SEMICONDUCTOR DEVICE AND METHOD OF FORMING RE BALUN HAVING REDUCED
CAPACITIVE COUPLING AND HIGH CMRR Field of the Invention The present invention relates
in general to semiconductor devices and, more particularly, to a semiconductor device and method of
forming an RF balun having reduced capacitive coupling between LC resonators and high CMRR.
Background of the Invention Semiconductor devices are commonly found in modern electronic

products. Semicongismtat sleviresorR v ivthern upe Mangidensly efoneatiicarconaagants. Discrete
semiconductor devicgagenerallmarid N enype DVelacdinal R PORe NE Bal, tpitreMitting diode
(LED), small signal 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 infetfa@d¥entitSndit¥§P&R8es include microcontrollers,
microprocessors, charged-coupled devices (CODs), solar cells, and digital micro-mirror devices (DMDs).
Semiconductor devices gerform a Wide,rant%e of functiolj;s such as hi%h-sgg d calculations, transmitting

and receiving electromaghiefi¢ SigRals, t8HtrbiinG lectronicdevies TFansformifg sunlight to electricity,
and creatirgh Vistabprojeotions fardtetevision dispiay sp Senicariductgr, devices arerfound duthesfields of
aﬁe”wnggwgce and method of forming an RF balun having reduced

capacitive coupling between LC resonators and high CMRR.
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), small signal 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
visual projections for television displays. Semiconductor
devices are found in the fields of entertainment,

communications, power conversion, networks, computers, and



communications, power conversion, networks, computers, and consumer products. Semiconductor
devices are also found in military applications, aviation, automotive, industrial controllers, and office
equipment. Semiconductor devices exploit the electrical properties of semiconductor materials.
The atomic structure of semiconductor material allows its electrical conductivity to be manipulated by the
application of an electric field or base current or through the process of doping. Doping Introduces

impurities k1@ the semiconddetor majerialdoManipylate and contrakthecongduetivitysofithe semiconductor
device. A semiconductor device contains active and passive electrical structures. Active

structureBlihdluding BiBBat aAb FlF efféct trdnsiftors? BORFAIthE Hlow' GF&I&EtFicat current. By varying

levels of depingsnd-application ot an electie fipldgrtbase current, the transistor either promotes or
restricts the flow of electrical current, Passjve structures, including resistors, capacitors, and inductors,

create a relationship b&fWEErVBItAGE Hnd U hetdBI& to pffofm S Varists bf electrical functions.
The passiveghd active stfucidrescanedcrlectticealacennected to fom circits cwbichenablesther

semiconductar devoilce to [gerform high-speled caIcuIations_Land other usefulcfluncti.ons.
. aeqlgan.ucto mgterhal al lows %fs.e ?cgrlca COn u?t%v1t Fo be .
Semiconductor devices are deneralty manufactired Gsing two coniplex mantfacturing processes, i.e.,

front-endnmanyfacturing, and tlack-endlnmaaufacturing, eack irvotwing potentidlly hubdreds of steps.
Front-en% mraneLlrg%ctggn Inrvolllv%s the eforrgzgljticoensgf a pluoqality Ig)f die an th% surf%ccergg% sgrsniconductor
wafer. Edch die Is typically idertical and Zontams circuits formed by e?gétrlgalﬁ/ connecﬁng active and
passive components. Backcend hransfactoong imohressingalatig to manipulate and

control the conductivity of the semiconductor device.

A semiconductor device contains active and passive
electrical structures. Active structures, including bipolar and
field effect transistors, control the flow of electrical
current. By varying levels of doping and application of an
electric field or base current, the transistor either promotes
or restricts the flow of electrical current. Passive
structures, including resistors, capacitors, 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 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. FEach 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 resyltingdn glie with smaller chigher; densityactive andpasspegamponents.Backsend processes
may result in semiconductor device packages with a smaller foot?rint by improvements in electrical

interconrtigi ARd PacREGINGMattiBROTE  and AeRTHET YURT BF EemicontBEt? Tnanufacturing is to

produce higher performarcessemicendyeiar devicaslbereases in deviceperfosmapce €anbes
accomplished by forming active components that are capable of operating at higher speeds. In high

frequency BppiicationS SGCH'aS FAdi6 FEGUEREY (RFPREIESE commGhicafidhs: fibgrated passive
devices (tRs)ate aftesscardained withie the semicopnductortlenice, ExamplemoidPDsHnealudedesistors,
capacitors, and indeJ.Cths. At icaIIRFggatlem requiresarwléigle IPDs in oQPe or more semiconductor

packageén ?orﬁer ornt ﬁ]leeﬁé:c:l ssary Bielirichl fuittiond! AR RE DAl ?Bérlaﬁgéfd and unbalanced)

iS an impbetaat eorapandrinn virgtessi commuinicatioh systess: alfieeREdalumislused tercbnvert
differential si rlulal SR p[rom al%ower Ofa\rgpllsflier or transceiver, to g{peqée-gnd fﬁ%mral,vvg%@ sgosper

. r C . a [S 1 ze m n .
|mpedange 8’8.[']8 ormatlon.sﬂwe aI{m suppresses eafé/ctrlcal noise, perfor Sl eaance ransf%)rmatlon

and matchirg, andminimiz escoremenmede (noise fandbie neiselorsothérl electricabiméerference) through
electromagnetic.coupling, . onq Asonventiongl REbaln L0 s shown g FIG, d i conductive trace or

coil 12 inter-wound or interleave conductive trace or coil 14 to increase mutua couprillnﬁ between
the inductersuCondoctientiacen 2 has firsteandosecondkerakbtermintdls sogpled te bafaneedponts 16 and

18. Capagitor; 20,5 cupled between ports 16 and,18. The Jpductor 1o a&?&%@ﬁ&ﬂ%ﬁ% gonstitute a first

LC (inductor and capacitor) resonator. Conductive trace 14 has first and second end terminals coupled to
unbalancedtsort24 and port 26 (ground terminal). Capacitor 28 is coupled between ports 24 and 26. The

center-tap 30 and condyglivg drace 32 suppliesa RGbias 1@ Palanced ports,16,3nd 18 The inductor 14
and capacitor 28 constitute a second LC resonator.
produce higher performance semiconductor devices. Increases in

device performance can be accomplished by forming active
components that are capable of operating at higher speeds. 1In
high fregquency 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.

An RF balun (balanced and unbalanced) is an important
component in wireless communication systems. The RF balun is
used to convert differential signals, e.g., from a power
amplifier or transceiver, to single-end signal, with proper
impedance transformation. The balun suppresses electrical
noise, performs impedance transformation and matching, and

minimizes common-mode (noise random noise or other electrical



A figure of merit for the RF balun performance is common-mode rejection ratio (CMRR). An insufficient
CMRR results in power supply modulation and self-mixing in receiver circuits, such as the low noise
amplifier. The harmonic response of an electrical device, such as a power amplifier, often exist in
common-mode form. To reduce the unwanted harmonic response, a high CMRR is desirable in the RF
balun. A high CMRR can be difficult to achieve with the implementation shown in FIG. 1,

particularly, athighecfreqyenaies, dite in part tocapacitive coupling betyveen the LC resonator 12 and 20
and the LC resonator 14 and 28. The currents in LC resonators are coupled by mutual inductance. An

input signal to the unb&lafcey BETeLBAdtoF indiREL Cutent ih theBHarced L€ redorf&toF and

vice-versgo leally ia sommen-madessignalappliad 4o the balaneed petts A6ane:-48 gauses equal and
opposite currents to flow in inductor 14 and_no signal is transferred to the unbalanced port 24. To

compensatd HHE 5izE%fthe B Balufids made fetativefy Brge ol stong Mmadketid’odpfihgSPhe coupling
coefficienttbetween theok€ resanatorsis typicalys madeaslarger as praciical, e=golaggemihan 0.6, to
achieve the requisqe m%qpeiig oggli%%lln adggionéﬂesc%pac;trilv(f G uplingabetwe%n the2 bC,resonators is

cermina anc s 0 ac r
made largé€ fo gtéater bandwidth. However, para3|t6|c capacitive cotpling betiveén L'C resonators

allows leakagel eltheecommongnades sighakiodthe unbalancetmort; particldardyndt higherfreguencies.
While thezlg\r%er baclun with inte Ieav%d fgnguctg/e t£aces hac§ certain agvanta]ges, i.e., robustness to

. ctonstltute a 1rs nayc an apaclitor) es ator.
manufacturing varlaﬁon as well'as improved ban WIC?'[E, pass-l%afﬁfﬁ1 response, ma?éhlngﬁoaded Q,
resistive lossds,canidrmserntiordosd, ihalso Tonsumesdie arganwhichcaddsroost 46 theemaplfatturing

process, reduc lance, and increas apacitive, coyplin ich decre CMRR._Summary of the
Invention]Eo ur%a%%\%%ﬁ%ﬁ% or%gn %l%:gba{%l?nr I\Svi%gre %ée \%gpapcelﬁ\;%lg%uﬁihg agzna F?Ll(éﬁrpc?l\ﬁRR.
Accordingl§, insormeembedirhentty e piesehtsinvéntionis’® semidohduetor deviceccomprdgidg a substrate

and balup formed over the é&@sgétes@;?lbﬁé%” Inciydas;a first gopdycllyelrace wound to exfybit

inductive properties with a first end coupled to a first terminal of the semiconductor device and second
end coupléd to decanditeriririal ot the demidornelictor deviceo Asfirst tdsacitor iCeaupléd between the
first and second.ends of the first conductive trace. The balun further includes a second conductive trace
wound to exhibit inductive properties with a first end coupled to a third terminal of the semiconductor
device and second end:céusled o afolifth térmiifal éfthe Benhiednitudisrdevicd Mt first conductive

trace is formed completely within the,secandcondugtive trage. A secerd capagitafiggoupled between the

first and second ends of the second conductive trace. o . .
results in power supply modulation and self-mixing 1n receiver

circuits, such as the low noise amplifier. The harmonic
response of an electrical device, such as a power amplifier,
often exist in common-mode form. To reduce the unwanted
harmonic response, a high CMRR is desirable in the RF balun.

A high CMRR can be difficult to achieve with the
implementation shown in FIG. 1, particularly at higher
frequencies, due in part to capacitive coupling between the LC
resonator 12 and 20 and the LC resonator 14 and 28. The
currents in LC resonators are coupled by mutual inductance. An
input signal to the unbalanced LC resonator induces current in
the balanced LC resonator, and vice-versa. Ideally, a common-
mode signal applied to the balanced ports 16 and 18 causes equal

and opposite currents to flow in inductor 14 and no signal is



In another embodiment, the present invention is a semiconductor die comprising a substrate and inner
conductive trace formed over the substrate and wound to exhibit inductive properties with a first end

coupled to a first terminal of the semiconductor device and second end coupled to a second terminal of
the semiconductor device. An outer conductive trace is formed over the substrate and wound to exhibit
inductive properties with a first end coupled to a third terminal of the semiconductor device and second

end coupled; tosa fourthyterminal of the semicondugtor deyice. The inngrLondyetive trace isifoemed within
the outer conductive trace. In another embodiment, the present invention is a semiconductor

device cdthplidifg Bsubtrafe afd RrdSndifctarforned olfthEsubstrafs: AO8ECdMARAGCST is formed on

the substratep Thadirst inductevisformed withirrtheisecongddigidciar.t he Lc Irapether #mbadiment, the
present invention_is a method of forming a semiconductor die comprising the steps ofgfroviding a

substrate; Y8rhiiAg ah iBREFCSHIUCEVE trads ovEF fHe' Sitbstrate And woliriéfto exhibit indbictiveproperties
with a first entecatiptec-to-a ditst 4erminabofiibe semicanducter.device and secord enadcoupled to a
second terminal .of the semic nduct%r device, and forming an outer conductive trace over t?e substrate
and woulTd &5 ExthibiY fnduetive brrl ertied With afirst end c%lsjﬁfé% 8'a third tren‘ram%acﬁ of the semiconductor
device angd secend érchdeupled to a fourth terminal of the semiconductor device. The inner conductive
trace is formed within tHS oeuteer condggg\éel érgtce.C%ri%fCD%sicrié:)tigguof ﬂe Dr wi@ Sen LC FIG.1lisa
conventional RF balun with ﬁ]rsfémﬁ secon m%er-w%unél colils; PHEGEYN u§rates a PCB with
different typesmof packageslmesniethioatsesurfadehe common-mode signal to the

unbalanced port, particularly at higher frequencies. While the
larger balun with interleaved conductive traces has certain
advantages, 1.e., robustness to manufacturing variation as well
as improved bandwidth, pass-band response, matching, loaded Q,
resistive losses, and insertion loss, it also consumes die area
which adds cost to the manufacturing process, reduces balance,

and increases capacitive coupling which decreases CMRR.
Summary of the Invention

A need exists for an RF balun with reduced capacitive
coupling and high CMRR. Accordingly, in one embodiment, the
present invention is a semiconductor device comprising a
substrate and balun formed over the substrate. The balun
includes a first conductive trace wound to exhibit inductive
properties with a first end coupled to a first terminal of the
semiconductor device and second end coupled to a second terminal
of the semiconductor device. A first capacitor is coupled
between the first and second ends of the first conductive trace.
The balun further includes a second conductive trace wound to

exhibit inductive properties with a first end coupled to a third



FIGs. 3a-3c illustrate further detail of the representative semiconductor packages mounted to the PCB;
FIG. 4 illustrates a semiconductor die with an integrated passive device formed on the active surface;
FIG. 5 illustrates a wireless communication system with integrated RF balun connected to power amplifier
and transceiver; FIG. 6 illustrates further detail of the integrated RF balun; FIG. 7 illustrates a schematic
circuit diagram of the RF balun;

terminal of the semiconductor device and second end coupled to a
fourth terminal of the semiconductor device. The first
conductive trace is formed completely within the second
conductive trace. A second capacitor is coupled between the
first and second ends of the second conductive trace.

In another embodiment, the present invention is a
semiconductor die comprising a substrate and inner conductive
trace formed over the substrate and wound to exhibit inductive
properties with a first end coupled to a first terminal of the
semiconductor device and second end coupled to a second terminal
of the semiconductor device. An outer conductive trace 1is
formed over the substrate and wound to exhibit inductive
properties with a first end coupled to a third terminal of the
semiconductor device and second end coupled to a fourth terminal
of the semiconductor device. The inner conductive trace is
formed within the outer conductive trace.

In another embodiment, the present invention is a
semiconductor device comprising a substrate and first inductor
formed on the substrate. A second inductor is formed on the
substrate. The first inductor is formed within the second
inductor.

In another embodiment, the present invention is a
method of forming a semiconductor die comprising the steps of
providing a substrate, forming an inner conductive trace over
the substrate and wound to exhibit inductive properties with a
first end coupled to a first terminal of the semiconductor
device and second end coupled to a second terminal of the
semiconductor device, and forming an outer conductive trace over
the substrate and wound to exhibit inductive properties with a

first end coupled to a third terminal of the semiconductor



FIG. 8 illustrates another embodiment of the integrated RF balun; and FIG. 9 is a waveform plot
of common mode gain versus frequency for the integrated RF balun. 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 skilied, in-thearthat itds intended ta,gave alternatives, modifications, 1andrequjvalents as may be
included within the spirit and scope of the invention as defined by the appended claims and their

equivaleriS8 s UHPortea by thE ¥6fowing Misclostite anardrafingss trace skmifsrdiicdtor devices are

generallyynanufactned aistngrtwerermplexsarufastiring 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 electri@ily efnDecied iptdson fEtiohal @eawitabarcuits. Active electrical
components, such as transistors and diodes, have the ability to control the flow of electrical current.
Passive electrical components, such as capacitors, inductors, resistors, and transformers, create a
relationship between veltage and suerenpheeessany tol p&forba électricat tircditfunctians. Passive
and activeecgénnpgonﬁ%sé a[ewgérggdcovlei the surface of the semiconductor wafer by a series of process
steps incFudlng oping, 5eposmon, p%o oﬁi’thography, etching, and planarization. Doping introduces
impurities into the semitbhduétor hatetiakhetechnigtiéswiich asiion émplantatigresr thérmal diffusion.
The dopin% gt%c:ceesg rp]gglifig% g1ecgleg£risca_1£ gg@%%cetiyity of semiconductor material in active devices,

a 14 . .
transfornﬁng & semiconductor material into an insulator, conductor, or dynamically changing the

semiconductor material €6rductivity in kdsponse as anfeledtrie fieltbdrbdseodurtémt. Transistors contain
regmnsc¥¥§9@@%9@§§f”gj@%ﬁ?ggﬁéuctor packages mounted to the PCB;

FIG. 4 illustrates a semiconductor die with an
integrated passive device formed on the active surface;

FIG. 5 illustrates a wireless communication system
with integrated RF balun connected to power amplifier and
transceiver;

FIG. 6 illustrates further detail of the integrated RF
balun;

FIG. 7 illustrates a schematic circuit diagram of the
RF balun;

FIG. 8 illustrates another embodiment of the
integrated RF balun; and

FIG. 9 is a waveform plot of common mode gain versus

frequency for the integrated RF balun.

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



doping arranged as necessary to enable the transistor to promote or restrict the flow of electrical current
upon the application of the electric field or base current. 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-glectraless piating processescEach layes isigenerally patternedta Joun pertions«ofiactive
components, passive components, or electrical connections between components. The layers

can be pﬁﬁéﬁeﬁ%irﬁﬁﬁ&‘dﬁﬁ%g%y}Wﬁ?&]tih%l(/és e BEPdificn of fight'sehsitve material, e.g.,
photoresishrover the layepio be patered Acpatiernts yansferredfroma photomaskde the photoresist
using light. The portion of the photoresist pattern subjected to light is removed using a solvent, exposing
portions GFAREUMEHG g5y &S be Baterh8a - TRE Femaiider SRhEBIdtbesist idfembVed, leaving
behind a pattetnestlayer Alieraaitvedyy, some types of spatendlstate pattesred by duectedapasiting the

material into tt e areas or oiﬁ?s f?rmed bg/ a prt%/io.us de ositio?/etch process usin t%cq?iqut%s such as
electroless’and %Ie%?l%?yrtllcep at?nga}lms rl(E)epoesf’[i]ﬁgea it Bk O Fateridl B ahexis ﬁ’"lg paettern can

exaggerate the underlying patiern-and areaie avnionzgniformly flat surface. A uniformly flat surface is

required to produce s eIllgr agg O{‘n%rteoclrenc§ee\l>/. a%kead %ctivg aenlpl a(? ssi\{nea%orPgo@er%tgdPlaQ%rlization can
be used to remove material from the surface of the warer gnt?pro Ucé a unﬁ‘lormﬁy fat Surface. @
Planarization involpés polishing thetsurface pfrtheavafeswith mopdlishing pech i abrasiveomatetial and
conosive, gmicgl g addedp e syrface of e waler duing palishing, The sompined mechanical
action of the abrasive and corrosive action of the chemical removes any |?regular topography, resulting in
a uniformfy flaesurfacect a plBaek-end mandfaetwringtiefersuo tattingadr singulating the finished wafer

into the indiyidual die and then packaging the die for strugiural support and enviranmenyal isglation. To

singulate the die, the wafer is scored and broken along non-functional regions of the wafer called saw
streets oPSEHbEse Thé SRl BasinguyiakeNsing a laserduttietodl oF sawdbidde, Afersitgifation, the

individual die are meupied 10 apackage spbstratedhatincludes ping of contact-pads.fof interconnection

with other system components. Contact pads formed over the semiconductor die are then connected to
contact padSRatHR tHe p&ckadye Theeléctrical Connetforns st be madeewith sofdet bhimps; 3tud bumps,

conductive,pastg; or-wirebands. An encapsulant or otherdpeldingmaterial is-depgsitedpver the package
to provide physical support and electrical isolation. The finished package is then inserted into an electrical

system aR8TtRE AGittionafity Ot tRE sEmRThttRIoT devite|is rhdde av&ifble f the Gther system

componefsinsformers, create a relationship between voltage and current
necessary to perform electrical circuit functions.

Passive and active components are formed over the
surface of the semiconductor wafer by a series of process steps
including doping, deposition, photolithography, etching, and
planarization. Doping introduces impurities into the
semiconductor material by techniques such as ion implantation or
thermal diffusion. The doping process modifies the electrical
conductivity of semiconductor material in active devices,
transforming the semiconductor material into an insulator,
conductor, or dynamically changing the semiconductor material
conductivity in response to an electric field or base current.

Transistors contain regions of varying types and degrees of



FIG. 2 illustrates electronic device 50 having a chip carrier substrate or printed circuit board (PCB) 52 with
a plurality of semiconductor packages mounted on its surface. Electronic device 50 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. 2 for purposes of illustration.

Electronic device 50 may be a stand-alone system that uses the semiconductor packages to perform one

or more gjeetticg! fupctions: Altgsnativelys elacironic devies s0tnay be s subcompanent pbadarger
system. For example, electronic device 50 may be a graphics card, network interface card, or other signal

processifif c&rdfthat €an bBSnderfdd info §tBRTPUtER e HerfiBbndtiRasr packayerah Rt R

MiCroproegssors, memeriesapplication speeifie integrated circuits (ASIC), logic circuits, analog circuits,
RF circuits, discrete devices, or other semiconductor die or electrical components. In FIG. 2, PCB

52 provides a general 8GbsttAte O SRATIAY SubisB SRG et ticaT inteFbnnett of thé Sefni€dnductor
packagesatountied enhe PCB. Genductive signat traees b4 @ve farmed. ovara sardgea-er wihin layers of
PCB 52 using evaporation, electrqglytic plating, electroless plating, screen printing, or other suitable metal
enositioh proCAte Sighal i aLab B okt o IRt oL Cation BSWEEN EACH of the
semiconguctar packages;-ymoantetl eamparierits barich gthés externaldsystem compponehts. Trades 54 also
provide power and ground connections 19 each of the semiconductor packages,, (¢ In some
embodiments, a's miconductor dévice has two pacIEaglng 18VEIS. FirstTevel pacﬁaéing |§ a technique for
mechanicdllysinckélectrically dttaching then sémidonduetor dlie- tol an intepmediatescarsied Second level

packaging jnvalyes mechanically and lectically atiaghing the,ntermediale cagier fo the PCB. In other
embodiments, a semiconductor dévice may only have the firstlevel pac%aglng Where the die is
mechanicallytandheléctricalfys mounted: divectlyctd the PGB, Fomthepumrpese pkiflgstration, several types of

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 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
produce smaller and more densely packed active and passive
components. Planarization can be used to remove material from

the surface of the wafer and produce a uniformly flat surface.



first level packaging, including wire bond package 56 and flip chip 58, are shown on PCB 52. Additionally,
several types of second level packaging, including ball grid array (BGA) 60, bump chip carrier (BCC) 62,
dual in-line package (DIP) 64, land grid array (LGA) 66, multi-chip module (MOM) 68, quad flat
non-leaded package (QFN) 70, and quad flat package 72, are shown mounted on PCB 52. Depending
upon the system requirements, any combination of semiconductor packages, configured with any

combination,atfirst and secand,levebpagksging styles; as welk-as,ethep electoniceamponents can be
connected to PCB 52. In some embodiments, electronic device 50 includes a single attached

semicondifttorspackagedfihile BtherFrsddimentd Ealifof mdtipleIRterconffectet Padéye’r By
combiningneormote semiconduetos packagesmever aisinglessyhlstrate, imanufaciusers can incorporate
pre-made components into electronic devices and systems. Because the semiconductor packages
include sGPARGCSRd TAINATG T ectrbRit GeviddEcdPhé MarfurAtidré LSRG theapérdsiponents
and a streamtined manufacturing pecessahhe resuting devieep atg tess likelyde fait and less expensive
to manufactu%e, re uItirflg ina Iow%r cost for consumers. FIGs. 3a-3c show exemplary
semicondluncjtoroﬁénc ges.aljf‘l(f%a iMiiStrates further detail of DIP 64 mounted on PCB 52. Semiconductor
die 74 includes an actie t¢gien ¢ontaining anatophor digitalrcircuiis anpleimented as active devices,
passive devices, conductive layers, and dielectric layers formed. within the die and are electrically
interconnected égc?olrai%gktg hé%epe%:fr?llceag dggl%%rof]tﬁé: %igt. glgeor le%érln\ﬁg,utﬁé c;aréﬁit ?nnagy iﬁ%l%%e one or
more tramsistbesy tiadesh iductors ocapeacitors, vesistoss,camar othen direuitve leomers fermed within the
active regign emiconductor die 74. Contact pads 76.are one.or more ers of ductive material,
such as a gr%%ugrﬁ %Ié\i), gg%pgrl Fc%lﬁfr%% S%féni((ile% ’(Nse,hgolg?,]&%i olrsfsil\%%&ré@gg%), a%g al%erg e%?rically
connectedltorthe eivouif elentams farmewithin semicbrductbediec?d. Butirgpasseiisiy o DIP 64,
semicondyctardig 74 isymouted fo an intermediate garrier 78 using a gold-silicon eutegtic layer or
adhesive material such as thermal epoxy or epoxy resin. The package body Includes an insulative
packaginganatetiafisuch a$ pelynieiofcbrarniv? Condactorfeatis’8@ and ireaiends°82 provide electrical

interconnect heueen %QIB@QPQ‘E@OEH@t”iﬁ@‘ix?a%‘%ﬁiﬁ@c%ﬁ’s%%%%%ié depesited over the package

for environmental protection by preventing moisture and particles from entering the package and
contaminafif§ 67 74 oF WirebéHds 82t her sYREEBhGhIEtRItEs futther detdiP6IBEE2 mounted on

PCB 52. Semicendurtor dig 88dJsimeuntad ovet carrier 9pusing.an sndedilQrenaxysesinadhesive
material 92. Wire bonds 94 provide first level packaging Interconnect between contactgélds 96 and 98.

Molding &5tAgotid Br-enédifsubitiad®Ss depositéd 6er-serfitoRBGEBF Bit°88 afd WirtthBHfseo4 to

provide physicaksupport anchglectrical isolatignsfor the,devieecoptast pads, 102 are fosmed over a
surface of PCB 52 using a suitable metal deposition process such as electrql%tic plating or electroless

plating to PrefBrPEXidation: Cntad Fads 0 dree Betrizah corre H6& 15 dnE Or Mdie coRBuctive signal
traces 5448 RGBSH2: Bupies 104 are fasmesibetwepn contact pads 98raf BGC 62-and eentact pads 102

of PCB 52. . , , .

The finished package is then inserted into an electrical system
and the functionality of the semiconductor device is made
available to the other system components.

FIG. 2 illustrates electronic device 50 having a chip
carrier substrate or printed circuit board (PCB) 52 with a
plurality of semiconductor packages mounted on its surface.
Electronic device 50 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. 2 for purposes of illustration.
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In FIG. Sc, semiconductor die 58 is mounted face down to intermediate carrier 106 with a flip chip style
first level packaging. Active region 108 of semiconductor die 58 contains analog or digital circuits
implemented as active devices, passive devices, conductive layers, and dielectric layers formed
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 within active region 108.
Semiconductor die 58 is)@le¢trisally-and mechanically goprectedita carrier 06 thyeughbymps 110.

BGA 60 is electrically and mechanically connected to PCB 52 with a BGA style second level packaging

using bumps 112" SeRfifordtitordie 5ahe eedficallyt et tdd o LndeEt e Signal traces 54 in PCB

52 throughi bumps 440, sighat liness114, anddumps 14 25A naalding-eompounrd orencapswdant 116 is
deposited over semiconductor die 58 and carrier 106 to provide physical support and electrical isolation
for the devicé THEB BRI Seicohdctor Havice rSVials a SHort E8EHRAFcorftibn Paltt from the
active devices @n samicandueior digr3toi cenduction tiacks ©nkP CBrinanrdertorkeduee signal
propagatior%‘distance, IoYver capacitance, andém%ovte overa&l}gircuit performance. In another

embodiment- the EeriCondlictsi dié 58 car B mec%anff:%ﬂy andlerllés’cetﬁct:aﬁﬁ/ dohndcted directly to PCB 52

using flipahipstyte-first Bvel packagimgiwithout interkweghkate £arrierclO6le In FIG. 4,
semiconductor die or package 120 is shown, in re?tion to FIGs. 2 ang 3a-3¢,. as ha\grel%a semiconductor

substrate 122 miade with a base material stich as sfﬁ%gﬁ J(§|I)1 5 r%calnldr%, églﬁﬁ%rgrsemde (GaAs), glass,

low tempetatorel ce-firddbderamid foiCCy, IRCB L osethen blitkassemiconductor Rfateriat foristructural

support. Ap actiye [egjgn 124.s formed gyer the fop. syrface of semicondugtor substate 122 Active
region 124 contains analog or digital circuits imp emented as active devices, passive 3evices, conductive
layers, anddietectnc yers formed within the die and electrically interconnected according to the

electrical design and function of the dis. FoE gxg@g{g Jdhe circyit may jpclude one gr mere, transistors,

diodes, and other circuit elements formed within the active surface of the die to implement analog circuits
or digital BFEuits: SeicontmasitdierR 2aIs6 'tohtn ohe tor TeerenIPHs, 8ficli &S thin film inductors,

capacitors, gnd Lesistors, foLRE,signal pracessing. 4ictive Legien 124-06cupies;akout 551,0% of the overall

thickness or height H1 of semiconductor die 120. In one embodiment, semiconductor die 120 occupies an
area 0.8 Riififfeters {niby 045Mn? SemicoAdtctdF BiecT207éan be electficdllydorrfettetfto other

devices ysing, flipebip, HoAd Wires, Qf KLercoNestPiIRS.ating, electroless plating,
screen printing, or other suitable metal deposition process.
Signal traces 54 provide for electrical communication between
each of the semiconductor packages, mounted components, and
other external system components. Traces 54 also provide power
and ground connections to each of the semiconductor packages.

In some embodiments, a semiconductor device has two
packaging levels. First level packaging is a technique for
mechanically and electrically attaching the semiconductor die to
an intermediate carrier. Second level packaging involves
mechanically and electrically attaching the intermediate carrier
to the PCB. In other embodiments, a semiconductor device may
only have the first level packaging where the die is
mechanically and electrically mounted directly to the PCB.

For the purpose of illustration, several types of
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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 RF electrical functions. The IPDs provide the electrical characteristics for circuit functions such
as baluns, resonators, high-pass filters, low-pass filters, band-pass filters (BPF), symmetric Hi-Q resonant
transformers, matching networks, RF couplers, and tuning capacitors. For example, the IPDs can be used
as front-end-wireless RF gampapents, whichican be pesitioned betweerk the-anfenna and trgnsceiver. The
balun suppresses electrical noise, provides mode conversion from a single-ended to differential port,

performsitpedafice fraRsfOrMEtion antdthatching, ARd WhinfRizes Comndi-hidde-wEise tihrbugh
electromagneficocoupling. ln=sare applicationsuaiiple halung:are fermed, oversa commonsupstrate,
allowing multi-band operation. For example, two or more baluns are used in a quad-band for mobile
phones of otfer°&5SM tomthifitaficrs, Tach balun d8GicRRTPS frdgliehcy %an&%l?%pgﬁaﬁ%n of the
quad-band-devica..A typical Rmsystemcietpings duulépleMPids aiwl, other highifsequeney lairenidsiin one or

more semicgﬂductor gaclgag; to %leéform the é}(%ecessarg electricél functions. The wireless gpglglcation can

be a celltigr pﬁ‘gr?e lS %E]T multiple ban ua‘éjra ﬁ‘,tsﬁjc% éfsa\%/?de ahdtodeT |\%Vsql%nmrﬁhlﬁlif)?e access

(WCDMA)tmngs (P Cs; dthdowy and glohal systest amobile pommaurication £&$M) dandsH{toivwand high).

FIG. 5 lllustrates a wirgfles communication system 126 us(ii{n%gghRF inte%rat d cir%ulitoglRl%Ig) 128. RFIC

128 contains an RF balun as an1Pb ﬁa’lgﬁglith%%ﬂy Jrrﬁléérea ed on substrate 122 of a single semiconductor

die 120. The RF baldn canmpératevia a veridty of frequéndyeranges, @gl,11.2%-1083her5.15-5.83 GHz.
RFIC 128 receives RF si on unbalanced port 130 an vides lanced differential RF signal to

power amp sceiver 132 on ports 134 an 6. and transceiver amplifies the RF
signal foretrénvshigsioh sanderbeeiveRE sighaist insfult-duplex] and dilter and ebaditiohaké signals for further

proceSSi%%micondd’é@%@r;&"é{ié‘lga%@?hﬁﬁ 90 rpipjptyrization o wireless.cansumer produgts, there is a

trend to Integrate RF balun transformers into a common package, either using on-chip passive
componehts 8 a9 Beparats IPRS KR PDs Bie especialirattractvecfornetegratonlia RFCCEZ8 because

of the copman, form fagior anddewcost. IhssIEDs alsohayederiaimance adyantages.qyer pp-chip
passive components.
pre-made components into electronic devices and systems.

Because the semiconductor packages include sophisticated
functionality, electronic devices can be manufactured using
cheaper components and a streamlined manufacturing process. The
resulting devices are less likely to fail and less expensive to
manufacture, resulting in a lower cost for consumers.

FIGs. 3a-3c show exemplary semiconductor packages.
FIG. 3a illustrates further detail of DIP 64 mounted on PCB 52.
Semiconductor die 74 includes an active region containing analog
or digital circuits implemented as active devices, passive
devices, conductive layers, and dielectric layers formed within
the die 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 semiconductor die 74. Contact pads 76 are one or more
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Further detail of RFIC 128 is shown in FIG. 6 with an Integrated RF balun 140 Implemented using LC

resonators. A conductive trace or coil 142 is wound to exhibit inductive properties and Includes first and
second end terminals coupled to port 144 and port 146. In one embodiment, port 144 is a single-ended
unbalanced port and port 146 is a ground terminal. Alternatively, port 146 is a single-ended unbalanced
port and port 144 is the ground terminal. Conductive trace 142 is formed in a polygonal, circular, or oval

shape with,gdine vidth-of Q. micrometersdpa anddRiteh orspacingiefk0 pan A capasiier-148 is coupled
between port 144 and port 146. The Inductor 142 and cagacitor 148 constitute a first LC resonator.
Another ddritluctive Fraée vt coft 1565 wolihtirto Exhibit inddictiverpropéities artPihclutfes fsand second

end terminpds-eeupled 1g balansed peststld2rand 154.Gonductivadrace ¥ad-isdarmed aieund conductive
trace 142 such that conductive trace 142 (inner conductive trace) is disposed predominantly or

substanti&fy iHsie E&idictive Srate 1507 0UtdIEohatcive #ald) With s&paratioh BB reduce
both indugiive Tauplingnanch capacitve: eouplinghetweendhe gonductivedracesn tn athes words, all parts of
the wound portion of conduc,tiveltrace 142 are dglisposed com IeteIX Withi%all gartt of the wound portion of
conductivsel%égéj 156" &S Stovin THETS. 6 Cafdlictive frace Can Be fornved wi ﬁ%mﬁo ygonal, circular,
or oval skapecganad linemidih of 20ipm anthpitghearkspacing>ofy1Q pol Adeapaoitot 156 is cawpled between
balanced Jor sa1512 an% éLSél'rIQ? In%u%ora %50 a%d cagagi}or 165r6 concstitut8 a n%ecg@g L% respnator.

FIG. 7 shows ar electricar Schémafic |agrampo? F'Balun 140 with Tiductors T42 and 150 and capacitors
148 and £56.aThe induetdrs 142 did 150 arelwoane ¢a criese relatively smatlahagreticceaupling between

the Induclors, & g, SoupIpg epefiglent k= 02,10.045, for aparraw band yesponss, The inductive
coupling strength can be adjusted by changing the distance D1 between the two oils.

over the package for environmental protection by preventing
moisture and particles from entering the package and
contaminating die 74 or wire bonds 82.

FIG. 3b illustrates further detail of BCC 62 mounted
on PCB 52. Semiconductor die 88 is mounted over carrier 90
using an underfill or epoxy-resin adhesive material 92. Wire
bonds 94 provide first level packaging interconnect between
contact pads 96 and 98. Molding compound or encapsulant 100 is
deposited over semiconductor die 88 and wire bonds 94 to provide
physical support and electrical isolation for the device.
Contact pads 102 are formed over a surface of PCB 52 using a
suitable metal deposition process such as electrolytic plating
or electroless plating to prevent oxidation. Contact pads 102
are electrically connected to one or more conductive signal
traces 54 in PCB 52. Bumps 104 are formed between contact pads
98 of BCC 62 and contact pads 102 of PCB 52.

In FIG. 3¢, semiconductor die 58 is mounted face down
to intermediate carrier 106 with a flip chip style first level
packaging. Active region 108 of semiconductor die 58 contains

analog or digital circuits implemented as active devices,
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In another embodiment, an Integrated RF balun 170 is shown in FIG. 8 Implemented using LC
resonators. A conductive trace or coil 172 is wound to exhibit inductive properties and Includes first and
second end terminals coupled to balanced ports 174 and 176. Conductive trace 172 is formed in a
polygonal, circular, or oval shape with a line width of 20 pm and pitch or spacing of 10 pm. A capacitor
178 is coupled between balanced ports 174 and 176. The center-tap 180 provides a DC bias through
capacitorsbigstoRorte 1 {4and 176, JheDG biasissuppligs from power bus: 182 Jarosghcondyctive
trace 184 to center tap 180. Capacitor 178 can be divided into two parts connected to center-tap 180. By
slightly uAB&I3RENGInE twé oG E Eapaditors ARe batarite ddifbé bptimiZedE ThéaRBdGor £42 and
capacitorck4&-canstitute a first LEsesanator. more tARRIBEEEQIMCtINE dtase,oricaH 908 yyound to
exhibit inductive properties and Includes first and second end terminals coupled to port 192 and port 194.
In one erfiB&diment Fort 162 1°4 Shrife-2hted thBalantad port &fP6r 194's ByrBufé terkiinal.
Alternativiedy; poft 198is a sikgle-ended ubbalaneed portanshpert #9243 the grewnd terminal. Conductive
trace 190 is fgrmed WJ[ in conductive ﬁt‘ratce 172 such th%%or% uctive traIFce 190 (ﬂ er conductive trace) is
disposedm &% Shinan Iyyor%%%g?a%tﬁ% y inside coriductive racerlofig(kc‘)u et tonductive trace) with
separation D2=50 pm waEdace betke inductve eduplingnandeapacitiveadduplingrbetween the conductive

traces. | erwords,.all of the wound portjon of conductive trace 190 are dispose mpletely
it all e 51 e VU BesicH O ConiLat I8 WHes s b6 Arairin FIC TS, Candictheitace 100
can be fodmredawitivia potygomas  Sifcular, of evalshapeland-limenwidth ©f 20 pmaddqitchieor spacing of 10
pm. A cagagitor 11956r| Soupled betwgen post 192 8@%1@0&1]?945' T{‘Pd”d%%tﬁ{q%?o Angd capagifor 196
constitute a second LC resonator. A figure of merit or the RF balun can be expressed as the
input anckowtpbtirebsrnliodgs, indertion dossy andribadance @mplitgderand phase)lat the differential port.

Commonymade seietion inthe RE ballinis:clasely telated g the balance- inecelvar dfguis, such as low

noise amplifiers, common-mode signals result in power supply modulation and self-mixing. In
transmittery even-brdertaionicslare tgpicaly presene irpthe tormonirhedeé outpte.-It istdésirable to

block theﬂ%g‘%@%&%@ﬁ@&%ﬁ&‘i@%@@%&?@@ eleciiomagnelicGompliance .« ;.51 Since the

common-mode bias connection is not ideally isolated, RF coupling to the bias supply can introduce a

common<REGe ESHhPBnEALat the aldritedasiminalsl At Higter QutFRTbovests Lapsrbachifg e

compressign poiptof the amplifier, £ven-harmonic GompeRRNts iR the-output spegtrum are also introduced
into the common-mode. Accordingly, a high CMRR is important to remove common-mode signals from
theouunﬁ%ﬁﬂﬂggtqﬁﬂuﬁ}stance, lower capacitance, and improve overall

circuit performance. In another embodiment, the semiconductor
die 58 can be mechanically and electrically connected directly
to PCB 52 using flip chip style first level packaging without
intermediate carrier 106.

In FIG. 4, semiconductor die or package 120 is shown,
in relation to FIGs. 2 and 3a-3c, as having a semiconductor
substrate 122 made with a base material such as silicon (Si),
germanium, gallium arsenide (GaAs), glass, low temperature co-
fired ceramic (LTCC), PCB, or other bulk semiconductor material
for structural support. An active region 124 is formed over the
top surface of semiconductor substrate 122. Active region 124
contains analog or digital circuits implemented as active

devices, passive devices, conductive layers, and dielectric
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The insertion loss or differential-mode gain is a measure of the power scattered from the unbalanced port

to the differential port, as given by equation (1). DMG =S Du=(SS31)rj,(1) The RF balun
common-mode gain (inverse of the CMRR) is a measure of the power scattered from the unbalanced port
into the common-mode port, as given by equation (2). CMG =S = (5' 231)/4(2) The balance

characteristics of the RF balun are expressed in terms of the S-parameters. For an RF input signal to the

unbalancegsport; the amplitude-and, phase differencesaredneasured petween the,balapeed ports and
expressed in equations (3) and (é'éerms, of the common-mode and differential-mode gains from

equaﬂongﬁﬁqﬁqP@gaggs%ag: @${ﬂﬁéy design and function of the die. For

example, the circuit may include one or more transistors,
diodes, and other circuit elements formed within the active
surface of the die to implement analog circuits or digital
circuits. Semiconductor die 122 also contain one or more IPDs,
such as thin film inductors, capacitors, and resistors, for RF
signal processing. Active region 124 occupies about 5-10% of
the overall thickness or height H1 of semiconductor die 120. In
one embodiment, semiconductor die 120 occupies an area 0.8
millimeters (mm) by 0.45 mm. Semiconductor die 120 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 RF electrical functions.
The IPDs provide the electrical characteristics for circuit
functions such as baluns, resonators, high-pass filters, low-
pass filters, band-pass filters (BPF), symmetric Hi-Q resonant
transformers, matching networks, RF couplers, 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 balun suppresses electrical noise,
provides mode conversion from a single-ended to differential
port, performs impedance transformation and matching, and
minimizes common-mode noise through electromagnetic coupling.
In some applications, multiple baluns are formed over a common
substrate, allowing multi-band operation. For example, two or

more baluns are used in a quad-band for mobile phones or other
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s 31 = (CMG - DMG From equations (3) and (4), the common-mode gain approaches zero, i.e.,
high CMRR, as Sn approaches S31. The amplitude balance is optimized and the phase difference
between the two outputs is 180. Therefore, high CMRR is directly associated with optimized amplitude
and phase balance characteristics. Table 1 shows a comparison chart of various parameters
illustrating the difference between the RF balun implementation (interleaved conductive traces) of prior art

FIG. 1, andithe Bfnkalue implementation (innerandieuter ondustive traces) §f the-presgptiinyention

embodiment in FIG. 6. FIG. 1FIG. 6 Coupling coefficient Bandwidth (GHz ,
operation of the gquad-band device. A typical RF system requires
multiple IPDs and other high frequency circuits in one or more
semiconductor packages to perform the necessary electrical
functions. 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).

FIG. 5 illustrates a wireless communication system 126
using an RF integrated circuit (RFIC) 128. RFIC 128 contains an
RF balun as an IPD monolithically integrated on substrate 122 of
a single semiconductor die 120. The RF balun can operate in a
variety of frequency ranges, e.g., 1.71-1.91 or 5.15-5.83 GHz.
RFIC 128 receives RF signal on unbalanced port 130 and provides
a balanced differential RF signal to power amplifier (PA) and
transceiver 132 on ports 134 and 136. PA and transceiver 132
amplifies the RF signal for transmission and receive RF signals
in full-duplex, and filter and condition the signals for further
processing.

With growing emphasis on miniaturization in wireless
consumer products, there is a trend to integrate RF balun
transformers into a common package, either using on-chip passive
components or as separate IPDs. The IPDs are especially
attractive for integration in RFIC 128 because of the common
form factor and low cost. The IPDs also have performance
advantages over on-chip passive components.

Further detail of RFIC 128 is shown in FIG. 6 with an
integrated RF balun 140 implemented using LC resonators. A
conductive trace or coil 142 is wound to exhibit inductive

properties and includes first and second end terminals coupled
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Insertion loss (dB) CMRR (dB) Amplitude imbalance (dB) 0.650.44 3.851.90 0.750.94 25.936.8

to port 144 and port 146. In one embodiment, port 144 is a
single—-ended unbalanced port and port 146 is a ground terminal.
Alternatively, port 146 is a single—-ended unbalanced port and
port 144 is the ground terminal. Conductive trace 142 is formed
in a polygonal, circular, or oval shape with a line width of 20
micrometers (pm) and pitch or spacing of 10 um. A capacitor 148
is coupled between port 144 and port 146. The inductor 142 and
capacitor 148 constitute a first LC resonator.

Another conductive trace or coil 150 is wound to
exhibit inductive properties and includes first and second end
terminals coupled to balanced ports 152 and 154. Conductive
trace 150 is formed around conductive trace 142 such that
conductive trace 142 (inner conductive trace) 1is disposed
predominantly or substantially inside conductive trace 150
(outer conductive trace) with separation D1=50 pm to reduce both
inductive coupling and capacitive coupling between the
conductive traces. In other words, all parts of the wound
portion of conductive trace 142 are disposed completely within
all parts of the wound portion of conductive trace 150, as shown
in FIG. 6. Conductive trace 150 can be formed with a polygonal,
circular, or oval shape and line width of 20 pm and pitch or
spacing of 10 pm. A capacitor 156 is coupled between balanced
ports 152 and 154. The inductor 150 and capacitor 156
constitute a second LC resonator.

FIG. 7 shows an electrical schematic diagram of RF
balun 140 with inductors 142 and 150 and capacitors 148 and 156.
The inductors 142 and 150 are wound to create relatively small
magnetic coupling between the inductors, e.g., coupling
coefficient k = 0.2 to 0.45, for a narrow band response. The

inductive coupling strength can be adjusted by changing the
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0.900.12 Phase Imbalance (degrees)2.41.8 Table 1 - Parameter comparison of FIG. 1 and FIG. 6

FIG. 9 shows a waveform plot of common mode gain expressed in dB versus frequency expressed in
GHz. Line 200 represents measured common mode gain and line 202 represents simulated common
mode gain for the RF balun implementation (inner and outer conductive traces) of the present invention
embodiment in FIG. 6. Note that the CMRR in the pass-band, e.g., 1.81 GHz, is about -35.0 dB, which is

about 10 gB;highekrthan theRi balunHmplementation (interleaved conductive traces) of prior art FIG. 1.
The increase in CMRR s attributed in part to the reduced capacitive coupling from the present

implementation using inReP&%d Biter TBRAGR racey? 1nteIXghifcoRE oPdid ehbbdiMents of the

present igyeiionihavereeersillustrated dn detail, thenskilled adisanavilh appreciatedhativedifisations and
adaptations to those embodiments may be made without departing from the scope of the present

invenﬂoh%ﬁﬁ&ﬁf8ﬁhﬁ?ﬂﬁa&M@mﬁﬁ;&8#&9 to exhibit inductive properties and

includes first and second end terminals coupled to balanced
ports 174 and 176. Conductive trace 172 is formed in a
polygonal, circular, or oval shape with a line width of 20 um
and pitch or spacing of 10 pm. A capacitor 178 is coupled
between balanced ports 174 and 176. The center-tap 180 provides
a DC bias through capacitor 178 to ports 174 and 176. The DC
bias is supplied from power bus 182 through conductive trace 184
to center tap 180. Capacitor 178 can be divided into two parts
connected to center-tap 180. By slightly unbalancing the two
divided capacitors, the balance can be optimized. The inductor
142 and capacitor 148 constitute a first LC resonator.

Another conductive trace or coil 190 is wound to
exhibit inductive properties and includes first and second end
terminals coupled to port 192 and port 194. 1In one embodiment,
port 192 is a single-ended unbalanced port and port 194 is a
ground terminal. Alternatively, port 194 is a single-ended
unbalanced port and port 192 is the ground terminal. Conductive
trace 190 is formed within conductive trace 172 such that
conductive trace 190 (inner conductive trace) is disposed
predominantly or substantially inside conductive trace 172
(outer conductive trace) with separation D2=50 pm to reduce both
inductive coupling and capacitive coupling between the
conductive traces. In other words, all parts of the wound
portion of conductive trace 190 are disposed completely within
all parts of the wound portion of conductive trace 172, as shown

in FIG. 8. Conductive trace 190 can be formed with a polygonal,
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Claims What is claimed: 1.A semiconductor device, comprising: a substrate; and a balun formed over the
substrate, the balun including, (a) a first conductive trace wound in a coil to exhibit inductive
properties comprising a first end coupled to a first terminal of the semiconductor device and second end
coupled to a second terminal of the semiconductor device,

circular, or oval shape and line width of 20 pm and pitch or
spacing of 10 pm. A capacitor 196 is coupled between port 192
and port 194. The inductor 190 and capacitor 196 constitute a
second LC resonator.

A figure of merit for the RF balun can be expressed as
the input and output return loss, insertion loss, and balance
(amplitude and phase) at the differential port. Common-mode
rejection in the RF balun is closely related to the balance. In
receiver circuits, such as low noise amplifiers, common-mode
signals result in power supply modulation and self-mixing. 1In
transmitters, even-order harmonics are typically present in the
common-mode output. It is desirable to block the harmonics to
maintain high linearity and electromagnetic compliance.

Since the common-mode bias connection is not ideally
isolated, RF coupling to the bias supply can introduce a common-
mode component at the balanced terminals. At higher output
powers, approaching the compression point of the amplifier,
even—-harmonic components in the output spectrum are also
introduced into the common-mode. Accordingly, a high CMRR is
important to remove common-mode signals from the output of the
RF balun.

The insertion loss or differential-mode gain is a
measure of the power scattered from the unbalanced port to the

differential port, as given by equation (1).
DMG =S, =(S21—S31)/\/§ (1)

The RF balun common-mode gain (inverse of the CMRR) is
a measure of the power scattered from the unbalanced port into

the common-mode port, as given by equation (2).
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(b) a first capacitor coupled between the first and second ends of the first conductive trace, (c)a
second conductive trace wound in a coil to exhibit inductive properties comprising a first end coupled to a
third terminal of the semiconductor device and second end coupled to a fourth terminal of the
semiconductor device, the first conductive trace being formed completely within the second conductive
trace and separated from the second conductive trace by a distance to reduce inductive and capacitive
coupling, and S%a second ¢apacitor coupled between the first and second ends of the second
conductive trace(.j%ﬁ S %53(?@&6‘%58@? comprising: a substrate; and a balun formed olet the
substrate, the balun including, (a) a first conductive trace wound to exhibit inductive properties
with a first end coupled to a first terminal of the semiconductor device and second end coupled to a

second terminal of the segieenducter deviGeicteristics of the RF balun are
expressed in terms of the S-parameters. For an RF input signal
to the unbalanced port, the amplitude and phase differences are

measured between the balanced ports and expressed in equations

(3) and (4) terms of the common-mode and differential-mode gains
from equations (1) and (2) as:
S, =(CMG+DMG)/\2 (3)
S,, =(CMG-DMG)/2 (4)
From equations (3) and (4), the common-mode gain
approaches zero, i.e., high CMRR, as S;; approaches Ss3;. The

amplitude balance is optimized and the phase difference between

the two outputs is 180°. Therefore, high CMRR is directly

associated with optimized amplitude and phase balance
characteristics.

Table 1 shows a comparison chart of various parameters
illustrating the difference between the RF balun implementation
(interleaved conductive traces) and the RF

of prior art FIG. 1,

balun implementation (inner and outer conductive traces) of the

present invention embodiment in FIG. 6.

FIG. 1 FIG. 6
Coupling coefficient 0.65 0.44
Bandwidth (GHz) 3.85 1.90
Insertion loss (dB) 0.75 0.94
CMRR (dB) 25.9 36.8
Amplitude imbalance (dB) 0.90 0.12
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(b) a first capacitor coupled between the first and second ends of the first conductive trace, (c)a
second conductive trace wound to exhibit inductive properties with a first end coupled to a third terminal
of the semiconductor device and second end coupled to a fourth terminal of the semiconductor device,
the first conductive trace being formed completely within the second conductive trace, wherein the first
conductive trace and second conductive trace are separated by 50 micrometers. 3. The semiconductor

device of claim nwhereimthe first eonduciivedrace and secpnd condugtige trace each have an oval,
circular, or polygonal shape. 4. A semiconductor device, comprising: a substrate; and a balun formed

over the substrate, the balun includingc, ,
Table 1 — Parameter comparison of FIG. 1 and FIG. 6

FIG. 9 shows a waveform plot of common mode gain
expressed in dB versus frequency expressed in GHz. Line 200
represents measured common mode gain and line 202 represents
simulated common mode gain for the RF balun implementation
(inner and outer conductive traces) of the present invention
embodiment in FIG. 6. Note that the CMRR in the pass-band,
e.g., 1.81 GHz, is about -35.0 dB, which is about 10 dB higher
than the RF balun implementation (interleaved conductive traces)
of prior art FIG. 1. The increase in CMRR is attributed in part
to the reduced capacitive coupling from the present
implementation using inner and outer conductive traces.

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) a first conductive trace wound to exhibit inductive properties with a first end coupled to a first terminal
of the semiconductor device and second end coupled to a second terminal of the semiconductor device,
(b) a first capacitor coupled between the first and second ends of the first conductive trace, (c)a
second conductive trace wound to exhibit inductive properties with a first end coupled to a third terminal
of the semiconductor device and second end coupled to a fourth terminal of the semiconductor device,
the first conductive trace being formed completely wdtiisthe second conductive trace, wherein the first
conductive trace and second conductive trace have a coupling coefficient between 0.2 and 0.45. 5. The
semiconductor device of claim 1, further including: a center tap coupled midway between the first and
second endsf the secangkegonductive trace; and a DC bias coupled to the center tap. 6. A semiconductor
device, comprising:
1. A semiconductor device, comprising:
a substrate; and
a balun formed over the substrate, the balun including,
(a) a first conductive trace wound in a coil to
exhibit inductive properties comprising a first end coupled to a
first terminal of the semiconductor device and second end
coupled to a second terminal of the semiconductor device,
(b) a first capacitor coupled between the first and
second ends of the first conductive trace,
(c) a second conductive trace wound in a coil to
exhibit inductive properties comprising a first end coupled to a
third terminal of the semiconductor device and second end
coupled to a fourth terminal of the semiconductor device, the
first conductive trace being formed completely within the second
conductive trace and separated from the second conductive trace
by a distance to reduce inductive and capacitive coupling, and

(d) a second capacitor coupled between the first and

second ends of the second conductive trace.

2. A semiconductor device, comprising:
a substrate; and
a balun formed over the substrate, the balun including,
(a) a first conductive trace wound to exhibit
inductive properties with a first end coupled to a first
terminal of the semiconductor device and second end coupled to a

second terminal of the semiconductor device,
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a substrate; an inner conductive trace formed over the substrate and wound to exhibit inductive
properties including a first end coupled to a first terminal of the semiconductor device and second end
coupled to a second terminal of the semiconductor device; and an outer conductive trace formed over
the substrate and wound to exhibit inductive properties including a first end coupled to a third terminal of
the semiconductor device and second end coupled to a fourth terminal of the semiconductor device, the

inner conductive trace bging fermed yyithin the-outer conduative trrce.ard, separated-tem:the outer
conductive trace by a distance to reduce capacitive and inductive coupling. 7. The semiconductor device

of claim 6 FGRAEr RER@IfYE tPRE firdtHpachBrfornedcover #€substrate and coupled between the first

and second ends of the innercopduetive Fraceiandi ve a secand.capacitexfasmediover the substrate and
coupled hetween the first and second ends of the outer conductive trace. 8. The semiconductor device of

claim 6, WHEPETH thESinREPESTduUCTVe Track dhd duteF cERELCHvER:HR dre sephfated by 50 micrometers.

terminal of the semiconductor device and second end coupled to a
fourth terminal of the semiconductor device, the first
conductive trace being formed completely within the second
conductive trace, wherein the first conductive trace and second

conductive trace are separated by 50 micrometers.

3. The semiconductor device of claim 1, wherein the first
conductive trace and second conductive trace each have an oval,

circular, or polygonal shape.

4. A semiconductor device, comprising:
a substrate; and
a balun formed over the substrate, the balun including,

(a) a first conductive trace wound to exhibit
inductive properties with a first end coupled to a first
terminal of the semiconductor device and second end coupled to a
second terminal of the semiconductor device,

(b) a first capacitor coupled between the first and
second ends of the first conductive trace,

(c) a second conductive trace wound to exhibit
inductive properties with a first end coupled to a third
terminal of the semiconductor device and second end coupled to a
fourth terminal of the semiconductor device, the first
conductive trace being formed completely within the second

conductive trace, wherein the first conductive trace and second
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9. The semiconductor device of claim 6, wherein the inner conductive trace and outer conductive trace
each have an oval, circular, or polygonal shape. 10. The semiconductor device of claim 6, further
including a center tap coupled midway between the first and second ends of the outer conductive trace.
11. The semiconductor device of claim 10, further including a DC bias coupled to the center tap. 12. A
semiconductor device, comprising: a substrate; a first inductor formed on the substrate; and a second

inductor fesmedanithe substrate, Jhe fiest indyctar-deing darmed withinghe gesand indugter and separated
from the %e%%nd inductor by a distance to reduce capacitive coupling.

5. The semiconductor device of claim 1, further including:
a center tap coupled midway between the first and second
ends of the second conductive trace; and

a DC bias coupled to the center tap.

6. A semiconductor device, comprising:

a substrate;

an inner conductive trace formed over the substrate and
wound to exhibit inductive properties including a first end
coupled to a first terminal of the semiconductor device and
second end coupled to a second terminal of the semiconductor
device; and

an outer conductive trace formed over the substrate and
wound to exhibit inductive properties including a first end
coupled to a third terminal of the semiconductor device and
second end coupled to a fourth terminal of the semiconductor
device, the inner conductive trace being formed within the outer
conductive trace and separated from the outer conductive trace

by a distance to reduce capacitive and inductive coupling.

7. The semiconductor device of claim 6, further including:

a first capacitor formed over the substrate and coupled
between the first and second ends of the inner conductive trace;
and

a second capacitor formed over the substrate and coupled

between the first and second ends of the outer conductive trace.
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13. The semiconductor device of claim 12, wherein the first inductor includes a first conductive trace
wound to exhibit inductive properties including a first end coupled to a first terminal of the semiconductor
device and second end coupled to a second terminal of the semiconductor device. 14. The
semiconductor device of claim 13, wherein the second inductor includes a second conductive trace
wound to exhibit inductive properties including a first end coupled to a third terminal of the semiconductor

device angd seconckerd goupRIgd te afourb terminglrofthe semiconducteridevier: 1%.,Ehe semiconductor
device of claim 14, wherein the first conductive trace and second conductive trace are separated by 50

micrometer& 16 “ENE sEmiconduitbrdevide GFEISHT 4 Tarthermeluting: S SP s EEafatital formed
over the substrate and<Loupled between the first and second ends of the first conductive trace; and a
second capacitor formed over the substrate and coupled between the first and second ends of the second
conductive trace.

9. The semiconductor device of claim 6, wherein the inner

conductive trace and outer conductive trace each have an oval,

circular, or polygonal shape.

10. The semiconductor device of claim 6, further including a
center tap coupled midway between the first and second ends of

the outer conductive trace.

11. The semiconductor device of claim 10, further including a

DC bias coupled to the center tap.

12. A semiconductor device, comprising:

a substrate;

a first inductor formed on the substrate; and

a second inductor formed on the substrate, the first
inductor being formed within the second inductor and separated
from the second inductor by a distance to reduce capacitive

coupling.

13. The semiconductor device of claim 12, wherein the first
inductor includes a first conductive trace wound to exhibit
inductive properties including a first end coupled to a first
terminal of the semiconductor device and second end coupled to a

second terminal of the semiconductor device.

-25-



17. The semiconductor device of claim 14, wherein the first conductive trace and second conductive trace
have a coupling coefficient between 0.2 and 0.45. 18. The semiconductor device of claim 14, wherein the
first conductive trace and second conductive traces each have an oval, circular, or polygonal shape. 19.
The semiconductor device of claim 14, further including: a center tap coupled midway between the first
and second ends of the second conductive trace; and a DC bias coupled to the center tap. 20. A method

of forming & senigenduetordavice rcampisingproviding arsubstrate; o r fosming-an dnnargonductive
trace over the substrate and wound to exhibit inductive properties including a first end coupled to a first

terminal dFRB SeMficdmfudiordevice 8AA2Ec6RE ena 'chlipled B séBH tehmirfef B fe"semiconductor

device; anflductive properties including a first end coupled to a third
terminal of the semiconductor device and second end coupled to a

fourth terminal of the semiconductor device.

15. The semiconductor device of claim 14, wherein the first
conductive trace and second conductive trace are separated by 50

micrometers.

16. The semiconductor device of claim 14, further including:

a first capacitor formed over the substrate and coupled
between the first and second ends of the first conductive trace;
and

a second capacitor formed over the substrate and coupled
between the first and second ends of the second conductive

trace.

17. The semiconductor device of claim 14, wherein the first
conductive trace and second conductive trace have a coupling

coefficient between 0.2 and 0.45.

18. The semiconductor device of claim 14, wherein the first
conductive trace and second conductive traces each have an oval,

circular, or polygonal shape.

19. The semiconductor device of claim 14, further including:
a center tap coupled midway between the first and second
ends of the second conductive trace; and

a DC bias coupled to the center tap.
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forming an outer conductive trace over the substrate and wound to exhibit inductive properties including a
first end coupled to a third terminal of the semiconductor device and second end coupled to a fourth
terminal of the semiconductor device, the inner conductive trace being formed within the outer conductive
trace and separated from the outer conductive trace by a distance to reduce capacitive and inductive
coupling. 21. The method of claim 20, further including: forming a first capacitor formed over the

substratexgoupled hetween the first-and, seconcbendsatthedarerscondustive frageiand,g . forming a
second capacitor formed over the substrate coupled between the first and second ends of the outer
conductive trac&* 93 1FHE thethS4BF Effh 20, wherein the inner conductive trace and outer conductive

trace are separatedhyraf acroneterse &3 ddeinethedafclajiine20,0mbereintherinner cerductive trace

and outer conductive trace each have an oval, circular, or polygonal shape. .
wound to exhibit inductive properties including a first end

coupled to a first terminal of the semiconductor device and
second end coupled to a second terminal of the semiconductor
device; and

forming an outer conductive trace over the substrate and
wound to exhibit inductive properties including a first end
coupled to a third terminal of the semiconductor device and
second end coupled to a fourth terminal of the semiconductor
device, the inner conductive trace being formed within the outer
conductive trace and separated from the outer conductive trace

by a distance to reduce capacitive and inductive coupling.

21. The method of claim 20, further including:

forming a first capacitor formed over the substrate coupled
between the first and second ends of the inner conductive trace;
and

forming a second capacitor formed over the substrate
coupled between the first and second ends of the outer

conductive trace.

22. The method of claim 20, wherein the inner conductive trace

and outer conductive trace are separated by 50 micrometers.
23. The method of claim 20, wherein the inner conductive trace

and outer conductive trace each have an oval, circular, or

polygonal shape.
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24. The method of claim 20, further including: providing a center tap coupled midway between the first
and second ends of the outer conductive trace; and connecting a DC bias to the center tap. 25. The
method of claim 20, wherein the first conductive trace and second conductive trace have a coupling
coefficient between 0.2 and 0.45.

24. The method of claim 20, further including:
providing a center tap coupled midway between the first and

second ends of the outer conductive trace; and

connecting a DC bias to the center tap.
25. The method of claim 20, wherein the first conductive trace

and second conductive trace have a coupling coefficient between

0.2 and 0.45.
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