SEMICONDUCTOR DEVICE HAVING BALANCED BAND-PASS FILTER IMPLEMENTED WITH LC
RESONATORS Field of the Invention The present invention relates in general to semiconductor
devices and, more particularly, to a semiconductor device having a balanced band-pass filter
implemented with LC resonators. Background of the Invention Semiconductor devices are commonly
found in modern electronic products. Semiconductor devices vary in the number and density of electrical
components. Discrete semiconductor dewcesgﬁé\erany contain one type of electrical component, e.g.,

light emitting dlodegﬁ_bfiIISPblPﬁ%TﬁBr DEVES A BARSE R SR elat oXide semiconductor
field effect transistor (MOSFET). M&@w E%.é‘%}ﬁ&& &&ﬁ&’é‘é‘* ally contain hundreds to millions
of electrical components. Examples of integrated semiconductor devices include microcontrollers,

microprocessors, charged-coupled devices (CODSs), solar cells, and digital micro-mirror devices (DMDs).

Field of the Invention

The present invention relates in general to
semiconductor devices and, more particularly, to a
semiconductor device having a balanced band-pass filter

implemented with LC resonators.
Background of the Invention

Semiconductor devices are commonly found in modern
electronic products. Semiconductor devices vary in the
number and density of electrical components. Discrete
semiconductor devices generally contain one type of
electrical component, e.g., light emitting diode (LED),
transistor, resistor, capacitor, inductor, and power metal
oxide semiconductor field effect transistor (MOSFET).
Integrated semiconductor devices typically contain hundreds
to millions of electrical components. Examples of integrated
semiconductor devices include microcontrollers,
microprocessors, charged-coupled devices (CCDs), solar cells,
and digital micro-mirror devices (DMDs).

Semiconductor devices perform a wide range of functions
such as high-speed calculations, transmitting and receiving
electromagnetic signals, controlling electronic devices,
transforming sunlight to electricity, and creating wvisual
projections for television displays. Semiconductor devices

are found in the fields of entertainment, communications,



Semiconductor devices perform a wide range of functions such as high-speed calculations, transmitting
and receiving electromagnetic signals, controlling electronic devices, transforming sunlight to electricity,
and creating visual projections for television displays. Semiconductor devices are found in the fields of
entertainment, communications, power generation, networks, computers, and consumer products.
Semiconductor devices are also found in electronic products including military, aviation, automotive,
industrial controllers, and office equipment. Semiconductor devices exploit the electrical properties of
semiconductBPifiate#18 STRE HEomic StritHFS of SEEOMuEtor Rgterdl aHBwS iféleetricat conductivity
to be manipulaied bythe application of anslectiic Jield on throughdhe precess-oi-deping:Boping

introduces imPurifieg into the_semiconductor material to manjcp.ulate and. control t[le conductivity of the
. n& uding mh 1 a%% av%a%fon agutomotive lqgustnla .
semiconductor déevice. semicohductor device contains active and passive electrical structures.

Active structures tincluding transistorsf cortrelthediomw bf electrical current. By varying levels of doping
and application of an glgctrig ﬁigg.jc the transjstar %igba_roqrgmcqjtgs of é@t{ig&t@&%@/ﬁg{ glectrical current.
ship

Passive structures, including resistors, diodes, and inductors, create a relation etween voltage and
current nece$sary 8 perforinca Varidytsrelédtfical fliretishe e HasSiveH &dtive structures are

electrically cannected ta farprlogia eircuits, ahich enable thessamicondustor devicetorgerferm high-speed
calculations and other uslefulfgn tions}.l Sc?[micotnductorfdeviceslare enertg’;\llglmanufactured using two
complex mantfaltthing processes’ i.a Fréittend mantfadtirifg, Sn¢ batkent manuficturing, each

involving potMt'taWdiuerredsné steps. @foﬂe@i@manmgpumiggﬂnmivesd:ha@ fommmmgm plurality of die
on the surfaceof 2 sermiconduetorater. Each dis isvpisally dentioal and contajns cirpuity formed by

electrically connecting active and passive components. Back-end manufacturing
conductivity of the semiconductor device.

A semiconductor device contains active and passive
electrical structures. Active structures, including
transistors, control the flow of electrical current. By
varying levels of doping and application of an electric
field, the transistor either promotes or restricts the flow
of electrical current. Passive structures, including
resistors, diodes, and inductors, create a relationship
between voltage and current necessary to perform a variety of
electrical functions. The passive and active structures are
electrically connected to form logic circuits, which enable
the semiconductor device to perform high-speed calculations
and other useful functions.

Semiconductor devices are generally manufactured using
two complex manufacturing processes, i.e., front-end
manufacturing, and back-end manufacturing, each involving
potentially hundreds of steps. Front—-end manufacturing
involves the formation of a plurality of die on the surface
of a semiconductor wafer. Each die is typically identical
and contains circuits formed by electrically connecting

active and passive components. Back-end manufacturing



involves singulating individual die from the finished wafer and packaging the die to provide structural
support and environmental isolation. One goal of semiconductor manufacturing is to produce smaller
semiconductor devices. Smaller devices typically consume less power, have higher performance, and can
be produced more efficiently. In addition, smaller semiconductor devices have a smaller footprint, which is
desirable for smaller end products. A smaller die size may be achieved by improvements in the front-end

process resulting in die with smaller, higher density active and passive components. Back-end processes
may result in Js%ﬁﬂ&ffﬁ&uétbPﬂé@r%‘é%kb@%é%ﬁ?ﬁan?&l%r%&brﬁﬂﬁyﬁﬁﬁ%&?@rﬁeﬂ%ﬂﬁ%lectncal

interconnectiap@ngpackaging matedals. to Anothergealof semisondugtes mantifacturing is to produce
higher performance semlcon uctor ewces Increases in device performance can be accomplished by
forming active componenr%s That'are capa%]ile of operating at higher speeds. In high frequency applications,
such as radio frequéncy (&) wirdlessrcommmdnicationsiantegrated-passive devices(tRDs) are often

contained within, the.semiconductor deyice; Exarpples of IEbsJnclyde resistors, eapagitors, and inductors.

A typical RF system requires multiple IPDs in one or more semiconductor packages to perform the
necessary eléGfigaMeintfidis POV eBaluti and bahap R IR 8 BPE) afé inpdftaREcomponents in

wireless compiusication systemss Many-priorart deﬁig{@dq&qeispr@ﬁam@qaded components to achieve
both balance and, fllterl functlons The baluns are | i a[)I?men%ed as a distributed- Ilne in which size is

h h
mversely DYOSSIU%IO%%P ctor devices have ootprint, which 1is
desirable for smaller end products. A smaller die size may

be achieved by improvements in the front-end process
resulting in die with smaller, higher density active and
passive components. Back-end processes may result in
semiconductor device packages with a smaller footprint by
improvements in electrical interconnection and packaging
materials.

Another goal of semiconductor manufacturing is to
produce higher performance semiconductor devices. Increases
in device performance can be accomplished by forming active
components that are capable of operating at higher speeds.
In high frequency applications, such as radio frequency (RF)
wireless communications, integrated passive devices (IPDs)
are often contained within the semiconductor device.
Examples of IPDs include resistors, capacitors, and
inductors. A typical RF system requires multiple IPDs in one
or more semiconductor packages to perform the necessary
electrical functions.

Baluns and band-pass filters (BPF) are important
components in wireless communication systems. Many prior art
designs use discrete, cascaded components to achieve both
balance and filtering functions. The baluns are implemented

as a distributed-line in which size is inversely proportional
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to the operation frequency. The smaller the operational frequency, the larger the requisite balun. Yet,
consumer demand calls for smaller size which makes miniaturization difficult in lower frequency
applications, such as GSM cellular. Summary of the Invention A need exists to miniaturize baluns for
RF signal processing circuits. Accordingly, in one embodiment, the present invention is a band-pass filter
including a plurality of frequency band channels each having a first and second balanced ports and first

and second unbalanced ports. Each frequency band channel includes a first inductor having a first
terminal coupt€d t& th& Rt batarited 56rt ant¥a sedoitd Btminarcduple $16 Hid $886rd balanced port. A

first capacitorrisccoupled between thestinst and seconddesninads ohthe fitst industeriAesecond inductor

has a first tergmeinal %ou&lﬁq go yg)e firsr;[l gPPalranscleg ep%tlgglq ams%ceondmtlergrpin%lrcozu 1I;e__‘.Ld %o the second
unbalanced por{[.‘afhe Sécond inductoris dlesposed within & fifst distance of the first Inductor to induce

magnetic couplingibetweenthé divstrarfd secemtinduetorscAtsetond capdcitas iss€édupled between the
first and second, terminals of the second inductor. A third inductor is disposed within a second distance of
the first inductor and within a third distance of the second inductor to induce magnetic coupling between
the first, second, and third inductors. A third capacitor is coupled between first and second terminals of
the third inductor. In another embmliagp; tbE prasetdveattivhis a band-pass filter including a
plurality of LC resonators each having a first and second balanced ports and first and second unbalanced
ports. The band-pass filter comprises a first Inductor having a first terminal coupled to the first balanced
port and a second términaticeupled 0 the séodnad balarreedporh.sA first dapasitgnisicoupled between the

first and secqnd fermingls of ihe first Industar. A sepond Indyctgr has afirst terminal Goupled (o the first

unbalanced port and a second terminal coupled to the Second unbalanced port. A second capacitor is
coupled betweehshe Firstaive 5éeond fertniRaROMAE SetohBaRdieter.UA thitd mdulcterisidisposed

adjacent to therfirst agdsecenddnductoss te indusgnagnetic, goupling between the-firsy, second, and third

Inductors. A third capacitor is coupled between first and second terminals of the third Inductor.
balanced ports and first and second unbalanced ports. Each
frequency band channel includes a first inductor having a
first terminal coupled to the first balanced port and a
second terminal coupled to the second balanced port. A first
capacitor is coupled between the first and second terminals
of the first inductor. A second inductor has a first
terminal coupled to the first unbalanced port and a second
terminal coupled to the second unbalanced port. The second
inductor is disposed within a first distance of the first
inductor to induce magnetic coupling between the first and
second inductors. A second capacitor is coupled between the
first and second terminals of the second inductor. A third
inductor is disposed within a second distance of the first
inductor and within a third distance of the second inductor
to induce magnetic coupling between the first, second, and
third inductors. A third capacitor is coupled between first
and second terminals of the third inductor.

In another embodiment, the present invention is a band-

pass filter including a plurality of LC resonators each
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In another embodiment, the present invention is an LC resonator circuit comprising a first Inductor having
first and second terminals. A first capacitor is coupled between the first and second terminals of the first
Inductor. A second Inductor has first and second terminals. A second capacitor is coupled between the
first and second terminals of the second Inductor. A third Inductor is disposed adjacent to the first and
second Inductors to induce magnetic coupling between the first, second, and third Inductors. A third
capacitor is coupled between first and second terminals of the third Inductor. In another embodiment,
the present ifVEhtion is ahthtdgratél EFEut patikdge R6Msig e plutality of LE resdhatsis ¥t having first,
second, thirdnand fewd inteecarmect teraninalss Thedptegratas-circtibinckiging adirstsknductor having a

first terminal cgg&lggotot %\ti:.rLsntInger%cj)lrgg%ctttegmilnaé?ngoas %%%gerggréalfcougtled to the second
interconnect terminalc A first caﬁamtor IS coupl%d“bé]tween the first and second términals of the first

inductor. A sécorthingdictortiasadfirst tepmimadl coepledrte the divstlinterconnéct teemimadland a second
terminal coupled 1o y%%sggqncd- intgrconpect ter 'r&qltgrsgcgngogﬁga&g%&%%@eg}peetween the first and

second terminals of the second inductor. A third inductor is disposed adjacent to the first and second

inductors to ihdtce nfEtthetiR COUPling Betwaen thé firstesédard, dritftHirelinductors SAtRird capacitor is
coupled betweem firsband secand terminals-efithe third ipductor. BriefDescriptionofdhe Dyawings
FIG. Lillustrates a PCB with different types of packages mounted Lo I8 SUaCe: vat anced
port. A second capacitor is coupled between the first and
second terminals of the second inductor. A third inductor is
disposed adjacent to the first and second inductors to induce
magnetic coupling between the first, second, and third
inductors. A third capacitor is coupled between first and
second terminals of the third inductor.

In another embodiment, the present invention is an LC
resonator circuit comprising a first inductor having first
and second terminals. A first capacitor is coupled between
the first and second terminals of the first inductor. A
second inductor has first and second terminals. A second
capacitor is coupled between the first and second terminals
of the second inductor. A third inductor is disposed
adjacent to the first and second inductors to induce magnetic
coupling between the first, second, and third inductors. A
third capacitor is coupled between first and second terminals
of the third inductor.

In another embodiment, the present invention is an
integrated circuit package housing a plurality of LC
resonators and having first, second, third, and fourth
interconnect terminals. The integrated circuit including a
first inductor having a first terminal coupled to the first

interconnect terminal and a second terminal coupled to the
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FIGs. 2a-2c illustrate further detail of the semiconductor packages mounted to the PCB; FIG. 3
illustrates a semiconductor package containing an integrated passive device; FIG. 4 illustrates a
multi-channel RF signal processing circuit coupled to a transceiver; FIG. 5 illustrates a layout of the
multi-channel RF signal processing circuit; FIGs. 6a-6¢ are schematic diagrams of individual RF
signal processing channels; FIG. 7 illustrates a plurality of LC resonators for use in an RF signal

processing channel; . . . .
second interconnect terminal. A first capacitor is coupled

between the first and second terminals of the first inductor.
A second inductor has a first terminal coupled to the first
interconnect terminal and a second terminal coupled to the
second interconnect terminal. A second capacitor is coupled
between the first and second terminals of the second
inductor. A third inductor is disposed adjacent to the first
and second inductors to induce magnetic coupling between the
first, second, and third inductors. A third capacitor is
coupled between first and second terminals of the third

inductor.

Brief Description of the Drawings

FIG. 1 illustrates a PCB with different types of
packages mounted to its surface;

FIGs. 2a-2c illustrate further detail of the
semiconductor packages mounted to the PCB;

FIG. 3 illustrates a semiconductor package containing an
integrated passive device;

FIG. 4 illustrates a multi-channel RF signal processing
circuit coupled to a transceiver;

FIG. 5 illustrates a layout of the multi-channel RF
signal processing circuit;

FIGs. 6a-6c are schematic diagrams of individual RF
signal processing channels;

FIG. 7 illustrates a plurality of LC resonators for use
in an RF signal processing channel;

FIG. 8 illustrates another embodiment of the LC
resonators for use in an RF signal processing channel;

FIG. 9 is a graph of insertion loss versus frequency for
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FIG. 8 illustrates another embodiment of the LC resonators for use in an RF signal processing channel;
FIG. 9 is a graph of insertion loss versus frequency for different distances dl between inductors of the LC
resonator,; FIG. 10 is a graph of insertion loss versus frequency for different distances d2 between
inductors of the LC resonator; and FIG. 11 is a graph of insertion loss versus frequency for different
distances d3 between inductors of the LC resonator. Detailed Description of the Drawings

different distances dl between inductors of the LC resonator;
FIG. 10 is a graph of insertion loss versus frequency
for different distances d2 between inductors of the LC
resonator; and
FIG. 11 is a graph of insertion loss versus frequency
for different distances d3 between inductors of the LC

resonator.

Detailed Description of the Drawings

The present invention is described in one or more
embodiments in the following description with reference to
the Figures, in which like numerals represent the same or
similar elements. While the invention is described in terms
of the best mode for achieving the invention’s objectives, it
will be appreciated by those skilled in the art that it is
intended to cover alternatives, modifications, and
equivalents as may be included within the spirit and scope of
the invention as defined by the appended claims and their
equivalents as supported by the following disclosure and
drawings.

Semiconductor devices are generally manufactured using
two complex manufacturing processes: front—-end manufacturing
and back-end manufacturing. Front—-end manufacturing involves
the formation of a plurality of die on the surface of a
semiconductor wafer. Each die on the wafer contains active
and passive electrical components, which are electrically
connected to form functional electrical circuits. Active
electrical components, such as transistors, have the ability
to control the flow of electrical current. Passive

electrical components, such as capacitors, inductors,



The present invention is described in one or more embodiments in the following description with reference
to the Figures, in which like numerals represent the same or similar elements. While the invention is
described in terms of the best mode for achieving the invention's objectives, it will be appreciated by
those skilled in the art that it is intended to cover alternatives, modifications, and equivalents as may be
included within the spirit and scope of the invention as defined by the appended claims and their

equivalents as supported by the following disclosure and drawings. ~ Semiconductor devices are
generally mahffactiret<usifg two contdlex Marufatilfmgprocesses: frdhtlerd hfantifacturing and
back-end manufaciyring.daront-endrivanufasturing invelvesthe farmation of apluralit-afidie on the
surface of a sfemiconductor wafer. Each die on the wafer contains active and passive electrical

NncCrions . . . . . . .
components, which are electrically connected to form functional electrical circuits. Active electrical
components, such a&tsansistors,chavetthecabilitytorconto| dve flowrofelectnicaheursentt Passive electrical

components, SHCh A capaclions, InAUEtars,fesistors, and,transformeys, create g rglationship between

voltage and current necessary to perform electrical circuit functions. Passive and active components
are formed of e $tiHfage GRS Senficoirilictorwaidt & Serts of ProdessSsteps icluditig doping,

deposition, photelithographyretchings and planatzations Doging intkeducesdmpuities into the
semiconductor materi%{ b techniqyes ,sulch as iton i}rln lantation or thermal diffusio?. The doping process
modifies the SRLHHEAI CORAGEHIVIE ST semicBRAbEOr Materal ﬁugé}ivaesdel\ﬁ(rzlesl,nfpanas%l%ihé)qhe
semiconductormalterialditodd permanent inSokatol penmapent eenductdr, forecharnging the way the
semiconductanmalcyisl £hanges.p.copductivly InJgsRanse(a A eladie field. Sragsisigss contain

regions of varying types and degrees of doping arranged as necessary to enable the transistor to promote
or restrict the9foin ©F etecticdl ThPeht ipohithe TPPHEAHGH 6F ah eIttt Freld. 1ntoAgtive and passive

components gee-formadby lavers of matgdalswith diffesent.elestrical propertigsnthe fayers ¢an be
formed by a variety of deposition techniques determined in part by the type of material being deposited.

For example, thin filff 463BS6h thay HVOVE themick Sapor depBsiich (EVD), physical vapor deposition
(PVD), electrobytip plating, @nghelettrolessplatirg processesskach tayerds generalbygpatterned to form

portions of active components Qassivg cigm(g)onents,for O1eI§ctricaI connecti&)ns between_components.
The layers c:fn be a;:)%{t%ar e& ﬁ%insg Sﬁloto ith E?a?pshy? which T\ ol\%fsrt %ggepggitigr? %? ﬁaﬁtrgensitive

material, e.g.t photoresist, ver thé /e to betpatterned tA rattera 3¢ ransferied fréaia photomask to the
photoresist UsiNgctrical current upon the application of an electric field.

Active and passive components are formed by layers of
materials with different electrical properties. The layers
can be formed by a variety of deposition techniques
determined in part by the type of material being deposited.
For example, thin film deposition may involve chemical vapor
deposition (CVD), physical vapor deposition (PVD),
electrolytic plating, and electroless plating processes.
Fach layer is generally patterned to form portions of active
components, passive components, or electrical connections
between components.

The layers can be patterned using photolithography,
which involves the deposition of light sensitive material,
e.g., photoresist, over the layer to be patterned. A pattern

is transferred from a photomask to the photoresist using
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light. The portion of the photoresist pattern subjected to light is removed using a solvent, exposing
portions of the underlying layer to be patterned. The remainder of the photoresist is removed, leaving
behind a patterned layer. Alternatively, some types of materials are patterned by directly depositing the
material into the areas or voids formed by a previous deposition/etch process using techniques such as
electroless and electrolytic plating. Depositing a thin film of material over an existing pattern can
exaggerate the underlying pattern and create a non-uniformly flat surface. A uniformly flat surface is

required to protice smalir & o8 dehseRFpakecPadieSand Passive cormpsierits. PRanarization can

be used to remoyne: matenialitaradhe surfgace of she wafer anrg psaduceatmnifermlyftat-susface.
Planarization inéolv§s Polis@in thetsur%ce of the Wafgr WiLlBha polishinglcﬁ)ad. AP %l%rasive material and
corrosive chemical are Added 16 the Surtacé o the wafer durlneg 53[%%%9.@1‘%5 combined mechanical
action of the abrasivesand torresivenactioh of thevchremicahieove » any ¢regulat topography, resulting in

a uniformly flat swface. . o l@gclg—&gg rg%gfgcggi%geg?gsatpscgggg ;9!1@@%%{%@19;913 finished wafer into

the individual die and then packaging the die for structural support and environmental isolation. To
singulate the & afeWafeP RO Sédredcarid Brokencalond nbrtfunelisnariegforts of thedFafer called saw

streets or scrihgsndhepyaterds singslated 4ising alaser-cuiting device-orsaw blade: iftey sirgulation, the
individual die are mounted to a package substrate tha&includes pins or contact pads for interconnection
with other sySte compoheRts ContacfPads formed overthersemitbriductor die are then connected to
contact pads within theppackagey The:electrical confectioress-¢an bevmadenvitksaldénbumps, stud bumps,

conductive pste. L Witebends.,n encapsulant or alhar mpleng maseralls feposlied ayer the package

to provide physical support and electrical isolation. The finished package is then Inserted into an electrical
system and thée funétioralifof thecSerficbhatetor devitelisThade avaftabletbitReé vthér system

components.requiiGdl Hiushates.electiaric devige d Ohavdng a-chip capiensubsirate e£ printed circuit
board (PCB) 12 with a plurality of semiconductor packages mounted on its surface. Electronic device 10

may have on&1p& df S&iiicrtite package, bf MuitipR R8s Of SeliicONdittoPpaAEREYEs, depending
on the applicatiar.rike diffesentiypes of Semicoridudier packagesaresshweivedn &1G. 1 for purposes of
lllustration. uniformly flat surface. Planarization involves polishing the
surface of the wafer with a polishing pad. An abrasive
material and corrosive chemical are added to the surface of
the wafer during polishing. The combined mechanical action
of the abrasive and corrosive action of the chemical removes
any irregular topography, resulting in a uniformly flat
surface.

Back—-end manufacturing refers to cutting or singulating
the finished wafer into the individual die and then packaging
the die for structural support and environmental isolation.
To singulate the die, the wafer is scored and broken along
non-functional regions of the wafer called saw streets or
scribes. The wafer is singulated using a laser cutting
device or saw blade. After singulation, the individual die
are mounted to a package substrate that includes pins or

contact pads for interconnection with other system

components. Contact pads formed over the semiconductor die
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Electronic device 10 may be a stand-alone system that uses the semiconductor packages to perform an
electrical function. Alternatively, electronic device 10 may be a subcomponent of a larger system. For
example, electronic device 10 may be a graphics card, network Interface card, or other signal processing
card that can be Inserted into a computer. The semiconductor package can Include microprocessors,
memories, application specific Integrated circuits (ASICs), logic circuits, analog circuits, RF circuits,

discrete devices, or other semiconductor die or electrical components. In FIG. 1, PCB 12 provides a
general substtafe for Structirafstsport andBléétricaPritercBhhBetofthe SEthicdRAbuctof packages

mounted on theRE€Bi &ondustivie signah races Ldcarefosmedon aswtaceramupithindayers of PCB 12

using evapor%tion, electrolytic 1Platin el%ctroless Ql.atin}g sgreen %ilntinrg PVD, or gther suitable metal
. BIDS 1q; GRRAUSLIVE R3S be, (OF (WAL ?n S, £ d%%%ulan op
deposition process.’Signal traces 14 provideé for electrical communication between each of the

semi_conduct@rtp@ckageb@lm@mgd_@ohqiorﬂ@tsl,e@ws @tt@f_f externat Bystearkemponents. Traces 14 also
provide power.and; gro %tlgﬂgé%%cgm the sepicenduciar packages. T Jn some

embodiments, a semiconductor device has two packaging levels. First level packaging is a technique for
mechanicallyfdritt éleRtridaliy attaehing tHecdermitomtiuetordié to acdttier Secont levéfFackaging

involves mechanically angrelectrically aftaghingHbe LatriextotheReBa v other embediments, a
semiconductor devicg may have the first level packagoing where the die is mechanically and
I componénts.

onl
electrically mdlnted %gctﬁ/otoé@ﬁ% PERET system
FIG. 1 illustrates electronic device 10 having a chip

carrier substrate or printed circuit board (PCB) 12 with a
plurality of semiconductor packages mounted on its surface.
Electronic device 10 may have one type of semiconductor
package, or multiple types of semiconductor packages,
depending on the application. The different types of
semiconductor packages are shown in FIG. 1 for purposes of
illustration.

Electronic device 10 may be a stand-alone system that
uses the semiconductor packages to perform an electrical
function. Alternatively, electronic device 10 may be a
subcomponent of a larger system. For example, electronic
device 10 may be a graphics card, network interface card, or
other signal processing card that can be inserted into a
computer. The semiconductor package can include
microprocessors, memories, application specific integrated
circuits (ASICs), logic circuits, analog circuits, RF
circuits, discrete devices, or other semiconductor die or
electrical components.

In FIG. 1, PCB 12 provides a general substrate for
structural support and electrical interconnect of the
semiconductor packages mounted on the PCB. Conductive signal

traces 14 are formed on a surface or within layers of PCB 12

10



For the purpose of illustration, several types of first level packaging, including wire bond package 16 and
flip chip 18, are shown on PCB 12. Additionally, several types of second level packaging, including ball
grid array (EGA) 20, bump chip carrier (BCC) 22, dual in-line package (DIP) 24, land grid array (LGA) 26,
multi-chip module (MOM) 28, quad flat non-leaded package (QFN) 30, and quad flat package 32, are
shown mounted on PCB 12. Depending upon the system requirements, any combination of

semiconductor packages, configured with any combination of first and second level packaging styles, as

well as other &fectforfic 2BRTFONEMNS, &hthe E8RHEARI OPEBIA2. 9h Lohte efbodih@hts Blectronic
device 10 inchides-a sigle attaghedsemieenductor packags, while-other @shediments call for multiple
interconnected gackaﬁges. gy corTbitnin one.of more s%.micgnducﬁor&ackagffs over a single substrate,
manufacturerpsrcacneisncC)rpora nBre- %aadeescompgﬁgﬁ’tls into electronic devices and systems. Because the
semiconductorpackagestinchudessoptsticated furictiomalitsrelesirohic devices dandise manufactured

using cheapey components and.a sbortgr, manufactudng processs Jheresulting deyiees are less likely to

fail and less expensive to manufacture resulting in lower costs for consumers. FIG. 2a lllustrates
further detail 5F &P 24 thothtéd BR PCBA R DIP24 el Gdes 8eémicatitiicidrodié 34°h&Rg contact pads

36. Semiconducterdies34 includes apactiyewegion.containing analog or digital circuits Implemented as
active devices, passive devices, %onductive layers, and dielectric layers formed within semiconductor die

34 and are electrically} INt8FConnERtSd Acloriing to° e SIRRHHERT aBsigh ofthe HiE. F8Pexample, the circuit

may Inclu_dg paemmmr@ ttzmsistmg, diodes, imduetbr@acamitogs,:'res_isto:rspand@merfcimui't elements
e st ealormofdle 3. Ganiagt pads Soare made 1L A CoBAlGIve IMajea), such as

aluminum (Al), copper (Cu), tin (Sn), nickel (Ni), gold (Au), or silver (Ag), and are electrically connected to
the circuit elepferits f8FRed Mvithirt elfe°34. Cortict pads3b-are forietsy PVEr GBS elettrolytic plating,

or electroless;platingdrecess, Dyring assembly offaIR-24-semicondugtormdie 34 isimeunted to a carrier
38 using a gold-silicon eutectic layer or adhesive material such as thermal epoxy. The package body

Includes an ifSHISHVE PAERagiAg THAETAT SUER 35 PoTymEF of 2&rathicY Cohttictdtiedds 36 are connected
to carrier 38 ard ®irechondsy42 areetrred between ieads=40 andcontgctgpatds 36 of die 34 as a first level

pac_kaglng. EQE%B%%I_J%I’I% 44 is ggeg%l%?op qver. tg@lpa kggtehfgr]_ggg_lronmental protection by preventing
moisture and partlcles%rom entering the package and contaminating die
For the purpose of illustration, several types of first

level packaging, including wire bond package 16 and flip chip
18, are shown on PCB 12. Additionally, several types of
second level packaging, including ball grid array (BGA) 20,
bump chip carrier (BCC) 22, dual in-line package (DIP) 24,
land grid array (LGA) 26, multi-chip module (MCM) 28, gquad
flat non-leaded package (QFN) 30, and quad flat package 32,
are shown mounted on PCB 12. Depending upon the system
requirements, any combination of semiconductor packages,
configured with any combination of first and second level
packaging styles, as well as other electronic components, can
be connected to PCB 12. In some embodiments, electronic
device 10 includes a single attached semiconductor package,
while other embodiments call for multiple interconnected
packages. By combining one or more semiconductor packages

over a single substrate, manufacturers can incorporate pre-
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34, contact pads 36, or wire bonds 42. DIP 24 is connected to PCB 12 by inserting leads 40 into holes
formed through PCB 12. Solder material 46 is flowed around leads 40 and into the holes to physically and
electrically connect DIP 24 to PCB 12. Solder material 46 can be any metal or electrically conductive
material, e.g., Sn, lead (Pb), Au, Ag, Cu, zinc (Zn), bismuthinite (B1), and alloys thereof, with an optional
flux material. For example, the solder material can be eutectic Sn/Pb, high-lead, or lead-free. FIG. 2b

illustrates further detail of BCC 22 mounted on PCB 12. Semiconductor die 47 is connected to a carrier by
wire bond styl& fifst fEV8 Paekagint BC C 2255 R80AtedIB PER B2 {ith e BETS styl&SEE01E level
packaging. Senucerductondie4 b hapingkcartactipads.48 is;puked exeea carrier using an underfill or
epoxy-resin hesitv.e ma{ertial 50'186 iconducté)r die 47 includgs an actirye rtegiorgicontaining analog or
digital circuits Prﬁﬁle%ﬁ)ennateéi as active devices, pae's\é%v%e&e\ﬁ%éls, conductivé ?ayerr%, and dielectric layers
formed withircsemiconductordie @7sard dre: elgotrcatly Intercdpnéctedraxcording $o the Blectrical design

of the die. For exampigthegircuitmay Include one.onmore ransistars, diodes, indyctors, capacitors,

resistors, and other circuit elements formed within the active region of die 47. Contact pads 48 are made
with a conduétive"aratdidiC8ach a8 M EURSniNi LAY ST A§Sard BPE efestticals connected to the circuit

elements formed withi; diex47 1 Contact peds 48.arentormeshy PVE: GVYD, electelyticqlating, or
electroless plgtigg C}ogocessI.E\)Ni%% bonds 54 and bond pads 56 ang,58 $Iec}tlricalll){ conneé:t contact pads 48
of semiconductor dié 47 torEortact PEAS 83 D BEE ST fOHMING tie first fevet pacRaging’ Roiding

compound orpads 36. Semiconductor die 34 includes an active region
containing analog or digital circuits implemented as active
devices, passive devices, conductive layers, and dielectric
layers formed within semiconductor die 34 and are
electrically interconnected according to the electrical
design of the die. For example, the circuit may include one
or more transistors, diodes, inductors, capacitors,
resistors, and other circuit elements formed within the
active region of die 34. Contact pads 36 are made with a
conductive material, such as aluminum (Al), copper (Cu), tin
(Sn), nickel (Ni), gold (Au), or silver (Ag), and are
electrically connected to the circuit elements formed within
die 34. Contact pads 36 are formed by PVD, CVD, electrolytic
plating, or electroless plating process. During assembly of
DIP 24, semiconductor die 34 is mounted to a carrier 38 using
a gold-silicon eutectic layer or adhesive material such as
thermal epoxy. The package body includes an insulative
packaging material such as polymer or ceramic. Conductor
leads 40 are connected to carrier 38 and wire bonds 42 are
formed between leads 40 and contact pads 36 of die 34 as a
first level packaging. Encapsulant 44 is deposited over the
package for environmental protection by preventing moisture

and particles from entering the package and contaminating die
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encapsulant 60 is deposited over semiconductor die 47, wire bonds 54, contact pads 48, and contact
pads 52 to provide physical support and electrical isolation for the device. Contact pads 64 are formed on
a surface of PCB 12 using evaporation, electrolytic plating, electroless plating, screen printing, PVD, or
other suitable metal deposition process and are typically plated to prevent oxidation. Contact pads 64
electrically connect to one or more conductive signal traces 14. Solder material is deposited between
contact pads 52 of BCC 22 and contact pads 64 of PCB 12. The solder material is reflowed to form

bumps 66 which fériiatfechaiCal’ind electricdt cBRREELHT betwdén BEC 2241 PEE12. In FIG.
2c, semipondwt@raﬁeﬂ@ iﬁyn@u@@ﬂtfaﬁg doywaito qarrier 76 w'tsh@sfl@p@hi@gtytelﬁ@ﬁ@v@mckgging.
BGA 20 s attpghed do FCB 12,with 2 [ style second,level packading Agiive,rcgion 79 containing
analog or digital circuits implemented as activé devices, passive devices, conductive I%lyers, and dielectric

layers fc_)rmectthpéemidmmwidie}lﬁzis@éctﬂtaw hﬁembhnectedla@’oram t2)4thecelectrica_1l design
of the die. Fopexample, thecitcuit may inclyde oneQr mare, frangistars, diodes. inductars, gapacitors,

resistors, and other circuit elements formed within active region 70 of semiconductor die 18.
SemiconducttP B8 £8 17 8leb iy Hnd Methanically Htaehédto cafrfer 76/thretigh &tfarge number of

individual condctiyersoiderbumps or balls 78 soldenbumps érareformedron: hugp-pagds.or
interconnect i{es 80, which are digposed on activetregion 710. Bum tpaols 2%0 are made with a conductive
material, such aSAMEESH Ni, AlC6r A§75Rd Hre Blecthicafl EoRlie&Ed 1o the Rirklit elements formed in

active region i@ Bump padsBY, atelfpnmesldoly, PVD, 16D elestrolytic plating, or electroless plating
process. Solder burgps, 78 gre electrically and mechanically, connected fo.contact pads or interconnect

sites 82 on carrier 76 by a solder reflow process. "EGA 20 is electrically and mechanically attached to
PCB 12 by afafgelmumbéerBtireiAdcal Corditetive soRie? BrRes 6 bals B6CTHE Sofdétbumps are

formed on bump pads 1 integaennect sites 8de Theump Pagls 84are electrically connected to
interconnect sites 82 through conductive lines 90 routed through carrier 76. Contact pads 88 are formed

on a surface bf PCE' 13 Usihg' elaporatibh® et tioltic §i4fing Fa66 81638 plating, screen printing, PVD, or
other suitablesmetaldepasition priccess andvarestypicatly platedds prevent oxidatien. Cortactpads 88

electrically connect to one .or mare %%rédet{c%iv?lsi%@al traces 14. The solder P\%nplr)és,agg are glectrically and

mechanically connected to contact pads or Jbondlng pe)g S 88'on PCB 12 y a solder reflow process.
50. Semiconductor die 47 includes an active region
containing analog or digital circuits implemented as active
devices, passive devices, conductive layers, and dielectric
layers formed within semiconductor die 47 and are
electrically interconnected according to the electrical
design of the die. For example, the circuit may include one
or more transistors, diodes, inductors, capacitors,
resistors, and other circuit elements formed within the
active region of die 47. Contact pads 48 are made with a
conductive material, such as Al, Cu, Sn, Ni, Au, or Ag, and
are electrically connected to the circuit elements formed
within die 47. Contact pads 48 are formed by PVD, CVD,
electrolytic plating, or electroless plating process. Wire
bonds 54 and bond pads 56 and 58 electrically connect contact
pads 48 of semiconductor die 47 to contact pads 52 of BCC 22

forming the first level packaging. Molding compound or
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Molding compound or encapsulant 92 is deposited over semiconductor die 18 and carrier 76 to provide
physical support and electrical isolation for the device. The flip chip semiconductor device provides a
short electrical conduction path from the active devices on semiconductor die 18 to conduction tracks on
PCB 12 in order to reduce signal propagation distance, lower capacitance, and achieve overall better
circuit performance. In another embodiment, the semiconductor die 18 can be mechanically and
electrically attached directly to PCB 12 using flip chip style first level packaging without carrier 76.
Referring to I3 $ehfitondlctd? dREPFadiety €94 nclGdes asdmitBRdddtor Substfate™06 which is
made of silicenr(&4), gallium arsenide {6aAs}, glass, aeibetbulkssemEpnducior svatesial for structural
support. An active region 98 is formed on the top,.surface of semiconductaor substrate 96. Active region 98
includes acti\?Cethé’\ﬁcégsP a‘?\%ﬁﬁtoe]@tfafsé%dpaes?sel\?éc ]gtla\cf%esj(% ,%c%)onlaucﬁ\jlfe Fa@%ré%eéfnlac dielectric layers
according to the¢lectricakdesigh efrithe fdienEhe active gevicesdnclideéransistors, iodes, etc. The IPD

may include Wi flp industors, tesistoss. and. cgnadliars, Agive.tealon 98 ascuples,anout 5-10% of the

overall thickness or height H1 of semiconductor die 94. Semiconductor die 94 can be electrically
connected toBtherdeViEes tisity flipthip, Bond Wirds, Bt iftePdsniett pingterositigemiconductor

devices contginhg=a plurality-0fd PBscan be wsed-ndigh fregueney applicatianss such as microwave
radar, telecommunications, wireless transceiv?rls, electronic switches, and other devices performing radio

frequency (Flgf%f;e%?r?céf ?&nsct%lns? lf%%tlﬁbcsapro%ifeofh%egl%cﬁﬁ:a?r&ﬁalpa%ténr?srtlecs for circuit functions
such as balurs (lsalanéed andambalanced) srelsbnators] igh-passfilters, low-pass filtees] band-pass

fiters (BPF), symmetyic Hi-Q resopant transfoumers, matching nefworks, and,tuning gapaciors. For

example, the IPDs can be used as front-end wireless RE' components, which can be positioned between

the antenna aifd trafhs€eiver- e WirtRissadpplicatitn taridse acefiakr phghesusifg Fdifiple band
operation, sueB.as widebang code division multiple access AWCRMA) hands(BCScMPlow) and global

system mobile communiczation (GSM) bands (low and high). The balun is often used to change
impedance aRfMinifize’common-mode noise through electromagnetic coupling. In some applications,
multiple baluns are fotnedcon acsameniconductor die 18 is mounted face down to

carrier 76 with a flip chip style first level packaging. BGA
20 is attached to PCB 12 with a BGA style second level
packaging. Active region 70 containing analog or digital
circuits implemented as active devices, passive devices,
conductive layers, and dielectric layers formed within
semiconductor die 18 is electrically interconnected according
to the electrical design of the die. For example, the
circuit may include one or more transistors, diodes,
inductors, capacitors, resistors, and other circuit elements
formed within active region 70 of semiconductor die 18.
Semiconductor die 18 is electrically and mechanically
attached to carrier 76 through a large number of individual
conductive solder bumps or balls 78. Solder bumps 78 are
formed on bump pads or interconnect sites 80, which are
disposed on active region 70. Bump pads 80 are made with a
conductive material, such as Al, Cu, Sn, Ni, Au, or Ag, and

are electrically connected to the circuit elements formed in
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substrate, allowing multi-band operation. For example, two or more baluns are used in a quad-band for
mobile phones or other GSM communications, each balun dedicated for a frequency band of operation of
the quad-band device. A typical RE' system requires multiple IPDs and other high frequency circuits in
one or more semiconductor packages to perform the necessary electrical functions. FIG. 4
shows a wireless communication system 100 using an RF integrated circuit (RFIC) 102. The RFIC 102
performs BPF signal processing7for RF signals in five distinct frequency band processing channels:
frequency baRt %, freduiichcybaittt B, frettieRey Baffl CHredidrts oaid BY andféuency band E.
Frequency band Achas an Lnbalancecypors or tarsyinable4,Sfrequeancydbaid Bdias. an sinbaéanced port or
terminal 106; freque band C_has an unbalanced port or terminal 108; frequency band D has an
unbalanced BB r AR 10 Tty Do € R A LA DA ed TrE o Gital 112. Ground
terminal 116 isothearetunpapethdor thecembbalaneed portsel0482121n frequeacy bands AE. Frequency band
A has balancgdports gre@{@vip@§&ggs%n_d 120; frequency band B has balanced ports or terminals 122
and 124; frequency band C has balanced ports or terminals 126 and 128; frequency band D has balanced

ports or terminals 13GAnd 1325 frettehty bahtVE Has Biahced pors vriéiminars134 aRdBL36. Balanced

ports 118-136 are yespectively eeupled to transeeivend40 ferfuther transsittee anduggeiver signal
processing. The wirelegs RE_compaonents use muItiPIe ?%st to Increase functionality and services. For

5 nds AT p 8&&%%88% and frequné%%y%%n%uﬂﬁt %?écses%rGSM. RFIC 102 uses

example, freqbt?elnlcfl ba
baluns in eachrfrequencychand AcE 40 dransfarne IMmpedapee and Mmimimizelearnmioreinogde noise.

FIG. 5 shows Jurther jayout detail QLREIG 102 with ieayency band:p-£-Rragessing shapnels. In one

n
embodiment, RFIC 102 occupies an area 3.2 millimeters (mm) by mm. FIG. 6a shows an equivalent
schematic ciréliteRagiam E6respbndingis reqlfency BamePA indladinginzaianésd peft 104, ground

terminal 116,.and,eapacitas d42cand ihducteryl44 spupledibeiweendmbalanead ppiit-k0d,and ground

terminal 116. An Inductor 146, capacitor 150, and resistor 152 are coupled between balanced ports 118
and 120. Re<istor 152 1516Vides H ACpastchaid rEspdtse’ X dird&tcutferit (DY) powerbis 154 is
coupled to a center pointiofinductop246eBPE power bas tpdiis commphdoall connectedtdevices. The DC

power is appl(i)eoll ggtceirgninal 156. Due tg 5h§sclgge espggi%gi%nq 'integ%a\rlligg tla)é%utbgem%t]yal Inductance or
magnetic coupﬁng IS Inélu'ced between I%ductors 144 an 146 A%cordrilngly, Inductors 144-146 operate as
part of a baluhdhsa BPFarangementirefreguesspbardd A. The solder bumps 86 are

electrically and mechanically connected to contact pads or
bonding pads 88 on PCB 12 by a solder reflow process.
Molding compound or encapsulant 92 is deposited over
semiconductor die 18 and carrier 76 to provide physical
support and electrical isolation for the device. The flip
chip semiconductor device provides a short electrical
conduction path from the active devices on semiconductor die
18 to conduction tracks on PCB 12 in order to reduce signal
propagation distance, lower capacitance, and achieve overall
better circuit performance. In another embodiment, the
semiconductor die 18 can be mechanically and electrically
attached directly to PCB 12 using flip chip style first level
packaging without carrier 76.

Referring to FIG. 3, semiconductor die or package

94 includes a semiconductor substrate 96 which is made of
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Frequency band B is configured similar to FIG. 6a including unbalanced port 106, ground terminal 116,
and capacitor 160 and Inductor 162 coupled between unbalanced port 106 and ground terminal 116. An
Inductor 164, capacitor 166, and resistor 168 are coupled between balanced ports 122 and 124. Resistor
168 provides a flat pass-band response. DC power bus 154 is coupled to a center point of Inductor 164.
Due to the close spacing and interleaving layout, a mutual Inductance or magnetic coupling is Induced
between Inductors 162 and 164. Accordingly, Inductors 162-164 operate as part of a balun in a BPF
arrangementrt fregeenéy band Bl 1 1um asgHuERcy Bafd  isddarigured sthitartoE e 6a including
unbalanced pasih108ngrotineterminat 146, asd eapacitardy0 angductor L2 soupled between
unbalanced port 108 agéi grougd teerinaI 1%6. AQ inducto_; 174, c%pacito.r 176d antd resistor 178 are
coupled between balance ‘f)ort(s)rﬁ% and 1 g.eRe%i%tc‘;’ru 178 %?O\ﬁ e %Hfﬁ'ﬁ%%s%-%é)nrd response.
substrate 96. Active region 98 includes active devices and

integrated passive devices (IPD), conductive layers, and
dielectric layers according to the electrical design of the
die. The active devices include transistors, diodes, etc.
The IPD may include thin film inductors, resistors, and
capacitors. Active region 98 occupies about 5-10% of the
overall thickness or height H1 of semiconductor die 94.
Semiconductor die 94 can be electrically connected to other
devices using flipchip, bond wires, or interconnect pins.

Semiconductor devices containing a plurality of
IPDs can be used in high frequency applications, such as
microwave radar, telecommunications, wireless transceivers,
electronic switches, and other devices performing radio
frequency (RF) electrical functions. The IPDs provide the
electrical characteristics for circuit functions such as
baluns (balanced and unbalanced), resonators, high-pass
filters, low-pass filters, band-pass filters (BPF), symmetric
Hi-Q resonant transformers, matching networks, and tuning
capacitors. For example, the IPDs can be used as front-end
wireless RF components, which can be positioned between the
antenna and transceiver. The wireless application can be a
cellular phone using multiple band operation, such as
wideband code division multiple access (WCDMA) bands (PCS,
IMT, low) and global system mobile communication (GSM) bands
(low and high).

The balun is often used to change impedance and
minimize common-mode noise through electromagnetic coupling.

In some applications, multiple baluns are formed on a same
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DC power bus 154 is coupled to a center point of inductor 174. Due to the close spacing and interleaving
layout, a mutual inductance or magnetic coupling is induced between inductors 172 and 174. Accordingly,
inductors 172-174 operate as part of a balun in a BPF arrangement in frequency band C.

Frequency band D is configured as shown in FIG. 6b including unbalanced port 110, ground terminal 116,
and capacitor 182 coupled between unbalanced port 110 and ground terminal 116. An Inductor 186 is
coupled between unbalanced port 110 and node 185. Capacitor 184 is coupled between node 185 and
ground termiﬁéﬂi%@%ﬁaréﬂ%?e&fﬁrfb‘?n&ﬂﬁr%r RRIEtSIPBE and Rapakitsr FITTESUpIEd Detween node
185 and node 1 9%oCapasitont92 anddpductor 194arecavphed betweem node i@dnard ground terminal
116. Capacitogzshlng,Gléqvg, 19H(l)rhand 19t2., and Induc ors ?6 argfl %88 o%)eéatg as a low-pass filter. An
Inductor 196 is cguple etween balanced E’értse 130 anu 132 A series combinafion of capacitors 198 and
200 is coupletrisetweervbdanded porsck3tand 132. Ahresisted202 isicogpléddetwaen balanced ports
130 and 132.,Resistor 202 provides a flat pass-band.respanse.RC powerbus 184 is, coupled to a center
point of Inductor 196 and the :unction between capacitors 198 and 200. Due to the close spacing and
interleaving l&yG Y& HUtUal fittictance oP RfagietiR CotipfiRg is Mtlited Betirerripdticiors 194 and 196.
Accordingly, ngucters 194196 epesateyasparof achalunin @BBFarrangement in frequency band D.
Frequency band E is confi%ured as shown in FIG. G%qudinrg unbalanced port 112, gr %nd terminal 116,

and Inductor 210 coupled Between (MSAIEnEed pbit £ and NBda 2T K BadSits 214’14 coupled
between node 2iiarch grounchtermipaletil 6: A pardllel B@MbIindtioh. of Gapadiior 2160nd Inductor 218 is
coupled betwsen;node. 212 and;node 220, A capagitor;222 andJndyctor 224 are coupled between node
220 and ground terminal 116. Capacitors 214, 216,and 222, and Inductors 210 and 218 operate as a
low-pass filtef L&t HdiictdE 226 31 Egupledhetveenalanced paRS 134 di ¥136 RA%EPRItombination of
capacitors 228 and 2304s epupladibetyveenbalanced ports 134 and 36 Ayresistar 232 isseoupled
between balanced ports 134 and 136. Resistor 232 provides a flat pass-band response. DC power bus
154 is couplet {oa EBfter Pt of IndGERFE2B And e uiclifh bRwEER TAPAEHETs™3E afd 230. Due to
the close spacingnand intefleavifgdayeuic a mutual Induciance onhzagnetieccquplingds Induced between
Inductors 224 apd 226, ArgRrdingly, \ndiioss.326-228 oPeIRta, 3 RRLLAIAPRNIN & BPF arrangement
in frequency band E.

terminal 108; frequency band D has an unbalanced port or

terminal 110; frequency band E has an unbalanced port or

terminal 112. Ground terminal 116 is the return path for the

unbalanced ports 104-112 in frequency bands A-E. Frequency

band A has balanced ports or terminals 118 and 120; frequency

band B has balanced ports or terminals 122 and 124; fregquency
band C has balanced ports or terminals 126 and 128; frequency
band D has balanced ports or terminals 130 and 132; frequency
band E has balanced ports or terminals 134 and 136. Balanced

ports 118-136 are respectively coupled to transceiver 140 for
further transmitter and receiver signal processing. The
wireless RF components use multiple bands to increase
functionality and services. For example, frequency bands A-C
process WCDMA and frequency band D-E process GSM. RFIC 102
uses baluns in each frequency band A-E to transform impedance

and minimize common-mode noise.
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An alternate embodiment of the balun used in RFIC 102 is shown in FIG. 7. Balun 238 is Implemented
using LC (Inductor and capacitor) resonators which can be Integrated on substrate 96 in FIG. 3. In this
case, balun 238 is coupled between the unbalanced ports and balanced ports in RFIC 102. An Inductor
240 Includes first and second end terminals coupled to unbalanced ports 242 and 244. In one
embodiment, port 242 is a single-ended unbalanced port and port 244 is a ground terminal. Alternatively,

port 244 is a single-ended unbalanced port and port 242 is the ground terminal. A capacitor 246 is
coupled between unbalancet® ports2427'and 244" The 1AdGETor 226%Nd Eap&citdr corstitute a first LC

resonator. Are instineter24% ncudes:first and secondenchtesminals coupled tonbalanged ports 250 and
252. A capaclgtglig&ll (ﬁ cgugled.between balange% ports 250 and 252. Tze Indléct r 248 and capacitor

254 constitute a secorid CC TéSonator. The Triductdr 24 }slréll%p%]égd "Histance dIFrdM Inductor 248. An

Induptor 256 Mcludés entddemminalss258 ande280. K bapacitor ZGZfis_UdolJpﬂe@ms_e\ries bet\_/veen end
terminals 258.g3nd 260 of Jadyctor 3?%3@(%&89“8%@52@ %@%?ﬂaﬁﬂg’rlﬁ%ﬁ%@%&ﬁt%@a%fd LC

resonator. Inductor 256 is disposed around a perimeter of Inductors 240 and 248 non-overlapping with

planar separatiths GF@2 3, o aheeds. hBucRr 256°RThae aldrget"émaller Or&ymirfiétrical value

with Inductors 24P1and 248ween unpENecikeuit layeut shawnin RiGod+is InplementechingRFIC 102 and
provides balun and filter funcii%gs, i.e., a balanced %Iter, in.a small form %a Eor. The circuit contains three

LC resonators ustihy RiUtdal Induietan@dsr hagnatic indutive Cotipling. ThE IFdct58 246 248, and 256
can have a réctangelar zdlygonral, opcircula foremdr $B@pe aRdaretwaund ereate dragreetic coupling.

Capacitors 2 d 254 provi r tic dischar S rotectiqn-for lyn, The-Inductors 240,
46 apd 2od.provide elecrostatic digcharge (ESR) proje &9:'&' %’8%@9 4p, JThesip

248, and 256 are Implemented using 81.1m conductive material such as u, Sn, Ni, Au, or Ag.
Capacitors 246, P24 Tarf262 ate fiaplethemedNisiAg althiifile dieléétric. PReBRvisHimnaterial Increases

capacitance densitys ThenrsP robustnessdntbin-tilm materials canbe obtainee by using inductive shunt

protection across vulnerable capacitors. Most of the energy in an ESD event is concentrated at low

frequency, foP WhTCHT thdtictdrsTifi tHE hahd®HenRFfange drdceffectively shisit ifcaits! In the

magnetically-coupletkeitcuity eachcapacitomistpratected byta fove-valuenshurtihducton ta increase

rObugnessu%gsE%duced between inductors 144 and 146. Accordingly,
inductors 144-146 operate as part of a balun in a BPF
arrangement in frequency band A.

Frequency band B is configured similar to FIG. 6a
including unbalanced port 106, ground terminal 116, and
capacitor 160 and inductor 162 coupled between unbalanced
port 106 and ground terminal 116. An inductor 164, capacitor
166, and resistor 168 are coupled between balanced ports 122
and 124. Resistor 168 provides a flat pass-band response.

DC power bus 154 is coupled to a center point of inductor
164. Due to the close spacing and interleaving layout, a
mutual inductance or magnetic coupling is induced between
inductors 162 and 164. Accordingly, inductors 162-164
operate as part of a balun in a BPF arrangement in frequency
band B.

Frequency band C is configured similar to FIG. 6a

including unbalanced port 108, ground terminal 116, and
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The mutual Inductance or magnetic coupling strength between Inductors 240 and 248 is determined by
the distance dl between two coils. Likewise, the magnetic coupling strength between Inductors 240 and
256, and between Inductor 248 and 256, is determined by the distance d2, d3, d4, and d5 between two
coils. In one embodiment, the distances dI-d5 are set to 10 lam. The BPF parameters are selected by
adjusting the separation between capacitively-loaded inductive rings to tune the magnetic coupling.
Capacitors 246, 254, and 262 are tuned to match the Impedance for the requisite application.

The unbalan&éPp6it 222 And 228An"BAIaheEd hoftsoBPart 2526 At SRaR & L6fton DC
reference. Eaghrinpub and outputcarioperate single-endedror differential: There is apLeedior a separate

balun transformer in applications requiring balanced-to-unbalanced conversion. other
embodiment bf e AL L RIS 0B SRR R FICE o Bt Bh5 e TRoRS RS el oing LC
resonators whict datBhe |Rtegiatedon SEbstrate 36:im EIG. 13 inthiscdsenbHalas2e8 is=coupled between
the unbalancgd ports.and, halapeed ports N REIC 102, AnJpductap 270 Ingludes first and second end

terminals coupled to unbalanced ports 272 and 274. In one embodiment, port 272 is a single-ended
unbalanced poftandpett 274 (& oféGri@ ternfifaR Alerrativehy et 2 74 9s 7 Singte-nded unbalanced

port and portZ7i2.s the ground teranipal. Ascapacitor 27648 coypled batweenjupbalanead ports 272 and
274. The Inductor 270 and % acitor 272 constitute a, first LC r,es(g.)nator. An_In u%t?r 278 Includes first and
|é§) 17/ A 5 .1 /4

second end tEHARAISESUPIEd ' Batahced poHe 380 B 282 IWESSEdtbr 284 is Coupled between

balanced port$28@ anda282:akhe intduetdr278rand capaeitora284 ogrstitute arsetondlrgsonator. The
inductor 270 js dispesed a distance d6 from inductor 278. An inductor 290 includes end terminals 292 and
294. A capacitor 296 Is coupled in series between end terminals 292 and 294 of inductor 290. The
inductor 290 and capacitorr2ZF6igeastute"@ thikd LE 3BRABI FThRe HdR&IBI 290 bVEeflays titductors 270

and 278 with vertical electricaldsalation ans-has ptanayseparatians:afida, ds; «19, and d10. Inductor 290
can have a larger, smaller, or symmetrical value with inductors 270 and 278. The circuit layout

shown in FIG?%H%?ﬁb?eﬁn%ﬁt%chélgﬁ%?F%&HS%%%HQ@lo%ﬂﬁ?gng?iﬁgr furtetidhe, P& A Bhlanced filter,
in a small formetactora Theldircuitzcontaias dhree LBdesenatonp Usthgomutuad inducianee oedagnetic

inductive coupling. The inductors 270,278, and 290 can g a rectangylar, polygonal, or circular form or
shape and ar‘gomr/oun to %Peatrelomggngt%c' couaﬁ]agflcaop%t;%rs 276 %%1(11%284 proe\%dee IeEnSD %rgtection for
the balun. TheShdaewdrs270n978 card 290 aré dmplémentedildsihg S1el eendaetiviet material such as Al,

Cu, Sn, Ni, Ay, arAge Capagitars:2 76,284, and 296 are implemenfedising a thiuliim dielectric. The thin
film material increases capacitance density. The ESD robustness in thin-film material can be obtained by

using inductive*ShaRtrotection &GFo8§ Viiferabie caphcitorgictor 194 are coupled

between node 191 and ground terminal 116. Capacitors 182,
184, 190, and 192, and inductors 186 and 188 operate as a
low-pass filter. An inductor 196 is coupled between balanced
ports 130 and 132. A series combination of capacitors 198
and 200 is coupled between balanced ports 130 and 132. A
resistor 202 is coupled between balanced ports 130 and 132.
Resistor 202 provides a flat pass—-band response. DC power
bus 154 is coupled to a center point of inductor 196 and the
junction between capacitors 198 and 200. Due to the close
spacing and interleaving layout, a mutual inductance or
magnetic coupling is induced between inductors 194 and 196.
Accordingly, inductors 194-196 operate as part of a balun in

a BPF arrangement in frequency band D.
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Most of the energy in an ESD event is concentrated at low frequency, for which inductors in the
nano-Henry range are effectively short circuits. In the magnetically-coupled circuit, each capacitor is
protected by a low-value shunt inductor to increase robustness to ESD. The mutual Inductance
or magnetic coupling strength between Inductors 270 and 278 is determined by the distance d6 between
two coils. Likewise, the magnetic coupling strength between Inductors 270 and 290, and between
Inductor 278 and 290, is determined by the distances d7, d8, d9, and d10 between two coils. In one
embodiment, the distances 464 £0 aY¥e S&ttd ¥0 famCThE BPE parametdis dte Selécted byadjusting the
separation betweencapacitiiely-toased ipduetive nngsto tuke the-magnetic coppling. Capacitors 276,
284, and 296 are tuped tq match the Impedance for the requisite application. The unbalanced
ports 272 and 554 Al baimnoed HoT 20 ShA 62 e Aot Shato & Lbinmon B eféféiice. Each input
and output cal 8perate sirgleenaeddridifferentiab ITHoereds woeme et for &3epanate patumttansformer in

applications reguiring balanged-tg-ynbalanced copversion; o, or EIG.9 1,2 g5aph of insertion loss

versus frequency for balun 238 for different values of dlI. FIG. 10 is a graph of insertion loss versus
frequency forB&ltif 238 fot diffsteAPVAILBS JPDFHG. 1298 agrapAttt inssHion 19ss vérsus frequency for

balun 238 fpr@ﬁg@r@y@lmofam _induct_(Wh@@_ ong @@@@g@ogggg@&ofﬁb@eprggent in_vention
have been illustrated in d%tall, the skllleg tisan will ag%euatgltgat mo |f|cat|gn§ aznd adaptations to

those embodiﬂrﬁlgnt%rr%%? etr%%&én\ﬁi%hou a“epa(halﬁfﬁl front the Scope of the rr%asenglrfve%]ili%n as set forth in

the following tlaimstors 210 and 218 operate as a low-pass filter. An
inductor 226 is coupled between balanced ports 134 and 136.
A series combination of capacitors 228 and 230 is coupled
between balanced ports 134 and 136. A resistor 232 is
coupled between balanced ports 134 and 136. Resistor 232
provides a flat pass-band response. DC power bus 154 is
coupled to a center point of inductor 226 and the junction
between capacitors 228 and 230. Due to the close spacing and
interleaving layout, a mutual inductance or magnetic coupling
is induced between inductors 224 and 226. Accordingly,
inductors 224-226 operate as part of a balun in a BPF
arrangement in frequency band E.

An alternate embodiment of the balun used in RFIC

102 is shown in FIG. 7. Balun 238 is implemented using LC
(inductor and capacitor) resonators which can be integrated
on substrate 96 in FIG. 3. 1In this case, balun 238 is
coupled between the unbalanced ports and balanced ports in
REFIC 102. An inductor 240 includes first and second end
terminals coupled to unbalanced ports 242 and 244. 1In one
embodiment, port 242 is a single-ended unbalanced port and
port 244 is a ground terminal. Alternatively, port 244 is a
single—-ended unbalanced port and port 242 is the ground

terminal. A capacitor 246 is coupled between unbalanced
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Claims What is claimed: 1. A band-pass filter including a plurality of frequency band channels each
having a first and second balanced ports and first and second unbalanced ports, each frequency band
channel comprising: a first inductor having a first terminal coupled to the first balanced port and a
second terminal coupled to the second balanced port; a first capacitor coupled between the first and
second terminals of the first inductor;

ports 242 and 244. The inductor 240 and capacitor 246
constitute a first LC resonator. An inductor 248 includes
first and second end terminals coupled to balanced ports 250
and 252. A capacitor 254 is coupled between balanced ports

250 and 252. The inductor 248 and capacitor 254 constitute a

second LC resonator. The inductor 240 is disposed a distance
dl from inductor 248. An inductor 256 includes end terminals
258 and 260. A capacitor 262 is coupled in series between

end terminals 258 and 260 of inductor 256. The inductor 256
and capacitor 262 constitute a third LC resonator. Inductor
256 is disposed around a perimeter of inductors 240 and 248
non-overlapping with planar separations of d2, d3, d4, and
ds. Inductor 256 can have a larger, smaller, or symmetrical
value with inductors 240 and 248.

The circuit layout shown in FIG. 7 is implemented
in RFIC 102 and provides balun and filter functions, i.e., a
balanced filter, in a small form factor. The circuit
contains three LC resonators using mutual inductance or
magnetic inductive coupling. The inductors 240, 248, and 256
can have a rectangular, polygonal, or circular form or shape
and are wound to create magnetic coupling. Capacitors 246
and 254 provide electrostatic discharge (ESD) protection for
the balun. The inductors 240, 248, and 256 are implemented
using 8pm conductive material such as Al, Cu, Sn, Ni, Au, or
Ag. Capacitors 246, 254, and 262 are implemented using a
thin film dielectric. The thin film material increases
capacitance density. The ESD robustness in thin-film
materials can be obtained by using inductive shunt protection
across vulnerable capacitors. Most of the energy in an ESD
event is concentrated at low frequency, for which inductors

in the nano-Henry range are effectively short circuits. 1In
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a second inductor having a first terminal coupled to the first unbalanced port and a second terminal
coupled to the second unbalanced port, the second inductor being disposed within a first distance of the
first inductor to induce magnetic coupling between the first and second inductors; a second capacitor
coupled between the first and second terminals of the second inductor; a third inductor disposed
within a second distance of the first inductor and within a third distance of the second inductor to induce
magnetic coupling between the first, second, and third inductors; and a third capacitor coupled

between first &t SECHHterRnals Of the irdCittteidr: 2aHe baRd-passiltéf oPERIRS Stherein the
first, second, mndathirevinguctass aranthin filtaconsiucive materiad sand the:firstesecons, @gd third
CapadKHSEHethmf”n‘me%%gkﬁutual inductance or magnetic coupling strength
between inductors 240 and 248 is determined by the distance
dl between two coils. Likewise, the magnetic coupling
strength between inductors 240 and 256, and between inductor
248 and 256, is determined by the distance d2, d3, d4, and db5
between two coils. In one embodiment, the distances dl-d5
are set to 10 um. The BPF parameters are selected by
adjusting the separation between capacitively-loaded
inductive rings to tune the magnetic coupling. Capacitors
246, 254, and 262 are tuned to match the impedance for the
requisite application.

The unbalanced port 242 and 244 and balanced ports
250 and 252 do not share a common DC reference. Each input
and output can operate single-ended or differential. There
is no need for a separate balun transformer in applications
requiring balanced-to-unbalanced conversion.

Another embodiment of the balun used in RFIC 102 is
shown in FIG. 8. Balun 268 is implemented using LC
resonators which can be integrated on substrate 96 in FIG. 3.
In this case, balun 268 is coupled between the unbalanced
ports and balanced ports in RFIC 102. An inductor 270
includes first and second end terminals coupled to unbalanced
ports 272 and 274. In one embodiment, port 272 is a single-
ended unbalanced port and port 274 is a ground terminal.
Alternatively, port 274 is the single-ended unbalanced port
and port 272 is the ground terminal. A capacitor 276 is
coupled between unbalanced ports 272 and 274. The inductor
270 and capacitor 276 constitute a first LC resonator. An

inductor 278 includes first and second end terminals coupled
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3. The band-pass filter of claim 1, wherein the first, second, and third inductors have rectangular,
polygonal, or circular shape. 4. The band-pass filter of claim 1, wherein the first and second inductors
overlay the third inductor. 5. The band-pass filter of claim 1, wherein the first inductor is disposed
adjacent and non-overlapping with the second inductor, and the third inductor is disposed around a
perimeter and non-overlapping with the first and second inductors. 6. The band-pass filter of claim 1,
further including a substrate, wherein the first, second, and third inductors and first, second, and third

capacitors areintegtaRassh 1 Sihsthite 278 THEPmethod 8PEIRIM O fdrttferifckiIiy 8Hirect current
power bus caupted ththessecandhingvctor. & A bandgass filter éncludingta plurality 0fd.C resonators
each having & first and segand balanced ports and first and second unbalancad potts, comprising:

270 is disposed a distance d6 from inductor 278. An inductor

290 includes end terminals 292 and 294. A capacitor 296 1is

coupled in series between end terminals 292 and 294 of

inductor 290. The inductor 290 and capacitor 296 constitute

a third LC resonator. The inductor 290 overlays inductors

270 and 278 with vertical electrical isolation and has planar

separations of d7, d8, d9, and dlO0. Inductor 290 can have a

larger, smaller, or symmetrical wvalue with inductors 270 and

278.

The circuit layout shown in FIG. 8 is implemented

as an RFIC and provides balun and filter functions, i.e., a

balanced filter, in a small form factor. The circuit

contains three LC resonators using mutual inductance or

magnetic inductive coupling. The inductors 270, 278, and 290

can have a rectangular, polygonal, or circular form or shape

and are wound to create magnetic coupling. Capacitors 276

and 284 provide ESD protection for the balun. The inductors

270, 278, and 290 are implemented using 8pm conductive

material such as Al, Cu, Sn, Ni, Au, or Ag. Capacitors 276,

284, and 296 are implemented using a thin film dielectric.

The thin film material increases capacitance density. The

ESD robustness in thin-film material can be obtained by using

inductive shunt protection across vulnerable capacitors.

Most of the energy in an ESD event is concentrated at low

frequency, for which inductors in the nano-Henry range are

effectively short circuits. In the magnetically-coupled

circuit, each capacitor is protected by a low-value shunt

inductor to increase robustness to ESD.
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a first inductor having a first terminal coupled to the first balanced port and a second terminal coupled to
the second balanced port; a first capacitor coupled between the first and second terminals of the first
inductor; a second inductor having a first terminal coupled to the first unbalanced port and a second
terminal coupled to the second unbalanced port; a second capacitor coupled between the first and
second terminals of the second inductor; a third inductor disposed adjacent to the first and second

inductors to induce magnetic coupling between the first, second, and third inductors; and
The mutual inductance or magnetic coupling strength

between inductors 270 and 278 is determined by the distance
d6é between two coils. Likewise, the magnetic coupling
strength between inductors 270 and 290, and between inductor
278 and 290, is determined by the distances d7, d8, d9, and
dl0 between two coils. In one embodiment, the distances d6-
dl0 are set to 10 pum. The BPF parameters are selected by
adjusting the separation between capacitively-loaded
inductive rings to tune the magnetic coupling. Capacitors
276, 284, and 296 are tuned to match the impedance for the
requisite application.

The unbalanced ports 272 and 274 and balanced ports
280 and 282 do not share a common DC reference. Each input
and output can operate single-ended or differential. There
is no need for a separate balun transformer in applications
requiring balanced-to-unbalanced conversion.

FIG. 9 is a graph of insertion loss versus
frequency for balun 238 for different values of dl. FIG. 10
is a graph of insertion loss versus frequency for balun 238
for different values of d2. FIG. 11 is a graph of insertion
loss versus frequency for balun 238 for different values of
d3.

While one or more embodiments of the present
invention have been illustrated in detail, the skilled
artisan will appreciate that modifications and adaptations to
those embodiments may be made without departing from the
scope of the present invention as set forth in the following

claims.
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a third capacitor coupled between first and second terminals of the third inductor. 9. The band-pass filter
of claim 8, wherein the second inductor is disposed within a first distance of the first inductor to induce
magnetic coupling between the first and second inductors. 10. The band-pass filter of claim 8, wherein
the third inductor is disposed within a second distance of the first inductor and within a third distance of
the second inductor to induce magnetic coupling between the first, second, and third inductors. 11. The
band-pass filter of claim 8, wherein the first, second, and third inductors are thin film conducive material,
and the first, second, and third capacitors are thirFhHf+BRlectric. 12. The band-pass filter of claim 8,
wherein the first and second inductors overlay the third inductor.

What is claimed:

1. A band-pass filter including a plurality of frequency
band channels each having a first and second balanced ports
and first and second unbalanced ports, each frequency band
channel comprising:

a first inductor having a first terminal coupled to the
first balanced port and a second terminal coupled to the
second balanced port;

a first capacitor coupled between the first and second
terminals of the first inductor;

a second inductor having a first terminal coupled to the
first unbalanced port and a second terminal coupled to the
second unbalanced port, the second inductor being disposed
within a first distance of the first inductor to induce
magnetic coupling between the first and second inductors;

a second capacitor coupled between the first and second
terminals of the second inductor;

a third inductor disposed within a second distance of
the first inductor and within a third distance of the second
inductor to induce magnetic coupling between the first,
second, and third inductors; and

a third capacitor coupled between first and second

terminals of the third inductor.

2. The band-pass filter of claim 1, wherein the first,
second, and third inductors are thin film conducive material,
and the first, second, and third capacitors are thin film

dielectric.
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13. The band-pass filter of claim 8, wherein the first inductor is disposed adjacent and non-overlapping
with the second inductor, and the third inductor is disposed around a perimeter and non-overlapping with
the first and second inductors. 14. The band-pass filter of claim 8, further including a substrate, wherein
the first, second, and third inductors and first, second, and third capacitors are integrated on the
substrate. 15. An LC resonator circuit, comprising: a first inductor having first and second terminals;
a first capacitor coupled between the first and second terminals of the first inductor; a second inductor
having first and second terminals;

3. The band-pass filter of claim 1, wherein the first,

second, and third inductors have rectangular, polygonal, or

circular shape.

4, The band-pass filter of claim 1, wherein the first and

second inductors overlay the third inductor.

5. The band-pass filter of claim 1, wherein the first
inductor is disposed adjacent and non-overlapping with the
second inductor, and the third inductor is disposed around a
perimeter and non-overlapping with the first and second

inductors.

6. The band-pass filter of claim 1, further including a
substrate, wherein the first, second, and third inductors and
first, second, and third capacitors are integrated on the

substrate.

7. The method of claim 1, further including a direct

current power bus coupled to the second inductor.

8. A band-pass filter including a plurality of LC
resonators each having a first and second balanced ports and
first and second unbalanced ports, comprising:

a first inductor having a first terminal coupled to the
first balanced port and a second terminal coupled to the
second balanced port;

a first capacitor coupled between the first and second

terminals of the first inductor;
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a second capacitor coupled between the first and second terminals of the second inductor; a third
inductor disposed adjacent to the first and second inductors to induce magnetic coupling between the
first, second, and third inductors; and a third capacitor coupled between first and second terminals of
the third inductor. 16. The LC resonator circuit of claim 15, wherein the second inductor is disposed
within a first distance of the first inductor to induce magnetic coupling between the first and second

inductors. 17. The LC resonator circuit of claim 15, wherein the third inductor is disposed within a second
distance of the first @ second inductor having a first terminal coupled to the

first unbalanced port and a second terminal coupled to the
second unbalanced port;

a second capacitor coupled between the first and second
terminals of the second inductor;

a third inductor disposed adjacent to the first and
second inductors to induce magnetic coupling between the
first, second, and third inductors; and

a third capacitor coupled between first and second

terminals of the third inductor.

9. The band-pass filter of claim 8, wherein the second
inductor is disposed within a first distance of the first
inductor to induce magnetic coupling between the first and

second inductors.

10. The band-pass filter of claim 8, wherein the third

inductor is disposed within a second distance of the first
inductor and within a third distance of the second inductor
to induce magnetic coupling between the first, second, and

third inductors.

11. The band-pass filter of claim 8, wherein the first,
second, and third inductors are thin film conducive material,
and the first, second, and third capacitors are thin film

dielectric.

12. The band-pass filter of claim 8, wherein the first and

second inductors overlay the third inductor.
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inductor and within a third distance of the second inductor to induce magnetic coupling between the first,
second, and third inductors. 18. The LC resonator circuit of claim 15, wherein the first and second
inductors overlay the third inductor. 19. The LC resonator circuit of claim 15, wherein the first inductor is
disposed adjacent and non-overlapping with the second inductor, and the third inductor is disposed
around a perimeter and non-overlapping with the first and second inductors. 20. The LC resonator circuit
of claim 15, further including a substrate, wherein the first, second, and third inductors and first, second,
and third capaditors dt8 iRRgratedsh thelsebstrdte S AL ArfintéGratéd tiréliepadkate housing a plurality
of LC resonatotg angdraviag ditsipseeend,dhideand fourth biewanneshierminals  cOmpEsing: a first
inductor having 2 firgt terminal. coupled tq the it inferconnect termingl and a second teiminal coupled to
the second interconnect terminal’

perimeter and non-overlapping with the first and second

inductors.

14. The band-pass filter of claim 8, further including a
substrate, wherein the first, second, and third inductors and
first, second, and third capacitors are integrated on the

substrate.

15. An LC resonator circuit, comprising:

a first inductor having first and second terminals;

a first capacitor coupled between the first and second
terminals of the first inductor;

a second inductor having first and second terminals;

a second capacitor coupled between the first and second
terminals of the second inductor;

a third inductor disposed adjacent to the first and
second inductors to induce magnetic coupling between the
first, second, and third inductors; and

a third capacitor coupled between first and second

terminals of the third inductor.

16. The LC resonator circuit of claim 15, wherein the second
inductor is disposed within a first distance of the first
inductor to induce magnetic coupling between the first and

second inductors.

17. The LC resonator circuit of claim 15, wherein the third

inductor is disposed within a second distance of the first
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a first capacitor coupled between the first and second terminals of the first inductor; a second
inductor having a first terminal coupled to the first interconnect terminal and a second terminal coupled to
the second interconnect terminal, a second capacitor coupled between the first and second terminals
of the second inductor; a third inductor disposed adjacent to the first and second inductors to induce
magnetic coupling between the first, second, and third inductors; and a third capacitor coupled

between first and second terminals of the third inductor.
inductor and within a third distance of the second inductor

to induce magnetic coupling between the first, second, and

third inductors.

18. The LC resonator circuit of claim 15, wherein the first

and second inductors overlay the third inductor.

19. The LC resonator circuit of claim 15, wherein the first
inductor is disposed adjacent and non-overlapping with the
second inductor, and the third inductor is disposed around a
perimeter and non-overlapping with the first and second

inductors.

20. The LC resonator circuit of claim 15, further including
a substrate, wherein the first, second, and third inductors
and first, second, and third capacitors are integrated on the

substrate.

21. An integrated circuit package housing a plurality of LC
resonators and having first, second, third, and fourth
interconnect terminals, comprising:

a first inductor having a first terminal coupled to the
first interconnect terminal and a second terminal coupled to
the second interconnect terminal;

a first capacitor coupled between the first and second
terminals of the first inductor;

a second inductor having a first terminal coupled to the
first interconnect terminal and a second terminal coupled to
the second interconnect terminal;

a second capacitor coupled between the first and second

terminals of the second inductor;
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22. The integrated circuit of claim 21, wherein the second inductor is disposed within a first distance of the
first inductor to induce magnetic coupling between the first and second inductors. 23. The integrated
circuit of claim 21, wherein the third inductor is disposed within a second distance of the first inductor and
within a third distance of the second inductor to induce magnetic coupling between the first, second, and
third inductors. 24. The integrated circuit of claim 21, wherein the first and second inductors overlay the
third inductor. 25. The integrated circuit of claim 21, wherein the first inductor is disposed adjacent and
non-overlapping with tfhé segond tfiictor, ahththetRird GGG F istdisp8Sed aFsind*aPerimeter and

non-overlapping-with the dirstrand seeconthnat€tarSgnet ic coupling between the
first, second, and third inductors; and
a third capacitor coupled between first and second

terminals of the third inductor.

22. The integrated circuit of claim 21, wherein the second
inductor is disposed within a first distance of the first
inductor to induce magnetic coupling between the first and

second inductors.

23. The integrated circuit of claim 21, wherein the third
inductor is disposed within a second distance of the first
inductor and within a third distance of the second inductor
to induce magnetic coupling between the first, second, and

third inductors.

24. The integrated circuit of claim 21, wherein the first

and second inductors overlay the third inductor.

25. The integrated circuit of claim 21, wherein the first
inductor is disposed adjacent and non-overlapping with the
second inductor, and the third inductor is disposed around a
perimeter and non-overlapping with the first and second

inductors.

30



