ment of the present invention

ehconpasses a nethod of nmaking an odd order, N-pole, (N1)/2 zero elliptic

filter by , ' _ - ' :
.. 15 . . Detailed Description of the Drawings

~ Stated generally, a broadband elliptic filter is provided having a
first- Bulk Acoustic Wave (BAW) resonator operating at a first mode
20 number and a first center frequency. A second BAW resonator is
provided operating at a second mode number. The first and second BAW
resonators operaie at the same center frequency. Operating BAW
resonators at differing modes allows the unwanted passbands of the first
BAW resonator to be attenuated by the second BAW resonator. Such an
25 elliptic filter design allows for an N-pole, (N-1)/2 zero elliptic filter having -
_(N-1)/2 BAW resonators, N capacitors, and N transmission lines.

The preseht invention encompasses a filter having a first BAW
resonator operating at a first mode number and operating at a first center
30 frequency. Addifionaliy. the filter comprises a second BAW resonator
operating at a second mode number, and operating at substantially the
first center frequency. Such a filter allows for an odd order, N-pole, (N-
1)/2 zero filter comprising (N-1)/2 piezoelectric resonators and N
transmission lines.
35



phot ol i thogr%[y' y creating on a substrate, a first BAWTr -
operating at a Pﬁﬂ% node nunber and a first center frequenc? s%f’:%"r']’a 5
BAW resonator is photolithographically created on the substrate, the second
BAW resonat or operates at substantially the first center frequency and at a
second node nunber. In orderifo better i1luStrate d. preferred embodi nent of
the present 10 invention, it~will be beneficial to describe operation of
an over-noded BAW r esofatalternate@mbodiment of ibe present\inventinm escompassas a

Fesonat or 100 conmentud df<fakinghBh B, Sidel"R-pUIBE N 12 4306 Sptic Mter by
pi ezoel ectric fi FRM@&%%%W&G‘M%P%P%%’io%{bsi@i%n@ Mcmerﬁéﬂﬂa@ﬁd
delday secti ORI 15 opevating rattaefirsi hodennembeefand: adirst.tanientfraquemdye c Ar sabmdl 02
nd 110 ar m ] , . ' ' i ' or
S, S " AR il s o Bt
serve to protect $8 AW respnvamrmmratmﬁs@aamaﬂmf;oawmemj ,
d f bl ik i Wt . Addi ti Iy, b 112 i
and are prefera aaﬁégac%gzgwgﬁgﬂ%gpm_s itionally, substrate i's

preferably 20 , but other substrates (for
exanple, Lithium N obate, Dilithium Tetraborate, Yttrium Al um num Gar net,

%r Sapphire) Cag Ibe usmomr\wlﬂetteﬁalqmwat?%férfed*ie@ﬁbdaio}fﬂeﬁt otane p‘i«éeugf ic
oi ez00l ect i 0r 1vaonyin $a = HebBiRL B Riscrbe Srerklign (4ro al qESEmakicd™
transducer to excBAW resanatonli . hWwdlusirates | BAW desonater 100 in gceoudanas
embodi ment of 't Motk OF Péfelr@UCEibBRIMEAY BF YRS présark! ihVeriish.| BAW b
iImutilized becaguse t efl arger. e e(ibr O&Eﬁ anl c coupling coetfficlent
needed in broad biRycemprises firgjglectrode 108, BRiayer 189, ipiezoglegirie fiim
e VLT LT, LT skt fe (10, ascond e oy bl i
Than one. ar el Ssechutistibind 14 e Blo@PRd: oibratasniy Sleckidgsol by AL T30 S
hal f wavel engt hs Aluminost electrodes, bt othee highlp conduetiva materiab(for examipdegt h
of piezoel ectiic Siver 6 Gold)thay ¥ sitisiftied. BitéiqaFeis 784! dhd-AbB"séiveo -
' protect piezoelectric film 106 during the manufacturing process, and are
preferably Silicon Nitride layers. Additionally, SUbstrate 112 is preferably
20 a Fused Quartz substrate, but other substrates (for example, Lithium
Niobate, Dilithium Tetraborate, Yttrium Aluminum Garnet, or 'Sapphire)‘
can be used as well. As indicated in High-Q Microwave Acoustic
Resonators and Filters by Kenneth Lakin et al.,, IEEE MTT Trans.. Dec.
1993, piezoelectric film 106, made from Aluminum Nitride is utilized as a
25 transducer to excite longitudinal waves in substrate 112. In a preferred
embodiment of the present invention piezoelectric film 106 is a Zinc
Oxide film utilized because of the larger electromechanical coupling
coefficient needed in broad band fiiters.

30 BAW resonator 100 is capable of achieving very large quality
factor (Q) values provided substrate 112 comprises a material with very
low acoustic loss and mode numbers of more than one are used. (“Mode
number” is defined as the ratio of the acoustic half wavelengths of
substrate 112 thickness to the acoustic half wavelength of piezoelectric

35 film 106. For example, as described in Lakin et al, a 1.6 GHz BAW
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r esonat or W@/ pi ezoel ectric film 106 nade of Al um nunRCIEIFTHE9ANd
havi ng 650 mi croneter thick Sapphire substrate 112, corresponding to an
acoustic half wavel ength fundanental resonance of 8.648648 MHz, woul d be
operating at -1600/ 8. 648648=185, or node 185, and have an 5 unl oaded Q of
68, 000). Large O val ues, however, cone at a trade off of decreased filter

bandw dth. 1n 61" 160! wiHPGie2BEREL izs‘ﬂhhqoerrﬁaeé"of mmmurﬁrnmmecaﬁarom se.
bet ween Q and ?esfb{e andw dt sonat or 100 er at es-
| dbaYIDRHRS0 MMiGrasIpen ich SaRRHire. suBstralen! |5cCote 1 -
Et:ngw Erﬁ f g? bén (ab‘ousﬂcl(l?dﬂr wavlbla)ngtlf lfumdamamamesanamer emmew ?:Hn icoor t
uer filter ba e efficient.
Chassband 11 pohepld BplbRARG 2 dBoofaRERde I, 00 ek C 148 BhE hea°hh
avai | abl e Sesounloadedi@of 6800): ilarge Q xplues; howeves come |abaatradenoﬁwjr ki ng
mode. Largest Gagidde wér@a’ﬂm{me@n\u %pf&rbaedrﬁba&ma;ﬁ’ d presdnt

-~ stopband attenu lyen st og att et | c
" maxi mum ri ppl e"U&ﬂHN‘-d?K’W Ause behween I'$ é?a%rﬂ-'g
frequency (Hz)that Ba\wafagamn()e eat@rlowér rmoge Tiumbierc(betdw @0 tint he

or el | 2d L afet o bl e 5?95%%%{9?%%&%%?@&@@% %’9&?%@3 ?‘*H'gs

t abl es. BA‘O’remmmtamemeo additionally has the property of creating 30 -
unwant ed spurious responses that exist at frequencies on ei ther side of the

resonator center frequenc Thi s_.can be. se n FILG where a
transni ssi on energyE ﬂ@?'ﬁt& Gauer filtgr &’ Ffﬁ'bfjleﬂeﬂﬁﬂé”l iRy pags: RIEONPSr - 100 -

i s sgowg Unvxlaféffhlétuonwdewdemg: Grazsband Applé), ailtimatyl atteneatiomvequirsd in
passbands in a,fi r t ent er
frequency fo o ﬁé Béﬁ‘gl gﬁ((ﬁ' W?ﬁ@q%ﬂwg‘l &Z'Bgf h‘ggﬂﬁe‘ﬁ{gl @fpacﬁancg
15 ratio at the working mode. Largest bandwidths are obtained with filters - .
having the lowest stopband attenuation. For a given stopband
attenuation the théoretical maximum ripple ban__d_width is equal to:

1)
20
where:

Fo = filter center frequency (Hz), _

r = resonator (shunt to series) capacitance ratio at the operating mode,
25 and o ' .
C2*'L2 is the smallest product of adjacent, normalized L and C values in
standard Cauer low-pass prototype filter tables.

BAW resonator 100 additionally has the property of creating .
30 unwanted spurioUs responses that exist at frequencies on either side of
the resonator center frequency. This can be seen in FIG. 2, where a
transmission energy versus frequency graph of a mode two BAW -
resonator 100 is shown. Unwanted spurious responses 201 (referred to .

as unwame_d passbands in a filter context) exist at equal spacing from the
35 center frequency fo on the low and high frequency side of center
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f requency 20‘30(98’% | ow si de unwant ed passbands 201 are sho TR
passbands 201 exist due to the harnonics of substrate 112's f undament al
acoustic resonance. Thus for BAWTresonator 100 operati ng at node nunber
[err], there will be [err] uawanted passbanﬁ% 201.:The 5 appr oxi mat e
frequency | ocations of unwantéd passbands 203 are- given by the formul a:
Fspur(n) fo [err]frequamy( 203) (oniyodown side anwanted passbands zoumesl:ewu).

(M = mth spuri qQygy Béé'ﬁbéﬁo%qééﬂ@kuét aﬁﬁdﬁuéé o?rsﬁ sfratey112's
resonat or node nunber m = urious nu m cent er uenc
3jllustrates a Hﬂ@dﬂlﬂéﬁ@'ﬁ@!‘ﬁﬁ' W“ﬁﬂcﬁcgguﬂéﬁbéw t"ﬁs%P‘HPéf’ ratung

embodi ment of t heatpmodenhumbeen, there Fwillt be f00nwanted passbards nmmd BAY

et O1 coucicy SHoTRARAE bR dbghuciiof UpwaRBt BhbSGhris, 205 A8 Fven,.
“lines 306-314. lbythedomnulaied enbodi ment of the present invention, filter
300 is an odd order_Cauer fllter since even ordered filters require t he

out put resonator to be a s C ci apnot b ynt hesi ze th
- the use of BAWresonators I '(ﬁt=f°3"g hﬁcj@i’ﬂ) oﬂbﬁ 'oadlS'and fﬂ?)Me
300 is shown as a.5-pole, 2 zero elliptic filter, in alternate enbodi nents
~of the presejp@ |nvent|on broadband filter 300 can be any odd order N pole,
| 1 YR

(N-1)/2 zero frlter with a simlar BAWresonator configuration,
~resulting in an N-pole, (N1)/2 zero elliptic filter having (N-1)/2 BAW

resonators, N caﬁ? o) = ROt R tsp'a%gsua ém,d es. Designing an
N-pole, (N1)/2 Of!ﬁ qupn{ll(:fllter 00 with (N1)/ plezoelectrlc

- resonators 302, @%Yon 1ines 306-314, hal ves the nunber of -
resonators 302, ?,{)4 reSonatbr thdde agmbere a given filter selectivity, has a .

brosdnana i1 or el ko et Babhdiy” © ©f = frontzend.

FlG. 3 illustrates a broadband ﬂtter 300 in accordance with a
preferred embodiment . of the present invention. Filter 300 comprises
over-moded BAW resonator 302, overmoded BAW resonator 304

20 operating at the same center frequency as BAW resonator 302, and
coplanar waveguide transmission lines 306-314. In a preferred
embodiment of the present invention, fitter 300 is an odd order Cauer
filter since .even ordered filters require the output resonator to be a series
LC circuit that cannot be synthesrzed with the use of BAW resonators like

25 302and 304 Although broadband filter 300 is shown as a 5-pole, 2 zero
elliptic fiter, in alternate embodiments of the present invention,
broadband filter 300 can be any odd order N-pole, (N-1)/2 zero elliptic
filter with a similar BAW resonator configuration, resulting in an N-pole,
(N-1)/2 zero elliptic filter having (N-1)/2 BAW resonators, N capacitors,
30 and N transmission lines. Designing an N?pole, (N-1)/2 zero elliptic filter
300 with (N-1)/2 piezoelectric resonators 302, 304 and N transmission
lines 306-314, halves the number of resonators 302, 304 required to
achieve a given filter selectivity, has a lower insertion loss, and allows for
the manufacture of a front-end, broadband filter that is less costly and
35 smalier than current comb filters in metallic enclosures. Additionally,



35 smal l er than current conb filters in netallic enclosures.

Addi t i onaWQ98/08303\0 98/ 08303 PCT/US97/11392
PCT/ US97/ 11392 such a filter continues to neet the stringent filter
specifications required by many transceivers. As discussed above, in a
preferred enbodi nent of the present 5 irgention, filter 300 is designed )
with the aid of transm ssion |ines 306-314 form ng shorted or open stubs to
repl ace the degj;eh sCfiltdroonfiRliés it ri@sthbrstAngét filfbr'spucificationsSriguired | oss
when coils of the required.i nductance have insufficient Q Additionally, -
transni ssion | xéga@bg'aggqpi\g@- inserted in order to increase the bandw dth -
obt ai nable with BAWresonators 302 10 and 304 al one. As di scussed bel ow,

filt 300 t ] g » L5b G at i I

i deband 111 cors wnlE Gkl ac‘% ﬁ?@"f&ﬁfﬁsggﬁq{’é’bﬁ?\ﬁ'ﬁg& ,ea@%%ﬁ%sdr%%‘tto 300
provided ttat inventiesofiftarciaf ig designad with the aid af transmissiamiings 806314an be- .
met only 'by Ogsriigdnbriyd o spen'shitis dt thb duaith EXIECTRishe doRen2 and |
6 when using 15 sed .%zartz sra-bstrate. .Sl %gttﬁd Zl nc qixl ag BAW :
resonators on PIRIGIOGTURIMIZE iNsarian Joss,whes cails af the, Jequired Jnductapcepgel
|r: ef er elncesl i N hbve esutficidmMe®. Additionally] trahsmission Ines 806344t are/insgr_ted-

i ezoel ectric i : 20

publ i shed in Eﬁ;{egﬁ%ﬁﬁgﬁﬁ"g#%rtéa%M%Ob%@%W@nM%E&%@eg t3 Rg

par anet er d Gshoandid04 alone. IAsdiseussetdbelawsfilier 300hean meat he insestiom ioss L
capaci tance of s%e_ﬂﬁcaWSf ﬁ?éhy Ealiigr widesand iitgts When (ENBEAcHredTWith( Zn0 . -

5 aae - chisbavipg Quaslow as 250 o 399gpiovided 'thal tge sesonator's G 'is
842.582 nH 3 above 3,000 T&Q requirement that6an be met only bly. O9dfimodéd BAW

BT i woping @ ek ils Soweon 2 g4 v uain

1. 61101 uH STabFused Quartz substrates). o

, Simulated Zinc Oxide BAW resonators on Fused Quartz substrates
~ at 836.5 MHz, using the K.L.M. model referenced in the paper "New
Equivalent Circuits for Elementary Piezoslectric Transducers” written by
20 R. Krimholtz etal. and published in “Eléctronic Letters Vol. 6 No. 13, 25
June 1970, gave the parameters shown in table 1 below for a BAW
resonator having a shunt capacitance of 1 pF.

Mode Cap. ratio Theoreticai inﬁax_QTypical Lm
0(ZnO alone) 12747 1777 " 458.432 nH
1  18.087 2448 650.501 nH -
2 | 23.428 3,075 842.582 nH
3 28.769 3,669 1.0346 uH
4 . 34.111 4230 1.22677 uH
5  39.452 4,760 1.4189 uH
6 44795 5263 1.61101 uH
Table |

25 Overmoded Resonators -Zinc Oxide on Fused Quartz at 836.5 MHz



25 Over onators -Z| nc O(lde on Fused QJartz at 8 WO
98/ 08303 W 5loa5s> PCT/.US97/11392 -7- In many trgﬁ?@’a%%‘rm
applications, filters 300 requires a mnimum capacitance ratio of 44 and
unl oaded Q of at |east 3,000 hence, in a pr__e_L_erred enbodi nent of the
present invention node 2 through 6 resonatorS are used. As illustrated in
FIG 2, when filter 300 is built with resonators 302, 304, each operating
at the sanme node, secdmdaany.jransseives applicalipas filer. 800 rquites Raminimum

frequenci es predig Esenémew 'dWM( ahd Haeades Qwrapl&asvmooqdemshaads N
are typically unac

vel s Ie s. thap 25 dB, b
passband msertu?r’ieﬁeg‘??b qfﬁb‘?‘émﬁ ef’f ftﬁﬂnf’r%ﬁ?(ﬁ' awppﬁg? 8?&"% @'h 6
desirable to atteesenator aretisedipuri ous passbands 201 at | east 25 dB. In
order to acc\%rpl ish this, in a preferred enbodi nent of the present
I nventi on BAW resonat or 302 operates at a different node than BAWresonator .

304. Designing filter ARGllustrateddm FiG18, whap fiter BOPds (huilt with resopatays 3021 of

one resonator at gd@ea r 440 mgfe o]
BAW r esonat or s 3?9!& 04" can De é;}egfe atﬁ!‘adé %Efbg aﬁg?sssgggéé] 207
(Withinthe lim taﬂpﬁﬁﬁl atthe W\?é)ma‘en froqy $ eBrW o@avaten oi(2)- he
present inventi oBecd¥é spimiodsainwantedspassbandedareotypicaliyt @nacceprabler if tato

BAW r esonat dl0 305 &ﬁ@%ﬁt@%ﬁ%ﬁﬁ%ﬂﬁé#a%?ﬁ%)@ﬁ%‘fgﬂ'il%ﬁ“éﬁﬁéﬁwﬁ' s

illustrated in Flend applicationss it is dvighly desinebleate attenuate dalhathebspusors:

for filter 300 d niﬁ&%é’%ha%ﬂs?ésd@swaidarté%oémbléﬂ%usew&ﬂmé ng -
8

at npde two and hree respect [l ustrates_operation o

filter 300 with @Gﬁ‘bt"&l‘ r'é\’?mﬁ”hp%d@spﬁﬁt"& %Wf@?ﬁrﬁt%r
304 operating at diffstent hiote thant BAW résdniitdr 8040 Designingfilterd3@ 4n arehadi ng

and 3030 Gt n uev BRI EoioP G o, 168 blof Byl 1RE rBURoce"

resonator to pass bands of the other.

Although BAW resonators 302 and 304 can be designed any

number of modes apart (_within the limits indicated ‘above), in a.preferred

20 embodiment of the present invention, BAW resonator 302 is designed to
. operate at one or two. mode below that of BAW resonator.304.  The

. improvement obtained by designing BAW resonator 302 one mode lower
than that of BAW resonator 304 is illustrated in FIGs. 4-6. FIGs. 4 and 5
illustrate unwanted passbands 201 for filter 300 designed with BAW

25 resonator 302 and 304, each operating at mode two and mode three
respectively. FIG. 6 illustrates operation of filter 300 with BAW resonator

302 operating at mode two and BAW resonator 304 operating at mode
three, with both BAW resonators 302 and 304 operating at the same
center frequency. As is evident, designing BAW resonators 302 and 304

30 with a one mode separation, allows the stop band of one resonator to
attenuate the spurious pass bands of the other, resulting in most
unwanted passbands 201 being attenuated. In a preferred embodiment

of the present invention, the highest two modes are used since the
unwanted passbands 201 closest to the passband 203 are higher in leve!

35 . and more difficult to attenuate. In a preferred embodiment of the present



attenuate the spuri

ous pass bands of the other, resulting in nost unwant ed

passbhandsVQ8¥088 ng attenuated. In a preferred enbodi nent PETUBYAIMResent

i nvention, the highest two nodes are used since the unwanted passbands-201
cl osest to the passband 203 are higher in level 35 and nore difficult to
attenuate. In a preferred enbodi nent of tBe present WO 98/ 08313

PCT/ US97/ 11392 - 8-

i nvention filter 300 is designed with BAWresonators 302

a% 304 Ofer?t {dr?ﬁnﬁbnﬂmﬁtrssﬁoaisdd%siyheﬁt withdBAW msdnét;rbgsego?hﬂeaoate
enbodi nent o e sent i, nv passbands are _
attenuat ed by 9?9@?9& g%ﬁ‘ﬁPf&Wﬁg%@f’t‘m ckness between BAW

resonat or 302 and BAWresonator 304, and conpensating the change in center

frequency by changi

filter 300 will displac

E'Qﬁrhh@(%?éod?ﬁweﬁ Hthe ?re&g t A nqjﬁwa?tgach a .

BAW

uenc % assb &T‘ _
resonat or 02 passhangss20io areoa BNJ@ otiing ﬂ?i? ctfige M oA08and of
one esonat or  fiéiaisst Betdth SAW mnawrsmmmmrmhmr 804 and

accor dance. wi « FOBPARERNG 1P chanse ASAMBE iefibondt b enangfia, i ickness
]Ei: istcgfsggnglbg;/ef éled:tmde 31102 acapedinglyl f Sushaal fiteh 800 wille displerel dhes type
resonant at. ¢ nisgudoy ot %@éﬁs%ﬁ?m‘pr S REOATICE AR i tdee
present i fent bbBAW Iliesmti’l’eﬁo“r §9dha t hecstop hand' ahone fesenaten attenuates
capacitors of {id§ r,&gopggsgahgglaqmom;t he equivalent series LCcircuits

accor dance wi t fORP)

20 of BAW T esona

ors 302 and 304, allowing filter 300 to be designed with

two piezoelectric resonators. As nentioned above, BAWresonat or 302
operates at a di ffeF&ﬁI?ﬂhsuatelsamcﬁomrsebmatlmdlagram of au:mmgnteoBOOhe stop

R O one o1 BBEGYgaNCh Wit e Prftbfrel EmbEUMdrR loPBSHRAEA fve snOt hRr .

Repl aci ng series resonant cir

capacl tors of

filter 3005 tHIS§N§§%BQQY$-NH‘W&Q%&@R%VQ§’()‘Z°% IR ?‘!ﬁr é 0 25

manuf act ure of ty%:d\lrlw Sondidling of five parallél RCRCahd @ senes LOR oeietuited alili | t er

resonant at the same center frequency. Ina preferred embodiment of the.
present invention, the series resonant csrcunts and two of the shunt

capacitors of filter 300 are replaced by the’ e_qugvalent series LC circuits

of BAW resonators 302 ‘and 304, allowing filier'soo to be designed with
two piezoelectric resonators.” As mentioned above, BAW resonator 302
operates at a different mode than BAW resonator 304, aliowing for the

“stop band-of one resonator to attenuate the 'tjh_'\_ﬂanted ‘passbands of the

25

30

35

other. Replacing series resonant circuits and .chpacitors (CP2 and CP4)
of filter 300 with piezoelectric resonators: 302, 304 allows for the
manufacture of a N-pole, (N-1)/2 zero elliptic frq‘nt—end, broadband filter
300 comprising only (N- 1)/2 piezoelectric resonators. Such a filter 300 is
less costly and smaller than current filters, yet meets the stringent filter
specifications required by many transceivers.

FiGs. 8 through 10 illustrate broadband 'ﬁ_lt'er 800 manufactured on
substrate 811 in accordance with a preferred: embodiment of the present
invention. Filter 800 is a 5 pole, two-zero empnc filter of the same design
as FIG. 5 comprising two overmoded BAW resonators 802 and 804, five
short pieces of coplanar waveguide transmission: lines 806, and three



300 conprisipn (N-1)12 pi ezoel ectric resonators Such a filter 300 is
| ess tostly ‘Xﬁ&%ﬁ er than currentfillters,. yet nmeets the SM’H?JHE”Z

filter specifications required by nany transcei vers. 30 FIGs. 8 t hrough 10
illustrate broadband filter 800 manufactured on substrate 811 in accordance

with a preferred enbodi ment of the present t8vention. Filter 800 is a 5
pol e, two-zero elliptic filter of the same design as FIG 5 conprising two

~overnoded BAW r eschipiicapachors:80a &iitar 80Q/addBlonaﬁYImnM&a$empm 86d ploutput

wavegui de transm / .
PCT/ US97/ 11392 9@69 %ﬂr bhﬂ g%;%ﬁg’r é@g%rtdilé?ﬁ LP 800 admgg;gg planerIB‘lS%S
i nput 801, out puta"Eb@ wells &153 Sincg, cop %u‘ﬂﬂvﬁg'&ﬁﬁ n as

ground plane 813 mdﬂdaheé@rthhprcafebbsreblioedsb wthep iypesaof musmiwtm dingss

Iines 5" “3065 schdbauehizh byt Aot el Hobbnitadeafet. Hikodho, bataaRY, "
sus]E)endeg gw'ng(r) glstmncpostnpsmr; SWI;IQ pg;wdedidheymgvmadeqaamlﬁt(m @ preterred
Clesy of the shorgitgodiit agek aad “%’@‘i%“ﬁ(é""“%i?@ﬁf’a 6, ik iehdth, 166"
equation: [err] . ﬁbe\ﬂh@ﬂ@d stubs p10 Fﬂi'?e?"ﬁ’gaﬁﬂem with the- gquation:

(2.[err].Fo) Cp(n ) = Stub tuning capacitances Cpl, Cp3 Cp5 15 Z0

Transmi ssion |ines 810, 812, and S%mﬁmﬁwpmz@tléc i npedances [err]effr
Substrate relBtive effective b béiand

| &sn)ﬁrrrvrrwa-ne-ﬁ%m% 3n 1ines c=
.velocity of light, 2.997925 E8 m sec. @ ength (1os) of open stubs 80

‘are calculated with the equation:
| where |
~ wp = Filter radian center frequency ( 2-7t~Fo)
Cp(n ) = Stub tuning capacitances Cp1, Cp3, Cp5

15 Zo = Transmission lines 810, 812, and 814 . characteristic
impedances ' :
ggffr = Substrate relative effectwe permrttnvnty of the transmussnon
lines ‘ '
_ ¢ = velocity of Iight,— 2.9.97925 EB: m/sec.
20 C. S o o -
- The length (los) of open stubs 806 are calculated with the equation:
los(n)= n=2 and 4
25 where:
wp = Filter radian center frequency ( 2-7T+Fo)
Cp(n ) = Resonator 802 and 804 shunt capacitances Cp2 and
Cpd - '
Zo = Transmission lines 806 characteristic impedance
30 Eefir= Substrate relative effective permittivity of the transmission

line
- ¢ = velocity of light, 2.997925 E08 m/sec.-

6



1[err](n)= n=2 and 4 25 where: [err]= Filter radian center frequency
(2.[err]. woyos@pi0a ) = Resonator 802 and 804 shunt capacit PCXASITAIAN Cp4
Zo = Transm ssion lines 806 characteristic inpedance 30 [err]efer
Substrate relative effective permttivity of the transmssion line ¢ =

vel ocity of l.ight, 2.997925 EO8 nisec. -1g9A0 98/08303

PCT/ US97/ 11392 -10- The resonators are desi gned (when possible) to have

e rwf;Q:n‘”t héafiéhﬁggerﬁ‘%ﬁ §t°°@5?§[tﬂs%%ﬂvﬁ8 '@Bf"h%VP‘)‘"gg‘;gi‘te}‘ or's of-
2 - Col or @pac e leg hén :
<(::eplpamtance) gp nattfr'qﬂ ﬁahﬁeeﬁhtmsqwmeasmaneapeekmmt sQofiti ng.

hanuf a0t or e Lfeﬁr &%&gﬁa t@rﬁ@ [ & S At w%g%&%sﬂt@f%%bat@ﬁé@' A
step 1102, 5 l@re atide8 and rused to conpensdtaifor tolerarices: shiftingl thenicenter :
pre- etched res? ﬁggaﬁlls 815, has deposited on:both sides, a .1 mcron

subl ayer of chiT8RHENG a 100 micron top |ayer of . copper prot ect ed by a 5
m cron | ayer of Cold. Next at step 1104, both upper and | ower sides of

ural | sation 10 pAPhiirafoFRA SRB0ARdK ot preseht InvenDn mahliaclas siod

achi eve the deﬁnﬁé&qwsﬂ%ﬁﬁescﬁgeét' QgeinﬂénJﬁt ﬁgég%géoéié o

(preferablpp . 21000miefor thickFused atmmmubwamesmmnh pre-etched rdsomatal by

Thi el s depodtalisdien g ddnoified i Bb| 8BS, 3:F piBreH fmald o éhfafﬁt‘i’ti,

20  pi ezoel ectandca f0OPrMicoen itop dayess ot capper pratected; b A Nmtcma Wf%f

layer. In a prefaa! MbRBOsteper 040 ok pPlep il Iowdresitbe of (dubistrate 815 Mz
are photehthographlcally processed to expose the desired metalization

15 pattern, and then chemically etched (step 1106) to achleve the desired
topography. At ‘step 1108, Aluminum electrode 110 (preferably .2
microns thick), is deposited on substrate 811 foliowed by step 1110
where Silicon Nitride buffer layer 108 (preferably .15 microns thick) is
Ideposlted onto the Aluminum electrode 110. Next, at step. 1112,

20 piezoelectric film 106 is deposited on the Slllcon Nitride buffer layer. In a
preferred embodiment of the present tnveg_\tlon (for a 836.5 MHz
resonator), piezoélectric film 106 comprises a 3.15177 micron thick layer
of Zinc Oxide. At step 1114 a Silicon Nitride buffer layer 104 (preferably
.15 microns thick) is deposited on piezoelectric film 106, and finally at

25 step 1116, an Aluminum electrode 1_04 '(preferably .2 microns thick) is
deposited onto buffer layer completing the build of the resonator. During
the deposition of the various layers, which are carried out in a sputtering
machine using a masking operatio'.n,: interconnections are achieved by
means of the masking operations while individual layer thickness are

30 controlled by optical and electrical means mehitoring the final calibration
frequency. o

The process steps described above are then repeated for the
second BAW resonator 804 or atternatively_ using masks that build the
35 iwo resonators at the same time (except for the final calibration which



resonat or), 8£i ezoel ectric film 106 corrprl ses a 3.15177 m cron th| ck M
of Zinc i ep 1114 a Silicon-Nitride buffer |ayer 18F bly
.15 microns thick) is deposited on piezoel ectric film 106, and f| nally at -
25 step 1116, an Alum num el ectrode 104 (preferably .2 mcrons thick) is
deposited onto buffer layer conpleting the-Bdrld of the resonator. Duri ng

the deposition of the various layers, which arecarried out in a sputtering
machi ne using a racebunts fopslight: mﬁerenuesrtndhnknesmbetmen tlmhlesmadtdls dumags

of - t he maski ng o da er 3 .
controll ed by opltqﬁéa#éé‘;%h%weéfwéc]aa kafe?ér’?l to'éth the fn‘ﬁie nln I on
frequency. The proompenemts,inaudipgi 56@ maﬁthTSesﬂﬁeﬂnﬁe@'éaniiQQQS)rBQﬁ"ueafe
second BAWr esongjrpiedqd fiter 80D GintPthie\irbllesSIoW dffsidt stét119Bi | d the 35
two resonators at 'the sane tine (except for the final calibration which
WO 98/ 08303 - PCT/ US97/ 11392 -11-
accounts for slight differences in thi ckEgampmsNeen the resonators during
t he deposition of the various |ayers). At step 1117, the remaining
conponent s, i ncl uding chi apacitors 803 and air brldges 805 are applied
to filter 800 and the Tchtao&ibwmg examples sarve te givelillestrationsaopthespreictice of

fol | owi ng exanpl Qﬁ:s%ﬁwﬁlér?n%idfﬁré bt FiteAeA IF 2Ry WA P liRk! trﬁa?s?épé] Bt 3he

| nvent | on, ar e nOI I nt a to SCO
vention A8 Siavantion. nAl gxemplas’ &e, Herivegulm SoMRUSSiMuiated (SrcHitac
with the use of i@ withcihewase oFa MDSY MivrdwaeeV Diekigha m{ O Hawieft

Co b der  ved 11 BAGE CARPBUGE, afdys, prodrel. . shbl birkardfy a'@m 0«5 Hgfee

| ow pass nor nul i 28iptic band Eass filters tabe iderivedotrenothe herresporderitnlonh pass

:-lggglr)??(l;nf ngFlr L:pﬁénﬁf%&iq% Fepl#ﬁing"tﬁgggé‘waél ngﬁ%ﬁ%zﬁa Iiban W d'tS Og@cr}]azsi

“paral l el LC X r cdheseyadstheggblesip the thesis, by Zverev..

The graph of FIG. 12 shows insertion and return loss of filter 300
having a 25 MHz bandwidth with a parallel LC circuit Q of 300, and a
series LC circuit (circuit's that can be replaced by BAW resonators 302
20 and 304) having a Q of 800 and infinity. Note that even with__;the,se'ries
LC circuits Q of infinity, a flat loss of 1.5 dB occurs at midband and about
3 dB at band edges due to the finite Q of the coils. Additionally, dropping
the series LC circuit's Q to 800 added only .5 dB at midband and less

than .97 dB at the band edges.
25
A simulation of filter 300 having BAW resonator 302 with no mode
separation (both operating at mode 3), one, and two mode separation
from BAW resonator 304 is shown in FIGs. 13-15. As is evident,
operation at both a one and two mode separation improve the closer
30 unwanted passbands 201 to at least 32 dB, with operation at two mode
separation giving the best overall result. For narrow band filters, where
higher mode number resonators can be used, the number of mode
separation can be more than two, and depends on the bandwidth and the
mode at which the higher mode resonator operates. FIG. 16 illustrates a
35 simulation of filter 300 having resonator 302 operating at mode 2 and



series LCcircuit (circuit's that can be replaced by BAWresonators 302 20
and 304) woewsogoen Q of 800 and infinity. Note that even weCWuUssmiser i es LC
circuits Qof infinity, a flat loss of 1.5 dB occurs at m dband and about 3
dB at band edges due to the finite Qof the coils. Additionally, dropping
the series LCcircuit's Qto 800 added oy .5 dB at m dband and | ess than .
.97 dB at the band edges. 25 A sinulation of filter 300 havi ng BAW

SIS A AR W st i S i, 110
evi dent, operam&f@subﬁmﬂ&em as®h @a?%twnﬁﬂfe "ﬁﬁPB@'@"t cl oser

30 unvvant ed; Qﬁgéﬁﬂﬂ%ﬁﬂédé 9 &id i'mhhto?%(ﬂ&t mbile 4operati on at two node
e

separation givin best overall result. For narrow band filters, where
hi gher node nunber resonators can be used, the nunber of nobde separation
can be norg than tWsnmldtudnpdnﬂwarosooM\bng\ohmdilfﬁmgmlecbtmdmdmc pesthi ch

the high 5 t

of filter 388‘1}%&?%6%@@@%?%@%%?0? afit 30 s iishra@com BE518, AniS |01
PCT/ US97/ 1139 Zimulatione BAW! tesomadora ancn,ompﬂmrﬁ lepteode: o102 chaving |Bws t he
use of node 1., Ekﬂ%éé”ofrei%“rﬁlérd‘rﬁétd?@ & apieadelettrich Ahickhess™| 6k 319507her e

resonat or .302 I'sS operatin sonat or_304, a

A simul ation dnlcrqmetarseuﬂﬁ M@sﬁnﬂ 99 A Baying & ﬂ?g&'ﬁ@ggs%B fween
BAW r esonppor s28Riciometts and |p|bwaleelned thickrnass. ol B. 05935 hinicrgmeterst i on
BAW resonat org

M oroneters. aPiDRANIRERRARIS 32 Hhi o GFersf plhersdris CHHR i ‘55“9'1%9&
‘resonator ‘304 Ams reyidendctthisdgetbod : isi BRh@ss epCtiv® asyds nihe Sathedso |
pi ezoel ectric ngje aae.o'ﬁ &'i%anrrmwmsarnmorsoabz%wsemnamrsmsoz and

as offoct 1 o dedhiset 16 hiont foanede ke padetin o B3PI e or "

302 and 394, hoiwestreblency unwanted passbands 201 to 43 and 71 dB respectively.

The descriptions of the invention, the specmc details, and the

" drawings mentioned above are not meant to limit the scope of the -

- present invention. For example ‘a’ combination of designing BAW
20 ° resonators with differing modes and changing piezoelectric film 106
" thickness can be utilized to attenuaté unwanted passbands. Additionally, .
" narrowband filters may utilize the present invention by operating BAW

" resonators at higher modes. It is the intent of the inventor that various
modifications can be made to the present invention without varying from

25 the spirit and scope of the invention, ‘and it is intended that all such

' modifications come within the scope of the following claims.

What is claimed is:



reduces the_hi gher frequency unwant ed passband 201 to 22 dB and the 15
| ower’ frequd¥R Mﬂﬁam.gd—pass—baﬂdr?tfl to-43 and 71 dB respeEFTYSPY IR

descri pti ons of the i Ny pECI fic details, and the draw ngs -
ment i oned above, Hmli M‘“L& mt the scope of the present invention.

For exanple, a comb Si gni ng BAW20 [FFesonators W tirajf fering
modes and changi ng pi ezoel ectric film 106 t hi ckileddSEIERHe 'ﬁ%lBIEEE'e{i to
attenuat e unwant ed pa@idiamsls; . Additionally, nar V\banB"'PMPEPs mavilutili ze

the present invention by operatl ng BAWresonators at higher nodes. It is
the intent of the inventor that various nodifications can be nade to the
present inventiof. \Aﬁh@iﬁomﬁﬂ%ﬂﬂg from25 the spirit and scope of the

invention, and it is intended that all such nodifications come within the

scope of the ollowing clains., What. 15 -cl gl K WO 98/ 08303,.

15 5 8 oo Acuabe Viawa BT risinstor BEaiog B st

| nt far naéI i gnal Burrotie mumbér, Sl isaning alfitsf eleefrofie . tﬁn’gkg?ss ls?uf\BAWIresmtbr 10
repl aced by anen nmended) A filter conprising:
a first Bulk Acoggg@m%éﬁgw@%& fating at a first 5 node
nunber, and having a first el ectrode thickness, said BAWresonat or
operating at a first egé&% f PRI eratlng
at a second npde nunbgr P?egrl n ]Erﬁgattﬁ'uge?atﬁgﬁpg nuérirber hgﬁ‘b%gw ng
second el ectitbdeandihavinga sesand %ﬂ&mﬁsoﬁ iﬁw '%P"?M&Rﬁf@i‘%ﬂl y

the first center af Substantialiy e first cehiter frequenicyof claim 1 wherein the first
el ectrode thickness is unequal to the second electrode t hi ckness. 15 3.

The filter of claim1 further conprising a transmission |ine coupled to the
first BAW r esonaRorThedfilteriof claim: twhereipithe first mode imnusmbesiip unequal to tbesu gn

coil coupled to th&orid hidde2AumBéyV r esonat or.

15 _ _ - )
3. The filter of claim 1 wherein the first electrode thickness is unequal to
the second electrode thickness.

4. The filter of claim. 1 further comprising a transmission line coupled to
20 the first BAW resonator.

5. The filter of claim 1 further comprising a design coil coupled to the first
BAW resonator.

25 6. The filter of claim 1 further comprising a capacitor coupled to the first
BAW resonator.

7. A method of making an odd order, N-pole, (N-1)/2 zero elliptic filter,
the method comprising the steps of: :
30 photolithographically creating on a substrate, a first Bulk Acoustic
Wave (BAW) resonator operating at a first mode number, said BAW
resonator operating at a first center frequency; and
photolithographically creating on the substrate, a second BAW
resonator operating at a second mode number differing from the first

-
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=apaci tor coupled to t he

5. The filter of claim1 fur r*,_‘,uu-"; Ye )
first BAVEwOSBMS3030r. 25 6. (nﬂq@egj_)gm,qglgggmr, N- pol e PCIUSETAB92 er O
filter conmprising: (N-1)/2 [nlezoehgpLAcsm bul kll acousti ¢ wave (BAWM
resonators. where N>4 and a hede east two resonators differ;
and N conponents sel ected fromthe group—lab-n5| sting of design coils 30 and=
transm ssion lines. 7. The filter of claim6 further conprising N
capacitors. ' T e d h tih@fngsonators :
are Bul k 35 Acg‘% M% § esghgg?{:b éfaﬁh%a’@bﬁﬁétﬁ Rallyt

PCT/ US97/ 11392center 'QQU?H@YH |ter of claim8 wherein a node nunber of the

f irst and the second BAWresonators differ. 5
8. The method of claim 7 further compnsmg the step of: attachmg a
5  transmission line to the flrst BAW resonator. .

t

" 9. The method of claim 7 further compnsmg the step a attaching a design
* coil to the first BAW resonator.

10 - 10. The method of claim 7 further comprising the step attaching a
capacitor to the first BAW resonator.
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