SEMICONDUCTOR DEVICE AND METHOD OF INTEGRATING BALUN
AND RF COUPLER ON A COMMON SUBSTRATE Field of the Invention
The present invention relates in general to semiconductor devices and, more
particularly, to a semiconductor device having a balun and RF coupler
integrated on a common substrate. Background of the Invention
Semiconductor gewxgedRRICTOR Ay it dARpnegRraoplegiFonic products.
ServearaanioNGe BASTUMARND tRe NootELERNORERSIHOMMIRCIHORISTRATE
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). Infegsa®dssenehendusiehdavaes typically contain
hundreds to millions of electrical components. Examples of integrated
semiconductor devices include microcontrollers, microprocessors,
chargedTiosipecedevices (CERS) psolartellse and digjtat eniero-mirror
erfglrlT a wide range of functio
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such as high-speed calculations, Fansmi ing and receiving electromagnetic
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gnd Ereating visual projections for television displays. Semiconductor
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evices are found in the fields of entertainment, communications, power
generation, networks, computers, and -1 consumer products. Semiconductor
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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
visual projections for television displays. Semiconductor
devices are found in the fields of entertainment,

communications, power generation, networks, computers, and



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 through the process of doping. Doping
introduces impurities into the semiconductor material to manipulate and

cons¢@ntrol the condyctivity-afithe semiconducter; device, A semicondycion in
device contains active and passive electrical structures. Active structures,
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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
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

provit@dusts:-Acsmaliar digsizermay he achiaved by improvements inothe
front-end process resulting in die with smaller, higher density active and
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frequency applications, such as radio frequency ( wireless
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matefqupling. The RF coupler detects transmitted power levels from a power
amplifier (PA) or transceiver. Many prior art designs use two discrete,
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prodg@Qnﬁigher performance semiconductor devices. Increases in
device performance can be accomplished by forming active
components that are capable of operating at higher speeds. 1In
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 RF couplers are important components in
wireless communication systems. The balun suppresses electrical
noise, change impedance, and minimize common-mode noise through
electromagnetic coupling. The RF coupler detects transmitted
power levels from a power amplifier (PA) or transceiver. Many
prior art designs use two discrete, cascaded components to
achieve both balun and coupling functions. The balun is

implemented as a distributed-line in which size is inversely



implemented as a distributed-line in which size is inversely -3 proportional to
the operation frequency. The smaller the operational frequency, the larger
the requisite balun. The electromagnetic coupler uses a signal trace and
coupler trace to detect transmitted power. In many applications, a 50 ohm
impedance matching connection is required between balun and coupler. The
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Summary of the Invention

A need exists to miniaturize baluns and RF couplers
for RF signal processing circuits. Accordingly, in one
embodiment, the present invention is a semiconductor die
comprising a substrate and first and second integrated passive
devices (IPD) formed over the substrate. The IPD includes a
first conductive trace having a first terminal coupled to a
first terminal of the semiconductor die, and a second conductive
trace having a first terminal coupled to a second terminal of
the semiconductor die. The second conductive trace is formed in
proximity to the first conductive trace. A resistor is coupled
between a second terminal of the second conductive trace and a
ground terminal. The second IPD includes a first inductor
having a first terminal coupled to a second terminal of the
first conductive trace and a second terminal coupled to the
ground terminal, a second inductor having a first terminal

coupled to a third terminal of the semiconductor die and a



coupled to a third terminal of the semiconductor die and a -4 second terminal
coupled to the ground terminal, and a third inductor having a first terminal
coupled to a fourth terminal of the semiconductor die and a second terminal
coupled to the ground terminal. The first inductor is formed in proximity to
the second and third inductors. In another embodiment, the present invention

secolSA @@PM@QMUC&H@Q@@WEH}QE& @Hbﬁ%@tet@lqnfiﬁ%@r)d sgeond HRDsy
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conductive trace. A resistor is coupled between a second
terminal of the second conductive trace and the ground terminal.
The second IPD includes a first inductor having a first terminal
coupled to a second terminal of the semiconductor die and a
second terminal coupled to a second terminal of the first
conductive trace, a second inductor having a first terminal
coupled to a third terminal of the semiconductor die and a
second terminal coupled to the ground terminal, and a third
inductor having a first terminal coupled to a fourth terminal of
the semiconductor die and a second terminal coupled to the
ground terminal. The first inductor is formed in proximity to
the second and third inductors.

In another embodiment, the present invention is a
semiconductor die comprising a substrate and first IPD formed
over the substrate. The first IPD includes an RF coupler. A
second IPD is formed over the substrate. The second IPD
includes a balun electrically connected to the RF coupler.

In another embodiment, the present invention is a



second IPD is formed over the substrate. The second IPD includes a balun
electrically connected to the RF coupler. In another embodiment, the present
invention is a -5 method of forming a semiconductor die comprising the steps
of providing a substrate and forming a first IPD over the substrate. The first
IPD includes an RF coupler. The method further includes the step of forming

methd&eeend 2R over thes sybstrates Fhesegond RRJRclYdeg adalunteps of
electrically connected to the RF coupler. Brief Description of the Drawings

PTOVERH PjIfsF4es I rifted tichit DBaRP (FCB) With diftBréhf types 6t

subspackages mounted g its surface ckléf 2a:2¢ Wrstratefueher detad ahéhe od
representative semiconductor packages mounted to the PCB; FIG. 3

Furtiifisrates wsemmicohtucibP Batkade cohtaifiry itegrited pRsSVE debites;

subskt& tkillustrates sewseless Eommuanicaten sysiemu withlistegrated iajun and
RF co(ﬁjpler ctonnelcitFed tOLPOiNer amplifier and transceiver; FIG. 5 illustrates

ConngEhgt defail c?ﬁhe intgar ed ‘balun and RF coupler; FIG. 6 illustrates a
physical circuit layout of the integrated balun and RF coupler; FIG. 7 is a

graph of inser.tiogllrcisgfc mmon npdgnr%%cq:q{lé cgu%viwnq]stgength, and
reverse coupling versus requengy for the mtegrateé Aluncand RF coupler;
FIG. 8 illustrates another embodiment of the integrated balun and RF
CoumenFIG. 1 illustrates a printed circuit board (PCB) with
different types of packages mounted to its surface;

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

FIG. 3 illustrates a semiconductor package containing
integrated passive devices;

FIG. 4 illustrates a wireless communication system
with integrated balun and RF coupler connected to power
amplifier and transceiver;

FIG. 5 illustrates further detail of the integrated
balun and RF coupler;

FIG. 6 illustrates a physical circuit layout of the
integrated balun and RF coupler;

FIG. 7 is a graph of insertion loss, common mode
rejection, coupling strength, and reverse coupling versus
frequency for the integrated balun and RF coupler;

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

FIG. 9 illustrates a physical circuit layout of the
integrated balun and RF coupler of FIG. 8; and

FIG. 10 is a graph of insertion loss, common mode



FIG. 9 illustrates a physical circuit layout of the integrated balun and RF
coupler of FIG. 8; and FIG. 10 is a graph of insertion loss, common mode -6
rejection, coupling strength, and reverse coupling versus frequency for the
integrated balun and RF coupler of FIG. 8. Detailed Description of the
Drawings The present invention is described in one or more embodiments in

reetheifoliowing descrigtian withgeferenerta-thee Figures,dp whieh like-sumerals
represent the same or similar elements. While the invention is described in
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appreciated by those skilled in the art that it is intended to cover alternatives,
modifications, and eéq#%/glents as may. be included within the spirit and

scope of the inv&hfi RAREE HRF a2 HEMEAH their

equivalents as supported by the following disclosure and drawings.
Semicorrhustasteyviaes aregemnetally mandftastiuredasingn twacomplexre

erboanutacluring processqs: front-end manufacturing and bacicend, . .o e
manufacturing. Front-end manufacturing involves the formation of a plurality
Figuokdie anrthelsiclacé 0fa semicondsictorpvafer fachhdie eamtheavafeimilar

elemZLaIns 3&%“1’ and Qai.%{‘\’feeﬁlffgh‘?a{lsc?@@gé‘%}g Séé{Vhi‘[%h are electrically . pest
connected to form functional electrical circuits. Active electrical components,
modesuchras transistors, lave thewability ¢o Contrdl the tflow of electrical tukrent.

apprefy i‘é%&'ek%ricﬁlggrenp&%‘%??e ‘_J%E'E; %%%a%%célt%%é%dg&éorfs resistorss and;
transformers, create a relationship between voltage and current necessary to
covepeddrpt wledtiivalvircoitdddctionsions, 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, resistors, and transformers, 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



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 -7 semiconductor material by techniques such as ion
implantation or thermal diffusion. The doping process modifies the electrical

semi€@Uctivity ohsemiconduetor materialin astive deviges i Hanstosmingtheion or
semiconductor material into a permanent insulator, permanent conductor, or

thergidnging e dehicondiibtor FnatdiaP ESdRIVty Th fesponse fo ahefédtrica !
condfi®ldi J1aRsistors eantabhregians-oinaryingdypas.and degeeasafi deping
arranged as necessary to enable the transistor to promote or restrict the flow
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insupassive corppanertstare Jormed by Jayers oh anateriglstwith differentnductor
. elecqical E%E)e{ties, Jhe,layers can be formed bé a vatriety offdeqo ition
ma ef:e%:ﬁniq%%s etermine inlrbarrtet%? ﬁ]%st?/pg%f Mat riglcberiﬁgC derngsi ed. For
TranexXamples thio rfilmi de pesitiommay invalve themicab ¥apamde positicre(C\AD),
aopsBfYySical vapor,deposition, (EVD), electiolyo piating. and, slectioless plafing . .
processes. Each layeris generally patterned to form portions of active
or resrhporentshpassiver compolents; ior&lectrical connectionsthetwaenlication

of %o gg%nts.ch%eléalyg.rs can be patterned using photolithography, which

involves the deposition of light sensitive material, e.g., photoresist, over the
layer to Be patternedd Angattermés transferead froara photonsaskow theyers of

mat eleqr‘%:?ée%ﬁ?i%&%r&@@ Rortien of the photoresistipattern sybieeteotos «ap
be fgimgz 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. Each 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 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



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 -8

elecelestrolytic plating: Pgpositing a thin film of material over an existing pattern
can exa%\gerate the underlying pattern and create a non- uniformly flat

surface. Aeomiformiy flafsurface i§ Yéquirdd e produte Saferdhd mbre +19
pat tdensely packedaetiverand passivieieempongnisa Planatization eas becusethon-

. to remove material from the surface of the wafer and produce a uniformly flat
unifoddde TPRhafZatidt Mvolves Polisiint the Sdfthce bf e Wafk? with a1+ ¢ to
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the topogeaphye fesiitingvinfa nfodmiyritat sufage uBacicend ynariufactatingace .
p1anS{S5P CUting o1, singulating the finished wafer into the indiidug| dig and,
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of thLercaanaction with,other sygtem compenents, GOMACLPAJS 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 are then connected to contact
pads within the package. The electrical connections can be made
with solder bumps, stud bumps, conductive paste, or wirebonds.
An encapsulant or other molding material is deposited over the
package to provide physical support and electrical isolation.
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.



formed over the semiconductor die are then connected to contact pads
within the package. The electrical connections can be made with solder
bumps, stud bumps, conductive paste, or wirebonds. An encapsulant or
other molding material is deposited over the package to provide physical
support and electrical isolation. The finished package is then inserted into an

electricalsystem and ke functignality of the, semicondustor dleniceiisgnade-n i p
available to the other system components. -9 FIG. 1 illustrates electronic
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Electronic device 10 may have one type of semicaonductor package, or
Elechiftipté typed o SenficSialciorFackages Ydspentdiris B the Upplicatisii ek a9e
or muhe differentiypes of semicondhaios packagesae= showape idiend foh the
lpurggses of iIIlTJgtratéan Iectr(%nic device 1f0 may be a %tang-alone s%stem
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showAltematively, electonicudevice=H) arayilid assulzcomponent of a larger
system. oL example, electronic device 10,may be a raphics card. notworl
interface cara, orother S|gnaﬁ processn'?]g Cardthat éan be nserted'into a
use scarnputeem Thersénticomductokpackagecareintlode micreprocessors,

runcIEOTIES, Applicgian shecific nleqrated drcits (ASIGH). Jagie it
analog circuits, RF circuits, discrete devices, or other semiconductor die or
subceleptricahtomponentsr PEEIG YIS FOB 125srovidasargeneralsubistrare fordevice

10 mSYMGIdral syppest and electrical jaterconnect, oL the, smicongucior packages
mounted on the PCB. Conductive signal

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 over a surface or within layers of PCB 12
using evaporation, electrolytic plating, electroless plating,
screen printing, PVD, or other suitable metal deposition
process. Signal traces 14 provide for electrical communication
between each of the semiconductor packages, mounted components,
and other external system components. Traces 14 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

-10-



traces 14 are formed over a surface or within layers of PCB 12 using
evaporation, electrolytic plating, electroless plating, screen printing, PVD, or
other suitable metal deposition process. Signal traces 14 provide for
electrical communication between each of the semiconductor packages,
mounted components, and other external system components. Traces 14

me chal§9 Pravige spewern and grountheonnections toeach-obtheisemigapdustonic to
packages. In some embodiments, a semiconductor device has two
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elecand electically eitaghing the semieonductardiete acarrier.rsecantelevel
packaging involves mechanically and electrically attaching the carrier to the

CLOBEECIY Sthe? EMBOGMISHS T4 Seftfcordtctit teviteymag bnily-hgve thefirst

levelevekbpackaging whetesthetrdie ds mechanicaliy and lectrically mosted cally
directly to the PCB. For the purpose of illustration, several types of first level

mounﬁéea(agllﬁg%(i:ﬁc ﬁdiﬁa V\%Peebor%_3 package 16 and flip chip 18, are shown on
PCB 12.radditionally,several types bf wsecoadleve! packagiag, inglueingohall

. rid array (BGA) 20, bump. chip carrier (BCC) 22, dual in-line age (DIP).
£ B Ay L CR) 28, T chip madlB (N 28 et ie
chipndi-leaded phckageo(QPNBR302and gdad flabpadkage 32 axe shownpes of

u e\g n PCB 12. Depen i pon the system.r quirer ent um
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combination” of se ductor packages, configured wi mbination o
chirfirseand secdfd level packbgidg stylelsi as welkcdsiothef DelE¢tr@rfic land grid

arrag}m(‘%ﬁ ntsccan he connggled g RGR 12vin.50me embodimants. GlERINIG g
evice 10 includes a single attached
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—-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 lower costs for consumers.

FIG. 2a illustrates further detail of DIP 24 mounted
on PCB 12. DIP 24 includes semiconductor die 34 having contact

pads 36. Semiconductor die 34 includes an active region
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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-made
components into electronic devices and systems. Because the
semiconductor packages include sophisticated functionality, electronic
cont@@vices,can hesmanfagtuged Hsing; cheanes compenents and asstigamlined
manufacturing process. The resulting devices are less likely to fail and less

devi ghfensRisto! FrartiticiRSresttiMG|R tower CoSts Tor comRiinterS Jee: i

1ayellustrates ddrthardetail eERIR 2ddneuntedqen PCB 424D 24dneludes cally
semiconductor die 34 having contact pads 36. Semiconductor die 34

INTERERIYRS Arthetve T8 o 9 1 Contdifing draidg 67 dightarciFetitd impiémérited

For askagiive devicescpassive devigesreonaietive layers, rancedielestiici tayers ,

4 O1formed v(\éithin semiconducto,rtdie 34 and aretelectricalrl%/ intel[lconnected "
e §5’doréirﬁgli81iﬁé: %lec?r?éja?%lesféﬁsdf the die’ Egrséxfm&e?ﬁweearcﬁtrrﬁléﬁ

el emincludefanenedmete transistoss a diodes, indyctats cdapacitors) tesistors; ad

other circuit eollemen formed V\é’thincthe active re iop of die 34. Contact .
pads (? §ée made w1ﬁ? a c%n uc 1v? mﬁtergg Fuch as R uminum
pads are made with a conductive mafterial, such as aluminum- (Al), copper

(A1) (CWoetirésn) Givkel N, gald (Au) orisdver ((Ag), andate electrically silver
connected to t fcircuiteeﬂlents formed within i% 4, Contact p &1 36 ar

B D G Sy LI SR Loes A o enr e

formpdring tdssentbly of BIP 249 sémidoricdtor the 344s Aounted toya RdRierC3®,

elect§Bg Ggaldssi E?Pﬂn‘%%}e%ic layerqradhesive material such asthermg),, ;g

epoxy. The package body includes an insulative packaging material such as
asseplyner or eéramie, Condaconiiaesor 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 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 (Bi), and alloys thereof, with an optional flux
material. For example, the solder material can be eutectic

Sn/Pb, high-lead, or lead-free.
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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 34,
contact pads 36, or wire bonds 42. DIP 24 is connected to PCB 12 by
insertingrleads 44 intoholes formedrthraugh PEBE2. Saldesmaterakdfiist eq
flowed around leads 40 and into the holes to physically and electrically

on Pthhnect DIBYR O PEBAL Sdldér taterial A6 CHHE Ay tétalFGr T 1T Py

wireelgstically goaductiver materal, @.8::SRylaad (P Aw Agi Eungingdda)to PCB
hismuthinite (Bi), and alloys thereof, with an optional flux material. For ,
12 wdldmplePtie SSidermatéril Can BECutBEE ShiBH  highi8ad B854 Freet e
47 hah2iblés. 2milusttates furthiey detaihothBEEI22 maunied 0n-PEB 13ing an
3 S%miclonductor die 47 is connected 1o a carrtier hy Wiéeobon%s'gxle firs Ievgl
un e6aclkaginogr. BEC 22 i§ Mouhted i PCB 127 Wﬁﬁ%ﬁ%c style second lever -°*
die packagirig:&emisonduciordier 44 havingocantaetipanss4d isomountediover al
carier using.an, upderfil or enoxy resin adhesive material 59, Semiconductor
die 47 includes an active region containing ana(loé3 or algltal circuits '
condimplémented/as activerdevices, qassive devicess donduetiver fayeis; and
semi igleclic layers formedayithin, semipondydiar die A7, and are slectrically
interconnected according to the electrical esignof the die. For example, the
accogifcuitomay indlede breor hioré trasistorsy diodes, mdactors,ocapacitars,e, the
c1rJESistars, and other cirgit elements fopmed within, the agtiveregion pfidie47 s,
Contact pads 48 are made with a
capacitors, resistors, and other circuit elements formed within

circ

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 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
over 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
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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

of pleyehpackaging. Malding compound oriencapsulant §0ds depasited.AVer 66
semiconductor die 47, wire bonds 54, contact pads 48, and contact pads 52

whicly dratitle pRyRidat Stppdrt ARt EkEfrical SolatioRTBFthe dBVIdE: ChiftactECC 22

and pads 64 are formed over a surface of PCB 12 using evaporation, electrolytic
plating, electroless plating, screen printing, PVD, or other suitable metal
deposition pfocéss and are ByPicAR AR ' Breviént BxiBaHGN SEoracE domn

to cpadsi 64 emymny CONABEHIO0NE Of thare conductive sighabisacessidg. BGA
Solder m%egal is de%pops t%dfg{at een contactt%ds 52 of Bé:(i 28 alnd

20 ié’orﬁg&aﬁaaes GAE 91? 15 easc];icciér materfal i$refiowed W Form

packbumpg 66 whichviormeayinechanicaband etectricad cannectan letweealBCC
i3, RCRIZ InFIC, 20, serviconductor die 18 Is moynted fage down t0

Carrier 76 with alﬁlp chip sty?e irst Tevel pacl%aglng.aéé%\ 205S attachéd to
condR€Bil2withyeeBGA style seicohedevelpatkaging. Activesregiort ZOrcontaining
sons SIS A0 SIS A e D SRR <
the iglaettrcalpylinteredmectéd abeordirg-to e elestrital desighof ther diel Fomay
inc 1%?%?}%5%”&%&%@% AREIHde gNe oryNgre. kansigtgrs. diodes, inguctars, o,
resisg%rs, énd other circuit elements formed within active
region 70 of semiconductor die 18. Semiconductor die 18 1is
electrically and mechanically attached to carrier 76 through a
large number of individual conductive solder bumps or balls 78.
Solder bumps 78 are formed over 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 active region 70. Bump pads 80 are formed by PVD,
CVD, electrolytic plating, or electroless plating process.
Solder bumps 78 are electrically and mechanically connected to
contact pads or interconnect sites 82 on carrier 76 by a solder
reflow process.

BGA 20 is electrically and mechanically attached to

PCB 12 by a large number of individual conductive solder bumps
or balls 86. The solder bumps are formed over bump pads or

interconnect sites 84. The bump pads 84 are electrically

connected to interconnect sites 82 through conductive lines 90
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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 over bump pads or
interconnect sites 80, which are disposed on active region 70. Bump pads 80

routdte Mmadawith acondugtive material: such as &b G, SrNic Atnel Ags@nds

are electrically connected to the circuit elements formed in active region 70.
surf Bﬁlenpodfac%c% are Toiiied 157PYDY AEVDY elettdftit plating: of efdctrdtess

elechlating Progesst iSjderskuraps 78:araeleciricallyrgndmeshasicallyii table
connected to, contact pads or interconnect sites 82 on carrier 76 by a solder

Met A APHdLESS BEAZT R BIEU AN artd Fischanitally altGthé PP PEB 12
oxidby adarge munbercef ipdivkluag cenductive solder buwnps of balls 86eThe more

solder bumps ar% formed ovelrLPum[%lggds oigltnter%onnect giées 84. The

condﬁﬁr%bvpeadsé Kare é:ljé%t?i%glly connectedd intefconnect sites 82 ?hrough

eleceanductive lines 9ed i 4auted throughrcarrierd6.tContact pads 88 @se or

formed over a_ surfa fP BkElZ using.eyaporati electrolytic plati .
nond B o e TR dopeishing
compprotess andrare pypidallytplatedite prevertioxidatioreCortactpadsi88or die

18 ag,'gcgiél‘%!}% gonnectig one gf mare. £ond %E’essd%%% fraces 44, Thesolder,
umps 86 are electrically and mechanica y connected to contact pads or
isolponding pads88ordPTB-£2 by Bsolderiiefloviprosess. dvoldingt compounde

prov@capsuant 9245 8899?&%‘110‘6%%%?5@9%%”‘BQEﬂief 18pandcarger 6 o

provide physical support and electrica
devices on semiconductor die 18 to conduction tracks on PCB 12

in order to reduce signal propagation distance, lower
capacitance, and improve overall circuit performance. 1In
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 100
includes a semiconductor substrate 102 which is made of silicon
(Si), germanium, gallium arsenide (GaAs), glass, low temperature
co-fired ceramic (LTCC), or other bulk semiconductor material
for structural support. An active region 104 is formed over the
top surface of semiconductor substrate 102. Active region 102
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 102

occupies about 5-10% of the overall thickness or height H1 of
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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 improve overall circuit performance. In
another embodiment, the semiconductor die 18 can be mechanically and

semielsstically attaghed disectlyto RGB IZwsing Himehip sstyledistilevebr die 100
packaging without carrier 76. Referring to FIG. 3, semiconductor die or

OCcCUBIAAGRM BT Siclddes BsemiSidiictor SUbktrate £0Z wHith isTREdE afductor
die silicon-4Si)pgernanium; gallium asenide-(GrAs), glassrlovstempeasatuse ng
. co-fired ceramic (LTCC), or other bulk semiconductor material for structural
FLipghoptrt. M Acieregion°To4 oRHgH bveF the ¥5 surface of
semiconduetor subsitaterl 02 Active regian 4021 ingludesiactive teyices amebs
can @ée%rate(gi passive gle\gces (IPD), conduyctive Ia%ers, and ((:jkllelectrlc I%yers

accoral%g to'the ectrljégﬁé‘leesrilgﬁ/ of iR dis > THE Ative HEVicas inthude e Ve

radatransistoes; chodes] €. fidres|P Dy imaylinelsde thinsfimi irduciors | kesistornsi ¢

. _and capacitors. Active region 102 occupies about §-.10°/ of the overal¢1
L et &7 WP eI 6T 1% S5mhion A6 ie L0 1R one-SBadinen:
elecsemicohdictor dieodB0 ocCupiesrarsar@acd. 24dnillimhetees. G byl2 mm.

charﬁlg@é%oindyf or gie 100, can be electrically conngcted o Qgtg%%%"iﬁ%sa'ﬂ%m%ed
ipchip, bond wires, or interconnect pins. §emlcon uctor devices containing
and aphadlityofdPbsreapbe used in highhfreguencyiapplications; wuch as

£1 1t WYSIOWRYE yragar telecopumpunications, wire ‘?r?éttfa&?cﬂ"—e‘és’reé%‘ﬁ%@i%
switches, and other devices performing radio frequency (RF)
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 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).
In a wireless communication system, the balun
suppresses electrical noise, change impedance, and minimize
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
GSM communications, each balun dedicated for a frequency band of
operation of the quad-band device. The RF coupler detects
transmitted power levels from a power amplifier (PA) or
transceiver. A typical RF system requires multiple IPDs and

other high frequency circuits in one or more semiconductor
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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, RF couplers, and tuning capacitors. For
example, the IPDs can be used as front-end wireless RF components, which
packedfthe positioned hetween the-antenna and transeeivers Thewirgless
application can be a cellular phone using multiple band operation, such as
widebantiLEodé! ditvistol? MAtHE atcdes GYEDMAPBANDS GESOMMEYdhs™ 110
us ingndrglebal systesm mehilecommupication ¢ SM)handse(tayw and high)c lias a
wireless communication system, the balun suppresses electrical noise,
Paluth e fipedanis Sand Hififize Cormmon-moEE fdisethrddght© °f @
singeleckemagoatic couplingi én so0me applications, myltipte:bakins ase fermedi
¢ rapQver.a common sut%)strate, Ilgwings multi-banq oEeratioP, Eor exam le, two or,
rangare Bafuns ‘are used in & qua%égar?(? f‘o‘ferﬁobiile pr‘ich)nr;?esloryotﬁeFe M Hana
for cammimications, each baluadedicated farraefrequendyulidandiof bperatmndof
£11¢ 018 Quac-band device. The RE,coupjer detects, transmitted power, leyels from
a power ampﬂl ier %FQR) or transceiver, A typicalllﬁ systéjm requires %’ultiple
IPDs an&Eathen highifrequehep circuitsniore or Moresemiconductor -16
. packages tq perf the necessary electrical functions, FIG. 4 illustrates
desd ?}Slicegg c%%nrr(%rﬁi‘;:rgtllﬁc)eﬁe1 E;}sgtgnP%%& ugn)g’ aﬁ %rFmﬁ\rtEEglrat@dégcirlc%itg(%:llg%‘ated
as difZeREIC-182 contains(d)baltrandRE codplet integratethen edcommpain
poweluRSiaIe of 8 Siglesemicopdudior die1an, REG L2 issaupled (0,86 and:

transceiver 114. PA and transceiver 114 amplify the RF signa

(4). The differential ports (1) and (2) connected to PA and
transceiver 114. The main power out (3) is a single—-ended power
output. The detect power out (4) is a coupling-circuit output

for detecting transmitter power.

FIG. 5 shows further detail of RFIC 112 including
balun 124, signal trace 126, and coupler trace 128. Balun 124
is a 3-port IPD device: one port coupled to a first terminal of
signal trace 126, one port coupled to terminal 116, and one port
coupled to terminal 118. Balun 124 is coupled to ground
potential through terminal 130. A second terminal of signal
trace 126 is coupled to terminal 120. A first terminal of
coupler trace 128 is coupled to terminal 122, and a second
terminal of coupler trace 128 is coupled through resistor 132 to
ground terminal 130. Resistor 132 enables signal directivity.
A capacitor 134 is coupled between terminal 120 and terminal
122.

The RF coupler circuit, including signal trace 126,

coupler trace 128, resistor 132, and capacitor 134, constitutes
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for transmission and receive RF signals in full-duplex, and filter and condition
the signals for further processing. RFIC 112 is a 4-port device. Terminal 116
is designated as differential port (1); terminal 118 is designated as
differential port (2); terminal 120 is designated as main power out (3);
terminal 122 is designated as detect power out (4). The differential ports (1)

an 12nd (2)gennectedtloRA and; ranseeivertkléd: d hermaknpaweroWd3ris a
single-ended power output. The detect power out (4) is a_coupling-circuit

throggiut 1o dtetting taRSMitter Plver 2BRS 15 MG S fither HetaFSFRERE
s1gnkli2 inetuding Jmalum d 24 csignakiraces126,1anel. couplertrace:128.Balyn d241 32

is a 3-port IPD device: one port coupled to a first terminal of signal trace 126,
and. GRRRGH Btpletitoterminal $16 and o€ P8R cOfIEd to etminQ Rg s trace
128 BalupilZsbisepupted-tdagreupd cpatental throughdeaminat 338. ABsecorthich in
. terminal of js_i nal tracehlz is cog%ed toé%rminal 120. A firs.tlterminal %f .

urrlcolusplézrotlr1 ce f2§(ijs é‘oupﬁg to' ter ir?a’ﬁ 1227 ahd & 'Second terminal of “ " - °*

of beduplentrdce 128is ceupted through nesistor 4320 wground terminabEs0.on
ternggifto]Irzgz enables signal directivity. A capacitor 134 is coupled between

erminal 120 and terminal 122. The RF coupler circuit, including signal trace

126, couplér. tracei28 sresisttnyE32;ahddapacitor 134,cconstitut&s =47 ah?

int PRk RE Couplercirepitatacts bapsmted pawgl frowg indudtive
oupling and capacitive coupling Detween signal trace 126 and coupler trace
semit2@Notethatresistor01.32 drdapaditorAB4ido noushare a-cormhmninodet

termIg%EOB@egygﬁgl trace 126. The second terminal of signal
trace 126 is coupled to primary coil or inductor 136 of balun
124. Coupler trace 128 is placed along a substantial length of
and in close physical proximity to signal trace 126, separated
by 10 micrometers (um). Signal trace 126 and coupler trace 128
can be one or more layers of Al, Cu, Sn, Ni, Au, Ag, or other
suitable electrically conductive material. Signal trace 126 and
coupler trace 128 are formed using evaporation, sputtering, PVD,
CVD, electrolytic plating, electroless plating process, or other
suitable metal deposition process. The first terminal of
coupler trace 128 is coupled to terminal 122, and the second
terminal of coupler trace 128 is coupled through resistor strip
132 to ground terminal 130. Capacitor 134 is coupled between
terminal 120 and terminal 122. Capacitor 134 can be implemented
as two smaller-value capacitors connected in series as shown for
better tolerance during the manufacturing process.

Balun 124 further includes capacitor 138 coupled
between the high side of primary coil 136 and the low side of

primary coil 136, which in turn is coupled to ground terminal
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128 is disposed in close proximity to signal trace 126, which in turn is
coupled to a high side of the primary coil or inductor of balun 124. The
detected transmitted power is provided on terminal 122. FIG. 6 shows a
physical circuit layout of RFIC 112 integrated in a small form factor on a
common substrate of semiconductor die 100. Terminal 120 is coupled to the

130 .firsk teupinak efsignaldrace 126, Jhessecondderminal-pf signah tracg d264s ound
coupled to primary coil or inductor 136 of balun 124. Coupler trace 128 is
termypged aH%‘a stbstantiatiendth ofSafd it closEphysichPproximiiirsighat 1

or ittace126, separatedoby 19 micrometers fwm).iSignahtnace; 526 angd ceapler
trace 128 can be one or more layers of Al, Cu, Sn, Ni, Au, Ag, or other ,

betwgtants Bikkhithlly tonatctivE mattial SSihartace 126 and” douffer thade 5

al solz&afﬂ@imted_ UsiRg ﬁuam@raaam,lsmﬁ_temi\guetl& CWD,_ @teqﬂalylhe plating,
electroless platglg %rlg[)cess, or other suitable metal depo]lsgéona@rocess. 'Ek(]e% o

The fERP RSt nirval Of coup ertrace’ (?ooulp &d to er%rilr(ljal 2hd the’ S&cond

groutedmiratiof ceupléBtrace 128 is coupled through resistor strip 132 to ground
terminal &30. Cagacitor%&ﬂ IS cguglﬂd betweegeteenfin I 120tar]cditcerré1inal

h
122. Capéa(ﬁt%?%[ 4'canbe wﬁ?ﬁementec‘fD a3 two smaller-valtie Ea:apaclto%sS charge

(ESDgommected niserieSoas skawm far2 betteCoferante daring the inahwufaotdringt 4
process. Balun 124 .further includes capacitor,138 coupled -between the hi
are éé%%ﬁ%eﬁ%gg uﬁﬁ§%2512§1 ?ff? #ef%é%rfg) g%%hﬁ%ﬁn %1£m

primary co dthe low side of primary coil 13 Inturn is
mateggupled e groumelsteraitad -181139. Accapicitor 140.¢s EGilpledbetwesss in

thintSFPiRA I{'r&@eai!@a%“@gnt%@i%% 330 Tepynalh16,is;3l80 coupleddf ne

secondary coi
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.

The coils or inductors 136, 142, and 146 can have a
rectangular, polygonal, or circular form or shape and are wound
to create magnetic coupling in balun 124. The coils 136, 142,
and 146 are implemented using 8um conductive material such as
Al, Cu, Sn, Ni, Au, or Ag. The mutual inductance or magnetic
coupling strength between coils 136, 142, and 146 is determined
by the distance between coils. 1In one embodiment, the distance
between the coils is 10 um.

Balun 124, signal trace 126, and coupler trace 128 are
shown in different areas of the physical layout of FIG. 6.
Signal trace 126 and coupler trace 128 can also be inter-wound

with the primary and secondary coils of balun 124 to reduce
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or inductor 142 of balun 124. A capacitor 144 is coupled between terminal
118 and ground terminal 130. Terminal 118 is also coupled to secondary coill
or inductor 146 of balun 124. The opposite ends of secondary coils 142 and
146 are coupled to ground terminal 130. Capacitors 140 and 144 provide
electrostatic discharge (ESD) protection for balun 124. Capacitors 138, 140,
1ayoanrd 144 sare implemented using a thin-film dielectric. The thin-film material
increases capacitance density. The ESD robustness in_ thin-film materials

can be obtdined by Using'MAGERE SRR - protedtith &rBSS Gdindlabig sPonse
for eApENiItors Mostaf ihverenengyvnzan ESH gventss copcentrated ad#0Woss
frequency, for which inductors in the nano-Henry range are effectively short
e twgRtits® ifthe Thagnéticiig-cotpiet Greutt, 8ack tapacitet isrotelEd by'ate
rejelovivalueshustinduetat io dicrease sabusieess teESD2Thecols 0or54 is
inductors 136, 142, and 146 can have a. rectangular, polygonal, oy circula
CouB L PRt KR Welhd 16 IeAE madnet bUrthg 1 BICK 224, T
156 dailsrE3Gd4R, andol46 greoimplemented-uding Buhi 6orduCtivermatesial 122 .
such as Al, Cu, Sn, Ni, Au, or.Ag, .The mutual jnductance or magnetic
couping <Hibrolt BEReh SR T D, Sh 148 1 Aot By rgupLer
formgidtancedetwern toisidn onetembedisfenttherdistafice SbetwerF The tois

is 10.um, Balun,124, signal trace 126, and coupler tr 8 are_shownn
Baluf UM, Balun124, signal race 126, g Hp g% % 120,
@+ Vdifferent areas of erp ysm‘éjffayou?mg FIG. 6. §|£glrl‘|%$trace 328%]?1 léloalljpler
one tracd 128 ¢ahalsd be rnemwoahd 1With the grinaey and 'seconddrytoils of

teerﬁHTIgﬂ§9regH§%i;%6O is coupled to ground potential through
terminal 162. A first terminal of ground trace 164 is coupled
to a low side of the primary coil or inductor in balun 160, and
a second terminal of ground trace 164 is coupled to ground
terminal 162. A first terminal of coupler trace 166 is coupled
to terminal 122, and a second terminal of coupler trace 166 is
coupled through resistor 168 to ground terminal 162. Resistor
168 enables signal directivity. A capacitor 170 is coupled
between terminal 120 and terminal 122.

The RF coupler circuit, including ground trace 164,
coupler trace 166, resistor 168, and capacitor 170, constitutes
an IPD. The RF coupler circuit detects transmitted power
through inductive coupling and capacitive coupling between the
ground trace 164 and coupler trace 166. Note that resistor 168
and capacitor 170 do not share a common node. The coupler trace
166 is disposed in close proximity to ground trace 164, which in
turn is coupled to a low side of the primary coil of balun 160.
The detected transmitted power is provided on terminal 122.

FIG. 9 shows a physical circuit layout of RFIC 158

-20-



layout area. FIG. 7 is a waveform plot of the electrical response for a GSM
band (824MHz-915MHz). Plot 150 is insertion loss between terminal 116
and terminal 118; plot 152 is common mode rejection between terminal 116
and terminal 120; plot 154 is coupling strength between terminal 118 and
terminal 122; plot 156 is reverse coupling between terminal 116 and terminal

intel22AR alternategmbodiment afthe balunand Ringeupler formed-en gr
common substrate is shown in FIG. 8 as RFIC 158. Balun 160 is a 3-port

SemiGeyieE e port otPid to termiihardad, >One o Caupfed fotefminap 16,1 9¢

of panchene pesticoupled tterminah 718, Halwa 160 is souplediie graunst
potential through terminal 162, A first terminal of ground trace 164 is co%pled

LerMINZ fov? Sid@STHRE phhfErs coft Or iitluctotin BAIUP160: A Secdhd®
primterminad Of ground tsace 164 isseeupled tegroundl teyminalche2d Adfirste 164 is

erminal of coupler trace 166 js pled to terminal 122, a % secon
coun it of EODler HARBTR8 1o et HBIGH ST ACE 108 B Sradmkrced
alonterminaliéPaResisiorl 268 enablesssighal direttivity. pheapacitor f¥0ismity to

coupled bet n terminal 120,and terminal 122. The RF coupler cjrcuit,
o O P T L et Y, dleTee. BT o g i Laiiae
coupl?d, donstirités @nciD.SktheoRE couplerwirclii detects fraAdmittad, pewer Ni,

9@ ough ind 1give oupl X ndg citive Gau ling between the groun Erace
SH Y pitat s oG R b s e
Grousisarersacemifoh rode. dhedauplénteace 1664s disposeddn gloseproximity

evapi9-aroupd trage 164, which ino gurn is.gaupled ta.alow. side of the. primary coil

of balun 160. "The detected transmitted power Is provided on terminal 122.
electroless plating process, or other suitable metal deposition
process. The first terminal of coupler trace 166 is coupled to
terminal 122, and the second terminal of coupler trace 166 1is
coupled through resistor strip 168 to ground terminal 162.
Capacitor 170 is coupled between terminal 120 and terminal 122.
Capacitor 170 can be implemented as two smaller-value capacitors
connected in series, as shown in FIG. 6, for better tolerance
during the manufacturing process.

Balun 160 further includes capacitor 174 coupled
between the high side of primary coil 172 and the low side of
primary coil 172. A capacitor 176 is coupled between terminal
116 and ground terminal 162. Terminal 116 is also coupled to
secondary coil or inductor 178 of balun 160. A capacitor 180 is
coupled between terminal 118 and ground terminal 162. Terminal
118 is also coupled to secondary coil 182 of balun 160. The
opposite ends of secondary coils 178 and 182 are coupled to
ground terminal 162.

Capacitors 176 and 180 provide ESD protection for
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FIG. 9 shows a physical circuit layout of RFIC 158 -20 integrated in a small
form factor on a common substrate of semiconductor die 100. Terminal 120
is coupled to a high side of primary coil or inductor 172 of balun 160. The
first terminal of ground trace 164 is coupled to the low side of primary coil
172, and the second terminal of ground trace 164 is coupled to ground

balutermingl 162.couples trace 166 is places alongoa svbstapfialdergthof andiing a
close physical proximity to_ground trace 164, separated by 10 um. Ground

thingddd 164 LadcEqdpier tradd 266 AN He'dre BRRTTE Tdyetd oF AR E Sn, Ni,
capaBtlitAgcer otbeksuilable electrically.copduetivasmaterialn Grownd fragg tdédial s
and coupler trace 16 are formed using evaporation, sputtering, PVD, CVD,

can Srachbiyfic phatingY diecthsleds iating procdsa! br Biter Shitdble rfietaP =S

vulneepasitiorn pracassoFhe firsitetmingl eheouplertigce 166.is eoupledént is

terminal 152, anq the %erzsceond terminal of co;gpleg trace 166 is coulfl)le
.at 1.

conc rrlgurgaht?ess or st?ivﬁ 1 t%ugergﬁﬁd tertind 6385&%?&570 is c%u%le%iano_

Henrbetneendermimat 126 anduenninahd22. €apacitarsl70 can beémplemented
as two fpaﬂeggadlfgé:a acitors_connected in series, as.shown in FIG. 6, kf%r N

M9 etter tolefance ¢ uring hé (Fﬁlalnthactuﬁng %rggecsls. %]élulnsléﬁ further

low-neludes apacitomtiiA-toupleéd between ke highuside ©f pritmary 8Dil 172
and the Ipyesids of pripany, il 472, & sapaciipr 4 765 coypled betveen .

terminal 116 ground termina . Terminal 116 is also coupled to
recteeconbary coiboyimduetor 198 of badunl 260 IR capacitori@0sisacoupled wound

to coeWeenterpinal 118 and.grgund terpinal, 162; Jerminal 118 isalse soupled,
to secondary coil 182 of balun™160. The

and 180 are implemented using 8um conductive material such as

Al, Cu, Sn, Ni, Au, or Ag. The mutual inductance or magnetic

coupling strength between coils 172, 178, and 180 is determined

by the distance between coils. In one embodiment, the distance

between the coils is 10 upm.

Balun 160, ground trace 164, and coupler trace 166 are
shown is different areas of the physical layout of FIG. 9.
Ground trace 164 and coupler trace 166 can also be inter-wound
with the primary and secondary coils of balun 160 to reduce
layout area.

FIG. 10 is a waveform plot of the electrical response
for a GSM band (824MHz-915MHz). Plot 190 is insertion loss
between terminal 116 and terminal 118; plot 192 is common mode
rejection between terminal 116 and terminal 120; plot 194 is
coupling strength between terminal 118 and terminal 122; plot
196 is reverse coupling between terminal 116 and terminal 122.

In summary, the balun and RF coupler have been

integrated on a common substrate of a single semiconductor die.
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opposite ends of secondary coils 178 and 182 are coupled to ground
terminal 162. Capacitors 176 and 180 provide ESD protection for -21 balun
160. Capacitors 174, 176, and 180 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
The R@testionacIoss winerableicapasitars: Mast of thesenergyim ag SR gysat
. Is concentrated at low frequency, for which inductors in the nano- Henry
direginyaldrd effetliely ShoH Grctits AR tHE MBGnEGCHNYCoupiir ifctlit, SHER ©VES
elecEaacior jsprotactec by adlaw-valuenshiunt inductardednerepse abustBessorm
to ESD. The coils or inductors 172, 178, and 182 can have a rectangular,
EactB5lygbhal, OPETCRETOrM S shapt dndFarB3Romas th trékte Phgetic:
couplingwh badunhe0.ckheneails ki dd8naants18F amnimplementad usitgnt ion
8um conductive material such as_Al, Cu, Sn, Ni, Ay, or Ag. The mutual
navep RS AR, Souil kgt Bl St 75, B8 is
apprdeterminedh by the disfancechetweearcoilsdhncane: embedimenth the=distance
etween the coils is 10 ym. Balun 160, ground trace 164, and coupler trac
om0 G 1 G S e e Al Bydct ol HES oF Gisard the
prestate 164 andicoupter trece 166 ¢an alsotiesinferiwounich gvithl thiexprimary
and secondary coils of balun 160 to reduce layout area. FIG. 10 is a
waveform plot of the electrical response for a GSM band (824MHz-915MHz).
Plot 190 is insertion loss between terminal 116 and terminal 118; plot 192 is
common mode
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rejection between terminal 116 and terminal 120; plot 194 is coupling
strength between terminal 118 and terminal 122; plot 196 is reverse coupling
between terminal 116 and terminal 122. In summary, the balun and RF
coupler have been integrated on a common substrate of a single
semiconductor die. -22 The combined IPDs offer flexible coupling strength
and signal directivity. The integrategi Balds and coupler approach improves
electrical performance due to short lead lengths, reduces form factor, and
increases yield in the manufacturing process. While one or more
whatembodimants ©f 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
1. Investan assetiortdrindhe followipg Claims..-23 Claims What is claimed: 1.

A semiconductor die, comprising: a substrate; a first integrated passive

dévice IS-’BS%F%Med over the substrate, the first IPD including, (a) a first

cenductive tracedavingea first deriwinab €otupled toROrstterninal of the the

emiconductor die é%) caond conductive trace having a first terminal
Subsggl?pltlgd t(gEJ %ese]g(l)ﬁ er%mgiﬁall&%ggéséﬂ%éonductordie, the second

conductive trace being formendn @raximityrte tke fiest iconducfive fraceeamd nal
coupl@ @ registorcoupled betweena second terminal of yuctor die,

(b) a second conductive trace having a first terminal
coupled to a second terminal of the semiconductor die, the
second conductive trace being formed in proximity to the first
conductive trace, and

(c) a resistor coupled between a second terminal of
the second conductive trace and a ground terminal; and

a second IPD formed over the substrate, the second IPD
including,

(d) a first inductor having a first terminal coupled
to a second terminal of the first conductive trace and a second
terminal coupled to the ground terminal,

(e) a second inductor having a first terminal coupled
to a third terminal of the semiconductor die and a second
terminal coupled to the ground terminal, and

(f) a third inductor having a first terminal coupled
to a fourth terminal of the semiconductor die and a second
terminal coupled to the ground terminal, the first inductor

being formed in proximity to the second and third inductors.
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the second conductive trace and a ground terminal; and a second IPD
formed over the substrate, the second IPD including, (d) a first inductor
having a first terminal coupled to a second terminal of the first conductive
trace and a second terminal coupled to the ground terminal, (e) a second
inductor having a first terminal coupled to a third terminal of the

2. semicopdnetor die,ard a secend rtegminah coupledde dhe graundeterminal,
and (f) a third inductor having a first terminal coupled to a fourth terminal of

SeCof sethidonlddttr dieaHd-858cORE teffRinaPcGupiéd té the ground terminal,

the first inductor being formed in proximity to the second and third inductors.

-24 2. The semiconductor die of claim 1, wherein the first, second, and third
3. inblGtorS BhErAE AS Whaltin o3 OFhé Sarhitohtiubtr S bt diaint 1 fdtthet
capaitchiing aoctapaciive corupanentiseupledrbetween ihe firstafndssecond

term'inals gf trga semiconductor die. 4. The semiconductor die of claim 3,
termlﬁa S the semicon uct%r qlg. . .
wherein the capacitor component includes first and second capacitors

connected in series. 5. The semiconductor die of claim 1, further including: a

first capacitor coypled between the third.terminal of the. semiconductor.die
L OO 5 botet CapaCor Sougled bekiidn TS Touit kvl
compoh ¢re semicondestof dies &nd grourwetenainead certd. & thried capacitor edupled

Serigestween the first and second terminals of the first inductor.

5. The semiconductor die of claim 1, further including:

a first capacitor coupled between the third terminal of the
semiconductor die and ground terminal;

a second capacitor coupled between the fourth terminal of
the semiconductor die and ground terminal; and

a third capacitor coupled between the first and second

terminals of the first inductor.

6. A semiconductor die, comprising:
a substrate;
a first integrated passive device (IPD) formed over the
substrate, the first IPD including,
(a) a first conductive trace having a first terminal
coupled to a ground terminal,
(b) a second conductive trace having a first terminal
coupled to a first terminal of the semiconductor die, the second
conductive trace being formed in proximity to the first

conductive trace, and
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6. A semiconductor die, comprising: a substrate; a first integrated passive
device (IPD) formed over the substrate, the first IPD including, (a) a first
conductive trace having a first terminal coupled to a ground terminal, (b) a
second conductive trace having a first terminal coupled to a first terminal of
the semiconductor die, the second conductive trace being formed in

proximity, to) thefirsteondugtive fiage canth=25,(03 2 resistersupied-hetween £
a second terminal of the second conductive trace and the ground terminal,
the $R¢ A¥ecoRATBOToMRed bYEFtHE SUbsHate thE38chid TPB Jheludity, (d) a
first mslbistar hawingra first derninal eoupled: e arsecondigeminatehierpp
, semiconductor die and a second terminal coupled to a second terminal of
inclydifiGr conductive trace, (e) a second inductor having a first terminal
coupled (0)a thirdttersinal atithetsemicanduciordieiand-a seeanch derminapled

Lo LCou led to tthe %roung tertmin [, and (f) a thﬁllrd inductqr having a first terménal
© a(:c{)s’up &4 %o T3tk terMinal 8f the SEriRBRAGASF did'ahd A SedoiE t8ffinal

termdoupled tmthie=groundderminal dhe &irstinductart being fotmed ircprokimity te

Cthe second and third inductors. 7. The semiconductor die of claim 6, wherein
the first, second, and third inductors operate as a balun. 8. The

semicondadtor diesefcclain nflnttier indleding@a a2 first terminal coupled

tra

to a third terminal of the semiconductor die and a second
terminal coupled to the ground terminal, and

(f) a third inductor having a first terminal coupled
to a fourth terminal of the semiconductor die and a second
terminal coupled to the ground terminal, the first inductor

being formed in proximity to the second and third inductors.

7. The semiconductor die of claim 6, wherein the first,

second, and third inductors operate as a balun.

8. The semiconductor die of claim 6, further including a
capacitor coupled between the first and second terminals of the

semiconductor die.

9. The semiconductor die of claim 6, further including:

a first capacitor coupled between the third terminal of the
semiconductor die and ground terminal;

a second capacitor coupled between the fourth terminal of
the semiconductor die and ground terminal; and

a third capacitor coupled between the first and second

terminals of the first inductor.
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capacitor coupled between the first and second terminals of the
semiconductor die. 9. The semiconductor die of claim 6, further including: a
first capacitor coupled between the third terminal of the semiconductor die
and ground terminal; a second capacitor coupled between the fourth terminal
of the semiconductor die and ground terminal; and a third capacitor coupled
between the first and second terminals of the first inductor. -26 10. A
semiconductor die, comprising: a substrate; a first integrated passive device
10. (I@Dﬁ‘%ﬁﬁéﬁq%ttﬁé rat€™hE ¥7St1PD including an RF coupler; and a
seconaddPD-foremed over the substrate, the second IPD including a balun
electrlcall¥nconnected to the RF coupler. 11. The semicaonductor die of clalm

16, Whérdin tHe et ﬁﬂtﬁdmaﬁﬁé%Vaefl%?%ﬁﬁuc%%q}ac%oﬁé%ﬁﬁg affrst -

substeratg| coupleditosa firstternminalofithe semisenduaiendie; a seeond
conductlveétrace ha%[/lnrqna first termlnﬁl coulﬁéed to a second terminal_of the

sémicondlictor dfe, 10 B8Cord Conductive tracé 8e|ng foted i Brrb(;(lmitt)y to

incltheifirst €ohductivedtiace; ahda flesistohcaupled betwedrsasecand teratinal
of the second conductive trace and a ground terminal. 12. The
semiconductor die of claim 11, wherein the second IPD includes: a first

11. intbetos davingraificst terminal coliptelchtora 10, wherein the first IPD

includes:

a first conductive trace having a first terminal coupled to
a first terminal of the semiconductor die;

a second conductive trace having a first terminal coupled
to a second terminal of the semiconductor die, the second
conductive trace being formed in proximity to the first
conductive trace; and

a resistor coupled between a second terminal of the second

conductive trace and a ground terminal.

12. The semiconductor die of claim 11, wherein the second IPD
includes:

a first inductor having a first terminal coupled to a
second terminal of the first conductive trace and a second
terminal coupled to the ground terminal;

a second inductor having a first terminal coupled to a
third terminal of the semiconductor die and a second terminal
coupled to the ground terminal; and

a third inductor having a first terminal coupled to a

fourth terminal of the semiconductor die and a second terminal
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second terminal of the first conductive trace and a second terminal coupled
to the ground terminal; a second inductor having a first terminal coupled to a
third terminal of the semiconductor die and a second terminal coupled to the
ground terminal; and a third inductor having a first terminal coupled to a
fourth terminal of the semiconductor die and a second terminal -27 coupled

couptoheground teyminalgthesfingt ingductor heing fosmednr i proximibetothe s ormed
second and third inductors. 13. The semiconductor die of claim 10, wherein

in PIRLPD GRcIhBEs: SEMIR CoRTctiv trite Ralig 8% st terminal coupled

to a ground terminal; a second conductive trace having a first terminal
coupled to a first terminal of the semiconductor die, the second conductive

13- trd&& nEMGHGHREY i Broxiimity B tiefirst chRdudtiverrade; dhd & rdsidtor P

inclcaupled between a second terminal of the second conductive trace and the
groupd terminal. 14. :El'he se{nicond%ctor,die of claim 1t3, wherein [[Ie second .
IPD iAdIteS A first ind{ietdr a‘a(%/ieng 3¥i%§iqe|§min]aF5’oupﬁée& fo d%econd-© ©
a grteuminal ©f thensémiconductor die and a second terminal coupled to a
second ferminal of the fst conductive race; a segond induetar aving 8 first
terminal coupled to a third terminal of the semiconductor die and a secon
to atefringl douphadtolthefgrobind semiinakhdnd teothirdirdudtbehavng adirst
cond%%@gygcggg@gtgéﬁng formed in proximity to the first
conductive trace; and
a resistor coupled between a second terminal of the second

conductive trace and the ground terminal.

14. The semiconductor die of claim 13, wherein the second IPD
includes:

a first inductor having a first terminal coupled to a
second terminal of the semiconductor die and a second terminal
coupled to a second terminal of the first conductive trace;

a second inductor having a first terminal coupled to a
third terminal of the semiconductor die and a second terminal
coupled to the ground terminal; and

a third inductor having a first terminal coupled to a
fourth terminal of the semiconductor die and a second terminal
coupled to the ground terminal, the first inductor being formed

in proximity to the second and third inductors.
15. The semiconductor die of claim 10, further including a

capacitive component coupled between first and second terminals

of the semiconductor die.

—-28—



fourth terminal of the semiconductor die and a second terminal coupled to
the ground terminal, the first inductor being formed in proximity to the second
and third inductors. 15. The semiconductor die of claim 10, further including a
capacitive component coupled between first and second terminals of the
semiconductor die. -28 16. The semiconductor die of claim 15, wherein the
capacitor component includes first and second capacitors connected in
series. 17. The semiconductor die of claim 10, further including: a first

16 cdpucitorBoapet Hetween dthird térhiindl Jfthe "SéthiRoRdG&Er BEPATH 5%

comp@iosind terainal addra seeoncheapaciion gouplpd between adaurh teyminal of
.the semiconductor die and the ground terminal. 18. A method of forming a

S€r18&&miconductor die, comprising: providing a substrate; forming a first
integrated passive device (IPD) over the substrate, the first IPD including an
RE. coupler; and forming a second IPD over the substrate, the second IPD
L7 A A SEEHeant Bofe ied 1 R L 167 S A Tafhont of
claint 18swheegia ddrming the: fitst dP De inctuge saformingl a fisstrconallctivie the
cem;dace Q%\éigg adfirgt %erg]iréal %%l{f)l%d %oeargiESfltatﬁr.migal of the semiconductor
gie; gormlng a‘second conddctive trace ﬁavmg a/firSt terminal coupled to a
seconeiderminah phthetsemiconguetdr diet thee rsegond contuctaetiacel beingthe

sem:[QUMEGdR Proximity 10 the first condystive irace; and

18. A method of forming a semiconductor die, comprising:
providing a substrate;
forming a first integrated passive device (IPD) over the
substrate, the first IPD including an RF coupler; and
forming a second IPD over the substrate, the second IPD

including a balun electrically connected to the RF coupler.

19. The method of claim 18, wherein forming the first IPD
includes:

forming a first conductive trace having a first terminal
coupled to a first terminal of the semiconductor die;

forming a second conductive trace having a first terminal
coupled to a second terminal of the semiconductor die, the
second conductive trace being formed in proximity to the first
conductive trace; and

forming a resistor between a second terminal of the second

conductive trace and a ground terminal.
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forming a resistor between a second terminal of the second conductive trace
and a ground terminal. -29 20. The method of claim 19, wherein forming the
second IPD includes: forming a first inductor having a first terminal coupled
to a second terminal of the first conductive trace and a second terminal
coupled to the ground terminal; forming a second inductor having a first
20. terminalcoupledoto a thitditerminghiof the semicanduygtor gie and arsecond
, terminal coupled to the ground terminal; and forming a third inductor having a
inclgdefiminal coupled to a fourth terminal of the semiconductor die and a
secongitesminal icosiplechto theground terminals whetein dhenfiest industrlisd to
formed in proximity to the second and third inductors. 21. The method of
2 SeERin 18SWheRn the fitst fPD indbidES fOMming & firdtcondatiivé raes one
termh@ing adirstitetminal teosiptecbional gteunel tesminal; forming a second
ccpductive trace havin(g a fi(rjst tetrminﬁl coupled tg a first tterminal o{ the 4
sémicBntbctor afe; e seboit: cohdtaive fate béing formed i Proximity t°
to atheHirstl coadudtivelirace; @nd fermingantesistor betiveemnnal secarncktetvhinal

termOfntQ seggnqe%or)%doucg\ﬂ% trajc_;g&glg ?e %rg%ncit.ergni l. 22. The method of
claim Z(i, wherein orming the Secon includes: orming a first inductor

having arfiysttetiinal coupledtto ra sesdmdyterminal ©f the sericohdoctor tiel to

a fo%%%ﬁ segond terminal cpupled 19 @ second terminal of the first coNAUCIVG 5 141
coupled’to the ground terminal, wherein the first inductor is

formed in proximity to the second and third inductors.

21. The method of claim 18, wherein the first IPD includes:

forming a first conductive trace having a first terminal
coupled to a ground terminal;

forming a second conductive trace having a first terminal
coupled to a first terminal of the semiconductor die, the second
conductive trace being formed in proximity to the first
conductive trace; and

forming a resistor between a second terminal of the second

conductive trace and the ground terminal.

22. The method of claim 21, wherein forming the second IPD
includes:

forming a first inductor having a first terminal coupled to
a second terminal of the semiconductor die and a second terminal

coupled to a second terminal of the first conductive trace;
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-30 forming a second inductor having a first terminal coupled to a third
terminal of the semiconductor die and a second terminal coupled to the
ground terminal; and forming a third inductor having a first terminal coupled
to a fourth terminal of the semiconductor die and a second terminal coupled
to the ground terminal, the first inductor being formed in proximity to the

secondiangd thirddpduetors 23- e methodof glaim-18, fudheriingluding.pleq
forming a capacitor between first and second terminals of the

o asdiiicondberor die? 240 ThE Hiethol of Cham e furhér inBfddmgs foiiifg a

t ernififsh capagitor between adhigd tarminalofthe ssemigaaductor die and a
ground terminal; and forming a second c¢apacitor between a fourth terminal of

the° SBricbrituClordie ARd the Groltit tehirfal. 315" terminal coupled to

a fourth terminal of the semiconductor die and a second terminal
coupled to the ground terminal, the first inductor being formed

in proximity to the second and third inductors.

23. The method of claim 18, further including forming a
capacitor between first and second terminals of the

semiconductor die.

24. The method of claim 18, further including:

forming a first capacitor between a third terminal of the
semiconductor die and a ground terminal; and

forming a second capacitor between a fourth terminal of the

semiconductor die and the ground terminal.
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