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SUMMARY

During the last decade, the trend in consumer electronics hasttedevelop
products with better performance, smaller size, lower cost and enhanced functidhaity.
emerging trend in consumer electronicsreferred to as convergent systemseed
technologies that can integrate digital, RF, analog and sensor functions with minimal
interference. Enhanced muftinctionality in a given form factor requires innovative
integration technologies, such as SystmmwChip (SOC), Systenn-Package (SIPand
Systemon-Package (SOP). Mulfunction integration within a single chip ig¢geted by the
SOC approach, while integration atetlpackage level is sought by the SIP and SOP
approachesSIP involves stacking ICs and wibending to interconnect eacther and SOP
aims for total system miniaturization that includes actives, passives, thermal interfaces,
power sources as well as packadg®® .and SOP are significantly bettekanSOC in terms
of cost, system complexity and product development time tgusame a fewln order to
further system miniaturization, SOP approach has been embedding passive components
within the package substrates for some time now. Howswustaining the miniaturization
trend requires embedding active chips as well, whiclows lbeing activelyexploredby both
academia and industrigmbedding components within tipackagecauses strongnwanted
interferences é&ween the digital and analogdio frequency (RF$ections of the package,
which is a major challenge yet to be addeelsEigure 1l shows one such configuration of a
multilayer package containing embedded active (digital, analog/RF chips) and passive

componentsSolving these challems require a thorough understanding of tineerlying
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issueswith the packaging technologs well agheir impact on the system performance in

terms of signal distribution and power delivery.

RF/MEMS

Figure 1 Multilayer system modulewith embedded chipg1]

The objective othis dissertations to address power integrity problems in packages
with active chips embedded within the substrate layers, and to develop solutions for
electromagnetic interference and noise coupling. Power integrity is an important system
performance driver and it isehefore essential to acquire andepth understanding of the
issues that impact the power integrity of packages with embedded actives. The predominant
challenge encountered with respect to power integrity in mixed signal systems, and
especially in the casof multilayer packages with embedded chips, is the electromagnetic
coupling through the power distribution network. isTklissertatiordemonstratesarious
mechanisms ointeractionand interferencéetween the embedded chip and the package.
Also, the irfluence of the cavityformed to embed the chipn the electromagnetic coupling
through the package is studied. Based on the analysis of thageackder various
configurationsmethod areproposed to effectively suppress the propagation of noise both
horizontally and vertically through the package. The electromagnetic coupling through the
package and the suppression methodology are demonstrateg@hthsouulations and

measurementfor packages with different layer staok. The effects of electromagitet
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coupling on the chip embedded within the package are investigated and compared with
conventional packaging where chips are surface mounted. In particular, the influence of the
package electromagnetic fields dme bulk substrate and the bepdds of thechip are
demonstrated=inally, the challenges with power integrity in packages with embedded chips
are summarized, and guidelines for overcoming them are provided.

This dissertatiorestablishes the important factors that impact the noise coupling at
thepackage level whechips are embedded, develops suitable suppression methodtdogies
tackle the noise coupling, and demonstrates the factors due to which the chip experiences
strong electromagnetic interference when embedded within the substrate kawther
words, thedissertatiormputs forth issues that are foremost in influencing the power integrity
of packages with embedded actives, which is crucial to designing efficient power delivery
networks.

These are the major contributions of this dissenmati

1. Identification, aalysis and demonstration of electromagnetic couplinguitilayer
packages with embedded actives

2. A suppression methodology for electromagnetic coupling in packages with
embeddedactives, which is effective even ithe GHz range of operating
frequencies

3. A novel synthesis method for the coupling suppression technique in (2) that provides
noise isolation within the desired frequency bands for multilayer packages.

4. Analysis and dewnstration of the impact adlectromgnetic coupling on théond

padsand substrate of thehip embedded within the cavityrmed in the package.
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5. Design guidelines for efficient power distribution in multilayer packages with

embedded chips.
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CHAPTER 1

INTRODUCTION

Over the past decade, the communication industry has been pushing for a rapid
convergence of digital computing and analog wireless technologies. Portable electronics,
such asmobile handheld producteaetbooks, laptops, pensal digital assistants (PDAS)
andsmart cardsire some of the evidersef this convergence. These applications require
new packaging technologies that go well beyond the realm of traditional packaging due
to the need for even smaller form factors, inseshfunctionalities and reduced cosip
[3] [4]. Moreover, the high frequency, high I/O density, and low parasitics requirements
of these applications have led to new packaging configurations that combine various
traditional packaging techniques (e.g.,tipip and wirebond andbuild-up and laminate
substrates) to bring about packdgeel integration of disparate device functidbé [6]

[7] [8]. The optimum solution often lies in a judicious combination, or in other words, the
"hybridizationd of these seemingly dissi mi

Owing to the functional integration needsemiconductor chip makers have
steadily increased the performance of chips by adding functionalities with increasing 1/O
count and decreasing chip szén this context, we define a system platform, referred to
as a Syst-on-Chip (SOC) that includes both the system hardware (digital and
analog/RF) and the embedded software on a single chip. An example of a SOC that
combines an INTEL microprocessor with advanced wireless radio, multimedia, and

sensor functionalities is stvm belowin Figure2 [9].
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Figure 2 SystemOn-Chip (Intel)

SOC offerghe promise for the most compact anighest performance devitieat
can be mass produced and hence, it has been a part of the roadmap of semiconductor
companies for over a decadew. It is important to study the drawbacks associated with
SOC as it will helpin understanding if this technology can continue producing- cost
effective complete engiroduct systemsntegrating a heterogeneous system on a single
chip is by no means a panacea. On standard silicon, a major concern is noise coupling
between digital sviching circuits and noisgsensitive analog/RF circuits due to the finite
resistivity of the silicon substratgl0]. Moreover, on-chip noise isolation techniques
increase the chip cost. Ather major challenge is distributing power to the digital and
RF circuits at different voltage levels, while simultaneously maintaining high isolation
and low electromagnetic interferences (EN1J]. Sgnal transmission on chip is not
necessarily faster as the-ohip wire resistance is higher than that for traces on package
[12]. Hence, the per unit echip signal propagation speed {3® ps/mm) isslower as
compared to the per unsignal speed on package {20 ps/mm). Integrating diverse

functionalities on chip significantly increases the system costs. In the case of RF/analog



circuit integration in CMOS processes, the fabrication techniques hendethnology
adaptation further increase the costs involved. Memory integration also becomes
expensive as additional processing steps, such as formation of trenches and folded
capacitors are required for DRAMS. Embedding logic into memory is not an assy t
since DRAM requires lesser number of metal lay28s. Moreover embedded memories
occupy 5080% of the chip arefl4], which means that there risally not much benefit

in terms of miniaturization with embedded memories. This is going to be an issue with
memory intensive SOCs. When integrating passives on chip, the losses associated with
the chip substrate affect the performance of the passivpamnts. The @actor of on

chip passives is limited toi 25 due to the inherent losses of siligd®]. Although this

can be improved by using thick oxides (e.g., higbistivity silicon,Siliconi Germanium

(SiGe, or Galliumi Arsenide GaAg), they inflate the costs substantially. Moreover,
passive components consume valuable real estate and occupy more than 50% of the
silicon ared 16]. Other challenges with SOC include long design times due to integration
complexities, high wafer fabrication costs, test costs, msigadal processing
complexities requiring dozens of mask steps, and intellectual property igE8les
Therefore, a new paradigm for overcoming many of the shortcomings of both SOC and
traditional packaging technologies has become necessary.

Systemon-Package (SOPand Systemin-Package (SIP}Yechnologiesseek to
overcome rany of he drawbacks o§OC through functional integration at the package
level rather than at the chip level. The costs involved in realizing package level
integration are lesseavhencompared to SOC. It is shown [ih7], through different case

studies, that mukchip integration using SOP offers a lower cost solution High
3



performance mixedignal systems as compared to SGIR stacks bare and packaged
ICs which are then interconrted usingwire-bondassembly technologiesiarganic or
ceramic substratd4.8]. There are many variations of SIP, which include stacked chips,
stacked packages (such as PackagPackage and PackagePackage), and chip and
package stacked togethdd]. There isaso active reseaft in stacking chips vertically
using Through Silicon Via (TSV) technolod@0] [21] as the next step iactive IC
miniaturization and functional integration at module leVdlis are referred to as 3D ICs
wherein the stacked chips are interconnected, nowipg-bond or flip-chip but by
throughsilicon-vias (TSVs).However, TSV and 3D chip stackirtgchnologies are ifit

in the emerging phase andre currently higher cost solutions as compared to
convenional SIP technologies. In additiothey are quite limitetb active ICs onlywvhen

it comes to addressing heterogeneoustesy integration, rangingrom antenna to
baseband components Figure 3 shows three different configuratios of SIP, chips
stackedusing wire-bonds, chips and packages stacked togethed chips stacked using

TSVsin that order.

Logic IC

Figure 3 Systemin-Packageand 3D ICs[18]



SOP goes one step beyondIP and 3D stacked ICs to provide a path for
miniaturization at system level. SOP furthers system integratfoadding functionality
into thepackagesubstraten the form of activespassivesaand other system components
Figure4 shows the functional integration with embedded thin film compori@ai423].
In SOP, passive devicdabat are typicallymounted on thesurface of theboard are
embedded within thpackage The embedded thin film passive components have lesser

parasitics as compared to the discrete passives and offerdezfemancd24] [25].

Systom-in-
Photodetector/ Gallium package
transimpedance arsenide (sip)
amplifier AL laser diode

............

Solder

Rl T L 4t £

Figure 4 SystemOn-Package [IEEE Spectrum, June 2006J22]

Embedding passive componemighin the substrate has been under development
for some timenow. The relatively newer approach for sustaining the miniaturization
trend is to embed active chips within packages, wihaffers a viable strategy for
realizing systems with even smaller and thinner package prfi#is Figure5 shows a

chip embedded within a cavity innaultilayerpackage.



Chip embedded
Within cavity

Cavity

Figure 5 Package with embedded chip

The trend of embedding active chips in substrates has been pursued so far by
General Electri¢27], Intel [28], Shinko[29], Fraunhofer Institut€30], and others. There
are two popular approaches to embedding chips within subsithigsirst and chiplast
The chip-first approach embeds the chip either at the bottom, or in between theipuild
dielectric layers, while the wiring layers are formed after the chip has been embedded, as
shown inFigure 6 [31]. In this approach, the chip assembly can be by direct thin film
interconnection to the baandof-line (BEOL) of thechip as shown irFigure 7 or in
some cases it can be fiip-chip style as inFigure 6. Also, more recently, chips with
wafer level farout are also being embedded using the -fingb approach, as shown in
Figure8 [32]. These technologies are based on either the chips simultaneously mounted
on a detachabldape or molded by a caer or molding compound, and are
interconnected using thin film package wiring processmdar to BEOL An aternative
to this is to mount the chips on rigabre surfaces and then interconnected using thin

film package process¢s].



The chip-lastapproach, developed by the Packaging Research Center ataeorgi
Tech, embeds the chip after all the buijol dielectric layers and package wiring have
been completed, as shownhkigure9 [31]]. In this approach, Itra-thin ICs and passives
are embedded in high precision cavity structures on bmibs of thin core organic

substrates with high I/O densigrtical and horizontal interconnections.
Under filling resin Outer chip
Au bump .
M/ Solder resist

Embedded chip

. ]
Insulation layer

4

Cu wiring —»

Glass|cloth core

Au bump Under filling resin Cu via

Figure 6 Chip-first embedded chip package Shinko[29]

via to bondpﬁ\ integrated resistor via to substrate
/
- v
\—/—\
chip
substrate

Figure 7 Chip-first embedded chippackage-- Fraunhofer 1IZM [29]

Figure 8 Embedded chip with wafer level farout [32]
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Chip embedded
Within cavity

Vias Trace Chip-to-substrate
connections

Figure 9 Chip-last embedded chip package

The chipfirst approach suffers from the following limitations:

1. The chip is subjected to a lot of processing steps after it is embedded and it can be
affected by the fabrication processes

2. Serial chipto-build-up processes accumulate yield losses that are associated with
each process

3. Defective chips cannot be eastgworked thus requiring 100% Known Good Dies
(KGDs)

4. The interconnections, which are direct metallurgical contacts, infichtpapproach
can result in fatigue failures due to thermal stresses

5. Thermal management issues are also evident since the clopaliy embedded

within the polymer material of the substrates, or between-bpildyers

The chiplast method relieves the embedded chiptloé fabrication stress dke
chipsare committed in the last step of module fabrication afenpletion anddsting of

the substrate with cavityit allows embedding of chips, Integrated Passive Devices
8



(IPDs), and discrete passives in different substrates, susificas, glass, ceramic and
laminates Moreover, the components can be of different thicknesstbe asibstrates can
have multidepth cavities. It is easier to provide heat dissipation arrangements for the
chip as the back surface of the chip is left exp¢8&H Another important achntage of
chip-last method is the high density interconnections that can be achieved in this
approach. The pad to pad interconnections are formed under low temperature bonding
and they have a high density with very tight pitches down tarB0 The interconect
density realized, matches that achieved in thelop redistribution layer very well. Also,
the reliability of these interconnects can be well characterized since the chip assembly is
the last step in the fabrication of the pack488] [34]. Thus, the chigast method
overcomes most of the challenges associated with the physical structure -&fsthip
embedded chip package.

The next few paragphs discuss the advantages offerecthip-last embedded
chip packages in terms of functionality, performance and form factor. Commonly used
chip assembly schemes in SIP and SOP integration technologies inclue®mdrand
flip-chip [35 [36] [37]. Some of the significant advantages that-dlipp assembly
technology provides over wiigonds includ¢38] [39] [40]:

1. Increased functionality in a smaller die: Entire surface area of the die is
available for die bump placement to connect to aiegrwhich eliminates the
wire-bond restriction of having all of the pads at the periphery of the chip.

2. Improved power supply noise performance: Significantly lower loop
inductancas achieved due tan order of magnitude reductionghip-to-substrate

connectionlength. Also, power can be supplied right where iteiguiredinstead
9



of being routed towasdthe edge of the die and then brought in towahne core

or I/O circuitry as invire-bond package

. Superior signal integrity performance: High impedance nature of the wire
bonds creates impedance discontinuities in -$astching environments,
degrading the sital integrity performance. Wirkonds also suffer from
considerably larger signéb-signalcrosstalk. These phenomenon are significantly
mitigated in flipchip interconnects with controlled impedance lines and smaller
signatto-signal crosstalk.

. Reduced package footprint: Potential reduction in package sias Flip-Chip

Ball Grid Array (FCBGA) packagesunlike wirebond packagesio not require a

keepout area foconnecting to the carrier

Embedding active chips within the substrgtesvides the advantages of Hghip

packages andims to further improve thelectrical performancef flip-chip packags by

reducing the length of package wiriag well as interconnection length between chip and

packageln flip-chip and wirebond configurations, signal and power supply connections

from the chip that travel through the package, require throagkage viasEmbedding

the chipwithin the substrate reduces the number of through packegeand bring the

chip electrically closer to the system boafthis helps in reducing theverall thickness

of the package by making it desiraldla mobile phoneapplications where there is

always a drive for lowZ-direction profiles. Reduction in the length of package wiring

and vias provides improvement in power supply noise performance as wtiizgev

across the chip power and groundupplyis proportional to the impedance of the power

10



supply loop through the packagblote that mpedance is a function of the loop
inductance of the package power and ground connectidnish increases with a larger
loop area. Crosstalk noise from an aggregsoito a victim pin in &CBGA package is
predominantly inductive in nature argdcaused by the overlap of the victim signaturn
loop and aggressor sigraturn loop.With reduction in the loop area overlap, crosstalk
noise can be decreased as well.

Figure 10 shows a package with surface mount chip, anéigure 11 shows a
padkage with an embedded chip. The area surrounding the embedded chip can be used
for signal routing and power/grod supply. As seen frorigure 10 and Figure 11, the
package with embedded chip offers reduction in module thickness and signal lines
through the package can potentially be shorter as compared to conventional packages.
Notice that even thagh the packages shown kigure 10 and Figure 11 have the same
substrate thickness, surface mounting the ¢Rigure 10) results inincreased thickness
as compared to embedding the ctig(rell). Apart from tre form factor reduction for
a single chip package, embedding chips provides increased functionality within a given

package size as shownRigurel2.
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Surface mount chip

Figure 10 Crosssection of package with surface mourflip -chip

Chip embedded
within cavity
Cavity

Figure 11 Crosssection of package withtchip-last embedded chip

T T

Figure 12 Increase in functionality with smaller package sizes benefit of chiplast

embedding
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Package integration technologies, such as SIP and SOP, have demonstrated how
efficient packaging can i mprove a systemo:
becomimg exorbitant, which is one the main drawbacks in developing SOC solutions. But
note that the SIP and SOP methods also increase the system complexity in comparison to
conventional packages as multiple dissimilar chips are embedded within the same
package inclose proximity. Moreover, the substrate is no longer just a supporting
platform as it now has functionality in the form of embedded comporétsin the
Chip-Last method of embeddingctive chips, cavities are formed in the dielectric
materials to accommodate the chip. The formation of cavities in the packagausan
unwanted strong interferences between the digital and aR&agections of the package.

Parasitic interactionbetween the different sections of the package can result in global
coupling across the package in the form simultaneous switching noise (SSN). The SSN

that gets transmitted across the package couples to the power distribution network (PDN)

and the signalidtribution network (SDN), which is very undesirable. So, packages have

to be carefully designed and analyzed in o
power integrity{41] [42].

The system design issues along witlwpp and signal integrity of SIP ar&OP
systems have been dealt with extensively in literature. This paragraph briefly reviews
some of the relatedork. In[43], a method to provide noissolation in RFdigital SOP
using segmented power bus structure is proposed19fy SIP cedesign challenges
including the systemdés |/ O requirements an
respect to different stacking configurations are discussed. An integral analysis technique

for signal and power integrity of SIP an®B is described if44]. In [45], the effects of
13



inductive and capacitive crosstalk, SSN and harmonic interferences in SIP packages
using electrical parameters extracted from the layout of a SIP package are analyzed. The
electromagnetic interference (EMI) behavior of SIP is analyzed in comparison atth th

of a discrete system if46]. In particular, the SIP and the system packaged
conventionally with discrete components consist of a nuorroller, NAND flash
memory and SDRAM memonh@s. The individual chips are stacked and mounted on a
single substrate in the SIP configuration. The size of the package and the power bouncing
noise are both shown to be lesser in SIP when compared to the discreteis)<§m
Design challenges for SIP and SOC, and the factors that are important for electrical
performance, such as ESD protection for I/Os, drive strength-chgdfbuses, capacitive
coupling and parasitic inductanedfects from bond wires and die attach methods are
explored in[47]. In [48], crosstalk characterization for 3D SIRdiscussed. An overview

of substrate technology including embedded passives within the substrate layers, chip to
substrate connections and memory integration using SIP technology for mobile phone
applications are discussed [49]. EMI issues for SOP systems with integrated high
performance digital ICs and R&nhalog circuits are explored [50]. Furthermore, the
performance benefits obtained in terms of power and signal by using SCitsare
evaluated.

In the case of embedded actives, most existing work has mainly dealt with
material and process technologies. There has not been much focietoicadldesign
aspects such as power and signal integrity. It is very essential to acquiredepthn
understanding of the issues that impact the power and signal integrity of packages with

embedded actives in order to achieve good system performande. ttWéhdesign of a
14



power delivery scheme is specific to each system, its functions, applications and issues
with the power network largely depend on the type of packaging [34¢d Note that

power integrity concerns itself with the proper delivery of power to the IC buffers while
ensuring good quality signals. The basic requirements for a power distribution network
(PDN) include resonance free impedance profile, uniform stress diginbatross the

PDN, maintaining the voltage fluctuation due to the transient noise caused by driver
switching within the tolerance limit, and providing adequate isolation for electromagnetic
interference across the various modules of the package thaipgied paver by the

PDN. This dissertatiorfocuses on the factors that impact the power integrity of

embedded actives.

1.1.Previous Researclon Electromagnetic Coupling inMultilayer Packages

Power ground planes which form the power distributietwork in gpackage
behave aparallel plate cavity resonatoMWhena driver switches and its vertical
interconnectcalled vig penetrates the power and ground plane paiyrrent source is
setup in the parallel plate cavity due to accumulation of opposite chardkes power
and ground plang$2]. The current source generates electromagnetic waves which get
transmitted through the cavity and encounter multiple reflections at the edges of the
planes. Electromagnetic wave propagation through the cavity excites the cavity
resonances and causasvanedinterference with victim circuits that are powered by the
same power and groumdiane pair When multiple fast switching drivers simultaneously
excitethe cavity, theunwanted interference is more severe and appears as large voltage

fluctuatiors at vicim circuits. This noise is calledimultaneouswitching noise (SSN)
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[53]. SSN propagates through the plane pair cavities and causes interference with circuits
which are not excited. Hower, noise propagation eamultilayerpackage occurs not
only in the horizontal direction but also in the ve@at direction when there aepertures
in the planes forming the parallel plate cavities.
The power/ground planes multilayer packages haveparturesvhich arecreated
due totheformation of voltage islands for providing isolatiamong dpital, analogand
RF sections and due to groups of closely spaced vias, or through holes. Additionally,
there may also be other slots created for moumntéwces and connectois4]. Figurel3

shows amultilayer stackup with slots and via holes.

— Slot
Antivia

Power/Ground
plane stack-up T

Vias with short pitches

Figure 13 Multilayer Power/Ground plane pair structure
When active chips are embeddedhwitthe substratdsy chiplast methog
cavities are formed in the dielecttayersand apertures are formed in the metal layers of
the substrates to house the chips as showigurel4. The presence of the die within
the cavity can result in apertures in successive metal layers depending on the thickness of
the die. The apertures causgnificant coupling of electromagnetic fields across different

plane pair cavitief55]. The SSN produced also gets transmitted by the electromagnetic

16



wave propagation to neighboring p&apair cavities. Thisaise is referred to as vertieal
SSN, and it affects the performancamiltilayerpackage$56]. When there are
apertures of the same size on successive metaslaymultilayer packages, the coupling
across the multiple layers is caused by fringing fields at the plane [&¥ges

Chip embedded

Within cavi
Cavity v

p— — — I -— — = Top layer

— ‘ —— | — LT— Power 1
— Ground

 — I I mm————— Power 2

Ground

Bottom layer

Figure 14 Multilayer package with embedded chip

Thedissertatioranalyzes the effect akrtical electromagnetic coupling in
packages witldielectric cavitieto embed chips, demonstrates the coupling in packages
with different layer stackip through simulations and measurementsftest vehicles

anddiscusses the factors that influence the coupling.

1.2.Previous Research on Suppression of Electromagnetic Coupling in Packages

SSN is detrimental to the power egrity of the system becauseltage
fluctuations can cause logic errors dalde switching of digital circuitf58] and degrade
signal to noise ratio of RF and analog circ(ig9]. In the pag various noise suppression
techniques have been developed to tacklenthise coupling. These techniques include
split planes[60Q], ferrite beads[61], decoupling capacitor§62] (surfacemount and
embedded) and ElectromagneBandGap (EBG) structure [63]. These methods are

17



aimed at tackling thaoise coupling problem within a single plane pair cawsong

these methods, which are popularly used for the suppression of SSN, decoupling
capacitorshave been used to provide vertdS3N suppression across different layers in
multilayer packages and in packages with split plamssshown irFigure 15 [64]. But

this method loses its efficiency as the frequency of operation moves into GHzThage.
Equivalent Series Inductance (ESL) of the capacitor and the inductance associated with
the capacitor mounting pads and leads influethee frequency limit up to which the
capacitor can provide noise suppression. The effective inductance of thin film embedded
capacitors is lesser as compared to discrete decoupling capacitors and their usable
frequency range is above that of discrete capes;i yet they cannot sustain their

effectiveness as the frequencyoperation moves beyond 2.0 GH65].

Figure 15 Decoupling capacitors- connected across multiple plane cavities
Another methods proposed if66] to provide suppression of coupling through cutouts
and apertures imultilayersubstrates by optimally positioning the chip on the package,
such tlat some of the cavity modes getncelled out and the corresponding resonant
peaks get suppressexbs shown irrigure16. The resonant nues that get excited in a
powerground plane pair cavity depend on the physical location of the source excitation.

By changing the chip location, the source excitation location is changed and the cavity
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modes which geexcited can be manipulated. Also in the approadb&jf the size of the
package can be changed so that the resonant frequencies of the package are not within the
frequency range of éhoperating chipas shown irrigure17. This concept is effective,
but to achieve noise suppression either the chip location or the package size needs to be
changedlIf the system design does not allow this flexibility, this method as described in
[66] cannot be implemented. Additionally if there are multiple ports (source excitations),

it might be hader to achieve optimal chip placement solution for noise suppression.

1‘”) 20
1o || 2

(@]

°1598

-t ¢

Figure 16 Port locations (1 and 2)modified to suppress unwanted resonances

Figure 17 Plane sizes altered to avoid unwantetesonances
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The drawbacks of noise coupling through apertur@suhilayer packages still
persist. The cavities formed in substrates due to embedding chips, as previously shown in
Figureb, are larger than those caused by vias and connector holes and such large
cavities/apertures result in significant vertical coupling of electromagnetic f&3fs
Therefore, it is necessary to develop effective methods to suppress GHz noise
propagation through large apertures formed to embed activeweitifps multilayer
packages

In this dissertationsuppression of vertical electromagnetic coupling across
multiple plane pair cavities igroposedThe proposed methobbgy uses planaEBG
structures to achieve the suppression of vertical electromagnetic codpliag
dissertatiordiscusses design methodology, simulation and measurement results from
variousmultilayer structures to substantiate this methodtf@design of SObased
systems operating in GHz range. Furthermore, the influence of apertures and port

locations on the vertical coupling is investigated.

1.3.PreviousResearch orthe Effect of Package Parasits and Electromagnetic

Fields onSurface Mounted Chips

An advantage to embedding chips within substrates is that the packages are
thinner than those with surface mounted chips. However, as mentioned in Section 1.1,
this is true only if the packaging makese of the area surrounding the chip for routing
signal and power/ground supplies. In ctdpt method, the chip is embedded in-ftipp
style to keep the parasitics of the chip to the substrate connections as low as possible.

Figure18shows the layers surrounding the chip used for power and ground supplies,

20



while Figure19 shows the same layers being used for signal rousiaged on the

package configuration, it may be more appropriate to usad¢hallization layers

surrounding the chipither for poweground supplyr for signal routing. IrFigure 18,

the power/grounthyers are marked as P/G.Higurel9, the layers surrounding the chip

are used for signal routing. In some cases, for example in a single chip package as shown
in Figurel9, the signal line lengths can increase if they are drawn to the metallization
layers surrounding the chip before being taken to the package output telgcinctdd in

red). So, the layers surrounding tbkip should be used appropriately depending on the
package configuration without affecting the performalifdie layers surrounding the

chip are left unused, as gure20, the embedded actives package may not provide
significant advantages, in terms of size over the surface mount packages. This means that
it is essential to study and model the interaction of the chip and the package, as well as
thenoise coupling effects they have on each otfére following paragraphs discuss the
chip-package interaction mechanisms in conventional packages with surface mounted
chips from various literatures.

Chip embedded
Within cavity
Cavity

—|

P/G
—% =diln = P/G
@

Figure 18 Layers surrounding the embedded chip are used as powground supply
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Chip embedded
Cavity

Within cavity

Figure 19 Layers surrounding the embedded chip are used for signalistribution

Chip embedded

Within cavi
Cavity Y

E—

K N X N

Figure 20 Surrounding metal layers not used in this configuration

On-chip noise and noise generated in the package have so far been analyzed in a
decoupled manng¢67]. On-chip noise coupling through the silicon substrate has always
been a major concefar mixedsignal ICH68]. The onchip substrate coupling is
generally analyzed with respect to the influence e€loip power distribution network
(PDN), effect of the parasitics assateid with the chip to substrate connections and back
metallization of the chip.

The parasitics associated with chip to substrate connections influence the
on-chip powerground nois¢69]. Parameters of the package (e.g., bane, pin

parasitic resistance, etc.) severely affect the stability of bias voltages. In particular, the
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bondwire and pin parasitic resistance, inductance, and capacitance all constitute a
ResistorinductorCapacior (RLC) network which can cause the internal supply voltages
to be significantly different from external voltag&9)]. In addition to this, cross
capacitance and mutual inductametween bonavires can cause electromagnetic
coupling between digital and analog suppleessshown ifrigure21]71]. Therefore, the
advantage of Kelvin ground for substrate bias vanishes as disturbances due to digital
switching currents propagate through the mutual inductances and cross capacitances.
When using flipchip attached chips, the parasgitects are lesser as compared to those
usingwire-bonds. The effects of both capacitive and inductive coupling between bond
wires have been analyzed with a TQFRPBHIn Quad Flatpackage irf72].

In [73], it has been shown through experimental results that!Hfiip
assembly technique has a much reduced effect on tbkipisupply voltage levels and
the fluctuations in the voltages are lesser as comparedgdondconnections. A test
chip designed i90.18um CMOS technol ogy is mounted i n
JLCC package and fliphip assembly technique in order to compare the effect of the
assembly techniques on digital switching noise. @mipackage and chipn-board
technologies are compat in[74], which shows that the chipn-board technique has
better performance owing to the elimination of package parasitics as the chip is directly
mounted on the board. [@9], chip-in-package and flighip are compared, and flighip

technique is shown to perform better when compared teictppckage.
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Figure 21 Wire-bonded dip with circuit representation of self and mutual

parasitics between bond wires

Another important factor that can influence theabip switching noise is
the back metallization of the chijm [69], the effect of inductive parasitics in the chip
substrate ground network on the bulk currents flowing through the chip substrate, are
discussed, as shownkigure22. Back side metallizatignn some casegsanalsoresult
in propagation of parallel plate modes through the chip substrate that interferes with the
on-chip circuits. In[76], the performance of conventionally packaged GaAs ICs with
wire-bonds and flipchip are compared. In the configuration witlie-bond the chip is
mounted on a metalized surface, which results in poweatgainto surface waves with
high interconnection losses. Haghip technology can be used to reduce, or even avoid
surface wave leakage. The effects of using a dielectric carrier substrate as an intermediate
platform between the chip and the package satesare demonstratéd[77]. It is shown
that the dielectric substrate helps in reducing the parallel plate modes, thereby
suppressing surface wave leakage for thinned chips as compatagg with

semiconductor substrate of thickness over @90 The effects of having a floating
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ground plane on the backside dfip-chip mounted IC are discussed[irg]. The
floating ground plane can form a parallel plate wave guide in association with package

metallization layers and increase surface wave leakage.

sb pwell

Figure 22 Interaction of chip substrate and ground network

Power ground noise on the package can affect the chip as well when
resorting to embedded actives. It is well known that in{figuency (GHz) packages
electromagnetic interference can potentially hamper the normal functioning of the
package. In the casd packages with embedded actives, since the chip is housed within
the dielectric layers of the substrate, it is prone to the interference from the
electromagnetic fields generated in the pack@ipas, his interaction needs to be studied
to design effieent packages thaan support embedded chips. Ttissertatiorfocuses
on the effects of electromagnetic (EM) interference between the embedded chip and
package which includd:) EM coupling to the chipondpads ad 2) EM coupling to the

chip substrate.
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1.4.Contributions and Outline of Dissertation

Power integrity plays an i mportant rol e
essential to acquire an-depth understanding of the issues that impact the power
integrity of packages with embedded active®ider to adopt this emerging packaging
technology. As explained before, theegominant challenge multilayer packages with
embedded chipis managing the electromagnetioupling through the power distribution
network Noise coupling through the powelistribution network occurs in multilayer
substrates when cavities are formed to emifgigs. The sizes of apertures formed to
accommodate the embedded chips are much larger than slots and via holes. Hence, the
intensity of coupling is higher than what hasen analyzed in literature for multilayer
packages with vias and slots. Coupling suppression methods available in literettre,
target vertical coupling imultilayer packages, are not suitable for providing broadband
isolation athigh frequenciesA technique for suppressing vertical coupliaig high
frequenciedased on Electromagnetic Band Gap (EBG) structures is a major contribution
of this thesisThere are methods in literature that focus on analysis of EBG structures in a
single plane pairavity. In the case of systems with embedded actives, the need is to have
a suitable design methodology for EBGs used in multilayer stpdbr vertical coupling
suppressionA methodology for synthesizingBG structures in multilayer packages to
provide oupling suppression in desired frequency bands forms the second major
contribution of the thesisThe significant novelty in the embedded actives comes from
the fact that the package now houses cavities and chips within those cavities. The
presence of thechip embedded within the package introduces new interaction

mechanisms between the chip and package that have not been encountered in
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conventional packages with surface mounted chips. It is of a significant importance to
understand the chipackage interdimn mechanisms, for ensuring satisfactory design of
systems with embedded activ@e final contribution ighe analysis of the impact of
electromagnetic coupling from the package power/ground layers on the bond pads of the
embedded chip and the couplin§ the EM fields with the substrate of the embedded
chip.

To summarize, the motivation of this dissertation is to address power integrity
problems in multilayer packages with chips embedded within the substrate layers and to
develop solutions for electmagnetic (EM) interference and noise coupling encountered
in these package%his dissertation establishes the important factors that impact the
noise couplingwithin the package when cavities are made in the substrate to embed
chips, develops asuitable sippression techniqueto tackle noise coupling and
demonstrates the factors due to which the chip experiences strong electromagnetic
interference  when embedded within the substrate cavity Furthermore, the
dissertation puts forth a design methodology forsuppression of coupling and
presents guidelines for designing efficient power distribution networks in multilayer
packages with embedded chips.

The key aspects of the dissertation, which is pictorially showfigare 23, are
listed below:

1. Identification of the electromagnetic effects in multilayer packages with an
embedded chip

2. Analysis of electromagnetic coupling in packages withstrateavities
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3. Analysis of the effect of electromagnetic coupling on the embeddeductijis
bond pads

4. Development o method to @unterelectromagneticouplingin multilayer
packages with embedded chips

5. Design guidelines for power distribution in packages witheadbed chips

Substrate

T - Excitations on the package
N - EM wave propagation

C - Vertical EM coupling 1. Vertical EM coupling in the package
2. EMcouplingto the die bond-pads
L-EMCOUP”"Q fo die bond pads 3 EM coupling to the silicon substrate

Figure 23 Research topics explored in the dissertation
The dissertation is broadly organized as follo@sapter 2 describes the effect of
cavities in multilayesubstrates on the electromagnetic coupling in packages. Chapter 3
proposes a suppression methodology to tackle the horizontal and vertical caupling i
packages with embedded I@st is effective even in thagh (GHZz) frequency ranges.
Chapter 4discusses an EBG synthesis methodology which is applied to predict vertical
coupling suppressioiChapter s5demonstratethe effects of electromagnetic coupling on

thebond pads of thehip embedded within the substrate caviBhapter Ganalyseshe
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effect of coupling on the silicon substrate of the embedded chip when the cavity is closed
with a grounded plan&inally, Chapter presents design guidelines and provides
concluding remarkdNow, an outline of the dissertation is provided along with the

contibutions of each of the chapters.

1.4.1Vertical Electromagnetic Coupling in Packages with Embedded Chips

Chapter 2 deals withbower/groundhoise coupling in multilayer substrates when
cavities are formed to embethips. This chapter analyzestructures withdifferent
power/ground stackip and embedded ICs Test vehiclesare fabricated incorporating
different multilayer structureswith cavitiesin the substrateThe simulation result$or
these structures amalidated with frequency domain based VNA measurgmeThis
analysis on coupling phenomenon in substratéh cavities gives insights into the
effects of parametric variationsuch as cavity sizes, aperture effamssuccessive metal
layers, and presence thfe aperturesn the noise coupling from om®wer/ground cavity

to another

1.4.2Suppression of Vertical Electromagnetic Coupling:

Chapter 3 proposes an effective approacts@impressing vertical electromagnetic
coupling in mulilayer packages operating at hiffequencies In the case of packages
with embedded actives where there are large apertures (die sized) in the metal planes and
cavities in dielectric layers to accommodate the chips, the effect of electromagnetic
coupling across the package layers sgnificant. Thecoupling suppression method

involves planar electromagnetic banrgap (EBG) structures for suppressing vertical
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coupling Also, the isolation bandverwhich suppressiors achievedcanbe tuned over

different frequency ranges.

1.4.3: Stop-Band Prediction for Electromagnetic Band Gap Structures in

Multilayer Packages

In Chapter 4a methodologyto synthesize EBGgiven the stofbandand pass
band frequencieas inputsis developedA more rigorous methodology for predicting the
passbands and stop bandshenthe synthesized EBGs ammplemened for vertical
coupling suppession in multilayer packages is describ@tiese methodologies are

demonstrated through simulations and measurements.

1.4.4Chip-Package Interaction h Packages with Embdded Chips Electromagnetic

Coupling on Chip Bonds

Chapter 5 analyzes the effect of electromagnetic coupling on the bond pads of the
embedded chip. In multilayer packages with embedded ICs, the bond pads of the chip
experience voltage fluctuations due wmise couplingdirectly to the bond padsom the
power distribution network of the packadeest vehicles with various configurations of
power and ground planes are fabricated ahd results from simulations and
measurements in frequency domain are ptesenTime domain simulations are
performed to estimate the voltage fluctuation at the hmads for various noise source

locations.
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1.4.5Chip-Package Interaction in Packages with Embedded Chip€lectromagnetic

Coupling on Chip Substrate

In Chapter 6, theffect of covering the cavity enclosing the embedded chip using
a grounded planéor grounding the back metallization of the chip or for better heat
dissipation is analyzedrhis causeshe electromagnetic wavefsom the package power
distribution networkto couple with the chip substrat€he EM waves injected into the
bulk substratecan affect the proper working of the ahip active and passive circuits.
This chapter analyzes the interaction between the chip and the package in terms of the
influence theembedded chip has on the EM coupling across the package and the effect of

the EM waves coupling to the bulk substrate of the embedded chip.

1.4.6Conclusions and Future Work

In Chapter 7 an overview of electromagnetic coupling for multilayer packages
with varous configurations of power distribution network is presersed the various
effects analyzed through chapters 2 to 6 are summaie=ign guidelines for packages

with embedded ICs are provided based on the findings in each chapter.
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CHAPTER 2
VERTICAL ELECTROMAGN ETIC COUPLING IN PAC KAGES

WITH EMBEDDED CHIPS

The Chiplast methodreatesavities in the substrate dielectric material to
embed chips. The presence of these cavities ctargesdiesized aperturesnthe power
andground planesf the packageThese apertures resuitsignificant levels of noise
coupling from one power ground cavity to anoth€he analysigarried out in this
chapter is important to understand the extemedtfical coupling that occuis packages
with cavitesand the impact of chips embedded within the cavities on the coupling across
the various layers of the packagéis chapterdiscusses thehenomenon of vertical

electromagnetic coupling in packages with cavities to house embedded chips

2.1.Mode of Vertical Coupling in Multilayer Substrates

In multilayer packages, there are multiple power and ground planes which
form the power distribution network (PDNlJhese power and ground planes behave as
pamllel plate waveguideandexhibitresonances at certairefuenciesiependingn the
geometry of the planes and the dielectric materials st packagé/Nhen vias, which
are the vertical interconnegqienetrate a plane pdormed by a combination of a power
and ground plane current source is setup dueltte accumulation of opposite charges
on the power and ground plartesrebygenerating electromagnetic (EM) waves. The
EM waves excite the cavity resonances causing unwanted interference with victim

circuits that are powered by the same power and grolané pair When multiple fast
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switching driverswitch simultaneosly excitingthe cavity, the unwanted interference is
more severe and appears as large voltage fluctuatibie plane pair cavityrhis noise is
called simultaneous switching noise (SSNhe noise generated in the form of voltage
fluctuation gets transmittdabrizontallyacross th@gowergroundcavity by
electromagnetic wave propagatiofthen there are apertures in the planes, SSN couples
vertically across multiple plane pair cavities as we8N is detrimental to the power
integrity of the system as the voltage fluctuations that are induced in the system can cause
logic errors and falsswitching of circuits

The preence of apertures in the power gndund planes ahultilayer packages
causeslectromagnetic (EM) waves to fringe through the aperture from one plane pair
cavity to another resultinig field coupling. This is shown iRigure24 andFigure25
with the help of wragaround currents and electromagnetic wave propagdfigare24
shows a thremetal layer structure with an aperture in the middle plahéeh is labéed
asM2. The excitation with a current source in plane pauity 2 (referenced between
M2i M3 layers) causes the flow of surface currents on the bottom side of M2. When these
currents eoounter the aperture, they wrapund and flow in the top cavityhe inherent
property of current is that when there is flow of current in a metal conductor in one
direction,areturn current will flow in opposite direction anotherconductorthat is in
closeproximity to the current carrying metal conductbue to this effect, there &flow
of return current on the bottom side of M1. The forward and reverse currdfifscause
electromagnetic wave propagation in the top plane pair casishown irFigure25.
Thus, the field produced in the bottom plane pair caedyples to the top plane pair

cavity without the top cavity being excitedote thatFigure24 andFigure25 show
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related phenomena of wrapound currents and the resulting wavegagationThey are

shown separatelipr ease of understanditige effects

Aperture
Ground (M1) 4 Plane pair
| cavity 1
<= ¢mm === .
Power (M2) Plane pair
- I cavity 2
] Ground (M3)
1_ ] “Return currents
Excitation port Wrap around in top cavity
currents

Figure 24 Vertical coupling through apertures - wrap around current

Aperture
Ground (M1) 4 Plane pair
—— cavity 1
[ |
|
Power (M2) f Al Plane pair
X i cavity 2
/
N N\ANA l |
Ground (M3)
i - y 4
Excitation  Fields couple
port to the top cavity
through the
aperture

Figure 25 Vertical coupling through apertures - Electromagnetic wave propagation

2.2.Parametric Variations Influen cing the Coupling between PowefGround Plane

Cavities

To demonstrate the effect aperture size owertical caipling in multilayer

packages, a thremetal layer structure, with lateral dimenssoof 59 mm X 59 mm and
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excitation (Port 1) and response (Port 2) port locations as shdviguire26ais
simulated Figure26b shows the top view of M2 layer which has the aperfline. ports
represent current source locations, which are used to excite the plane pailrcavisy.
section, simulons are performed with apertures of different sizes to investigate the SSN
coupling across multiple plane pair cavities.

For simulation purposethe siz of the aperture is varied @s10 X 10 mm, 4 X
4mm,2X2mm,1X1mmandO0.5 X 0.5 mmthe stack up shown fRigure26a,
plane M1 and M3 are used as grounds and M2 is used as powerRddd)is
referenced between NIRI3 metal layes while Port 2 is réerenced between MM?2
metal layers. The grapbhown inFigure27, shows the coupling for different sized
apertures in terms of-farameters measured across the two ports (S21 (dB)). As seen
from the graph, as the aperture size decreases, the coupling occurring through it reduces.
Based on this, for apertures of size 0.5 X 0.5 mm, the cougplaigccurs across the two
plane pair avities which is about50 dB, is not significantNote that the couplingill
belesserthan-50 dB for apertures oévensmaller sizes. Ifrigure28, the result from
coupling through a slot is shown. Hong slots or split planes aror apertures greater
than 1 X 1 mnrequiredby some embedded chipghge vertical coupling will be
significant as seen froigure27 andFigure28. This analysis demonstrates that the
vertical coupling encountedlen the case of packages wépertures to embed chifss

higheras compared to that caused by anti via holescandector holes.
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Figure 26 a) Crosssection of the threemetal layer structure, b) Top view of M2

layer with aperture
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Figure 27 S21 (dB) results for different sized apertures irthe structure shownin

Figure 26
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Figure 28 S21 (dB) results for a slot irthe structure shownin Figure 26

2.3.Design and Modeling of Structures with Dielectric @Qvities andApertures in

Metal Planes

Theanalysisperformed abovéocused on the size of apertures. In this section,
two other variationare studiegwhich takes the analysis closer to the real case of
embedding a chip withia package. As shown Rigure9 (Chapter 1)the embedded
chip in some configuratins can also extend across multipletal layes. In such a case
apertures need to be formed on successive metal yevsll as requiring dielectric
cavity to accommodate the chip. In this section, an analysis is performed tthgehow
effect of having aperturem successive metal layete effect offorming dielectric
cavitiesand that of the clearance between the embedded chip and the surrounding
dielectric cavity Figure29, Figure30 andFigure31show the three different
configurations analyzed in the simulations. In these figures, S1 reféigu@29, S2 to
Figure30, and S toFigure31. The stackup details are showin Figure32, while Figure

33 showsthe position of the aperture.
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Figure 29 Structure 1 (S1)

Power 1 n— ]
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Figure 30 Structure 2 (S2)
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Figure 31 Structure 3 (S3)
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20 um I V13
|€&———— 20mm —>]

Figure 32 Three metal layer stackup where M1, M2 and M3 layers are provided

power/ground assignments as shown iRigure 29, Figure 30, and Figure 31
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Figure 33 Top view showing the location aperture in M1 and M2 layer®f Figure 32

In all these stictures prt 2, P2(between N2 and M3layers) is excited and the S
parameter S21 is plottea dB scaleo observe the noise that is yeg coupled to the un
excited rt 1, P1(between M1 and M2 {eers). In the ideal case, when the planes are
fully continuousthe S21 values shalibe low (negative valueg)dicating almost zero
coupling. But the presence aperturesn the planes causes the electigtd to couple
from one poweground cavity tanotherThe frequencies athich a plane pair cavity

experience resonances is calculated using the formula,

0= e oy VT ()
where ¢ velocity of light (3 X 18 m/s)
fmn 1 resonant frequency for the mode (mmHz
€ | dielectric constant of theaterial in the parallel plate cavity

a, bi lateral dimensions of the planes (for the simulations here, they are igual)

m, ni propagating modes in the parallel plate cavity

39



For the planes considered here, the (Br@) (Q 1) modes occuat 3.53 GHz(1,
1) mode occurs &.0GHz, mode (2, 0) occurs at 7.07 GHz, and modes (2, 1) and (1, 2)
occur at 7.91 GHZigure34 shows the results fro®ructure 1 for vertical coupling
between ports P1 and P2 for three different aperture sizes (2 X2 mm, 5 X5 mm and 8 X
8 mm).FromFigure34it is observed that theoupling between adjacent power/ground
cavities is significant not only at these resonant frequentig® parallel plate cavityut
also atcertainother frequencies where the aperture resagmnccur, such as 2.6, 2.95,
5.8and 7.4 GHz. Figure35, Figure36 andFigure37show the resudtfor S1, S2 and S3
with aperture sizes of 2 mm, 5 mm and 8 mm respectiVélg fields that fringe from the
edges of the apertues shown irFigure38result in vertical coupling57]. The
frequencies at which the coupling due to the fringing fields is significant are dependent
on the size of the aperturks the aperture size increases, the resonances caused by the
fringe fields from the apertures, move away from the panaliéeé mode resonances.
This effect is observed iRigure35, Figure36 andFigure37. Due to the presence of
apertures on successive metal layers, the parallel plate modes are suppressed and the
resonances observed in the vertical couplirgcaused by the apertur@sie change in
thedielectric material within the cavityoes not affect the frequencies at which the
resonances are caused by the fringe fields inehigcal coupling across the plane pair
cavities,Powerli Ground and PowerR Ground Due to thisthe resonances in the
vertical coupling in Structure 3 remain similar to the result from Structure 2 (shown in

Figure35).
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Figure 34S21 in dB for S1 corresponding to aperture sizes of 2 X 2 mm, 5 X 5mm

and 8 X 8 mm
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Figure 35S21 in dB for structures S1, S2, and S3 and aperture size of 2 X 2 mm
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Figure 36 S21 in dB for structures S1, S2, and S3 and aperture size of 5 X 5 mm
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Figure 37 S21 in dB for structures S1, S2, and S3 and aperture size of 8 X 8 mm
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Figure 38 Structures S2 (Left) and S3 (Right) with fringe felds marked with curved
arrows across the plane pair cavities

Next, the effecbf thedie to cavity clearance for embedded siliohipsof
conductivitiesl0 S/m and 20 S/are analyzedThese values are chosen to represent
regular CMOS grade conductiveg and high resistivity grade silicom Figure39, a
crosssection of a three metal layer structure with the embedded chip is shown. In the
plots showing the results, this structure is referred to am$de simulations here,
clearancesfb0 um and 25 um on each side between the die and cavity are and@hlyzed.
stackup used is same ashigure32 except that the thickness of each dielectric layer is
300um for the simulations iRigure40 andFigure4land it is 25 um for theimulations
in Figure42. The die to cavity clearance that has been achieved so far in fabrication is
100 um[55]. This is discussed in the next section where measurement results are
presentedin Figure40 andFigure41the results from S4 for conductivities of 10 S/m
and 20 S/m are compared with the results from structures S2 and S3 for the cavity
clearancesfb0 um and 25 um respectively. Figure4?2, the results from S4, S3 and S2
are shown for a dielectric layer thickness of 25 um and die to cavéasadlee of 25 um.
From these figures canbe seen thahe effect of embedding the silicon does not
influence the fringe field coupling across multiple plane pair cavities down tecavts

clearance of 25 um.
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This result is significant as it can bged to make the modeling of embedded
actives simplerEspecially, modeling the undéH profile within the cavity as shown in
Figure39is very difficult. If one wee to estimate the frequencies at which the vertical
coupling caused by the fringe fields are significant, a simpler model with a homogeneous
dielectric but with appropriate apertures in the metal layers can be used. The effect of the
dielectric material otthe fringe field is not significant to shift the location of the
frequencies at which resonances are caused by the fringe fields. So, a simples model

good enough approximation.

Die cavity Cavi Dlie cavity
Cavity clearance avity clearance
1 >l e t > =
Power 1 B Fover?
P1 Chip P1 Chip

Ground oo ®© © Ground ® o o o
P2 P2

Power 2 IIININIGIGNEE Fover 2 I
Figure 39 Structure 4 (S4) showing the crossection with embedded chip. There is
no under-fill in the figure on the left and the figure on the right shows the profile of

under-fill material inside the cavity
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Figure 40S21 in dB for S2 and S3 with an aperture of 8 X 8 mmral die to cavity

clearance of 5Qum for conductivity 10 S/m and 20 S/m.
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Figure 41 S21 in dB for S2 and S3 with an aperture of 8 X 8 mm and die to cavity

clearance of 25 um for conductivity 10 S/m and 20 S/m.
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Figure 42S21 in dB for S2 and S3 with an aperture 08 X 8 mm, dielectric thickness

of 25um and die to cavity clearance of 25 um for conductivity 10 S/m and 20 S/m.

2.4.Fabrication of Test Vehicle for Power/Ground Plane Stackup

A test vehtle consisting of three metal layers (M1, M2 and M3) and two fupld
dielectric layers is fabricated to demonstrate the vertical coupling described in Section
2.1.Figure43 showsa schematic representationtbé crosssection of the test vehicle
along with the top view of the plane with aperti®aoteimageable dielectric (PID)
Probelee81/7081 (Huntsmarifvantico Inc.) is used for making the dielectric buial
layers. For substrate core, copjotad BT (Bismaleimide Triazine) of 500m in
thickness is used. The thickness of each of the dielectric laygdsim (with a tolerance
of +/- 5um) andthe metal layes are10 um thick. Photo-cavity process is used to make
cavities in the dielectric material. The primary concern during the fabrication processes
was the shorting of adjacent metal planes through the cavity opening during electrolytic
plating. The photoresist that covers #iectroless copper plated seed lageads tdbend

at the cavity edgorming crinkles at the bends causing the electroplating copper to seep
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through.If this happens, ivill short adjacent metal planes. So a stepped cavity structure
is adopted for Struates 3, which involvesavities in dielectric layerdNote that such a
precautions notrequired in Structures 1 and 2 as they do not hayalielectric cavities.
As shown in thd=igure44, a 100um clearance is provided @achsideof the cavityto

avoid the copper from reaching the next lay@gure45 shows the layout of thiest

vehicle consisting 02 coupons4 eachfor Structurs 1, 2 and 3.

10 um I M 1

Dielectric
S0 um Er = 3.4,tan §=0.06

10 um I |\]2

Dielectric
S0um Er=3.4.tan 5= 0.06
10 um

M3

500 um

|[€&——— 20 mm —>]

|€10mm ->|

|€&——— 20mm —>]

Figure 43 Power/Ground Plane stackup used for fabrication

a7



10 um IE<—7.2 mm —>
50 um

50 um

10 um

500 um

Figure 44 Stepped Cavity structure

Structurel  Structure?2 Structure 3

Figure 45 Test vehicle layout with three different structures for Power/Ground

stack-up
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The Sparameter measurements are carried out wsiregtor networkraalyzer

(VNA) and air coplanarqwbes of pitch 500 um. The measurement and simulationgesult
in Figure46, Figure47 andFigure48 show good agreementhe simulations were
performed usinghe EM solvelAnsoft HFSSThe variations observed betweer th
measurement and simulation results betlogvlevel of-50 dB are not considerable
enoughto accountThe results indicate the significance of vertical coupling in packages
with embedded chipasnd also the frequencies at which resonances occur dueg® frin

fields in structure® and 3 coincide.

2.5.Concluding Remarks

To summarizeChapter 2 dealt with power/ground noise coupling in multilayer
substrates when cavities are formed to embed chips. This chapter analyzed different
power/ground stackip structures with chifast embedded actives. Test vehicles were

fabricated incorporatindifferent multilayer structures with dielectric cavities. The
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simulation results for these structures were validated with VNA measureiments

frequency domainThis analysis on coupling phenomenomsustrates with cavities

gave insights into the effeabd parametric variations, such as cavity sizes, apertures on

successive metal layers, and presence of dielectric cavities on the noise coupling from

one power/ground cavity to anothdfollowing are the major findirgof the chapter:

1.

Apertures that accomodate embedded chips resulsignificanty higher vertical
coupling as compared to apertures for vias and connectors

When apertures are formed on successive metal layers, the resonances in the vertical
coupling across multiple plane pair cavitiesignificant corresponding to the
resonances caused by fields fringing from the apertures.

The removal of the dielectric matertal form the cavity to embed the chdpes not
significantly influence the vertical coupling ihe package.

The die to cavity learance does not influence the vertical coupling down to a
clearance of 25 unThis result is significant in the sense that it womiakemodeling
of packages with embedded actives simpler.

Test vehicles were fabricated incorporating different multilayerctures with

dielectric cavities. The measurement results agreed well with the simulation results.
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CHAPTER 3

SUPPRESSION OF VERTICAL ELECTROMAGNETIC COUPL ING

Electromagnetic coupling is detrimental to the efficient operation of power
distribution netwok (PDN) in a packageOwing to reduction in package sizes, the
resonances caused by power/ground planes of the PDN occur in the GHz frequency
range. Electromagnetic coupling across the PDN is strongest at the resonant frequencies
and causes peaks in tharsfer impedance profile across various locations in the
multiple layers of the PDN. As explained in Chapter 2, the vertical coupling caused by
fringe fields from the edges of largéie sized)apertures in metal planes and cavities in
dielectric layerswas found to be significanih packages with embedded chipghe
intensity of the coupling ewotntered and the frequencias which it is predominant
make it necessary to explore new methods to effectively mitigate the noise across the
system when resortintp embedding chipsin this chapter, an effective approach for
suppressing vertical electromagnetic coupling in multilayer packages operating at GHz
frequencies is introduced The method discussed in this chapter, involyalanar
electromagnetic bandjap (EBG) structures for suppressing vertical couplifidne
isolation bandover which suppressiorcan be achievedis tunable over different

frequency ranges.

3.1.ElectromagneticBand gap Structures

Electromagnetic Band Gap (EBG) structutesve been widely usetbr the

suppression of electromagnetic wave propagation and radiation. BBGperiodic
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structuresconsisting of repeated set of patterns that are formed either by drilling the
dielectric material of the substrate, or patterning the metallization 1§y8r$80][81].

They disrupt the propagation of EMaves due to their periodic discontinuity. EBGs
allow the propagation of EM waves in certain frequency bands and reject wave
propagation in certain other frequency bands. In other words, they provide pass bands in
some frequencies and stop bands in otlheguenciesOwing to this property, EBG
structures have found applications in anteni&®, filters [83] [84], wave guide485]

and other microwave components such as power dividers/combiners, amf8isjeend
phased arrays to name a fg87]. The wide stop bands that EBGs offer can be used for
providing noise isolation in mixed signal packagesve®al configurations of EBGs
targeting these various applications have been proposed in litef@8ifg89] [90]. In
particular, planar EBGs have gained wide usage for noise suppression in mixed signal
systems due to their simple design and ease of fabrid@®8r91]. Planar EBGs used

for the purposes of noise isolation in power distribution networks of mixed signal
systems work orthe principle that whemne of the planes in plane pair cavity is
patterned (i.e., with th&eBG structure),the propagation of electromagnetic waves
between the two planes forming tipéane paircavity is suppressed within a certain
frequency bandAlternating Impedance EBG (AEBG) [92] is a planar EBG that offers
high isolation levels in the frequency band for which it is designedEBG consists of a

unit cell that is repeatethroughout the power or ground planes, or more generally,
whichever plane is chosen to be the EBG plg@#. Figure49 shows an EBG plane
consisting of AIEBG units cells composed of alternating patches and branches, which

offer impedance discontinuity to the propagation of EM waves, thereby providing noise
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isolation. Ports 1 and 2 ihigure49 form the excitation and response points for the Al
EBG structure. When Port 1 is excited, the EM coupling at Port 2 is significantly reduced

in the frequency range wheteetAI-EBG is designed to offer a stop band.

Patch Branch

Figure 49 EBG plane patterned with AI-EBG structures

In this chapter a method fosuppressig vertical electromagnetic coupling across
multiple plane pair cavities is proposédis is suitable for mitigating the noise coupling
issue when cavities are formed in the packages for embedding Thipsnethod ses
planar electromagnetic bangap structures to achieve the suppression of vertical
electromagnetic couplingrhus far, pior works [93] [94] [95] [63] [96] [97] on EBG
structureshave addressed coupling suppression only withgingle plane pair cavity
The work discussed below is the first demonstration of EBGs for suppression of vertical

electromagnetic coupling in multilayer packages.
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3.2. Suppression of Vertical Coupling

3.2.1Coupling suppression in adjacent plane pair cavities

To counteract thevertical coupling shown ifrigure 24 (Chapter 2) the middle
plane which has an aperture in thaultilayer structure, is patterned to forlaBG
structures, as shown Figure50. The EBGs suppress the propagation of sertagrents
thus causing a deiction in wraparound currents at the apertures. This suppresses the
propagation of fields through the aperture in the vertical direction apgidps
considerable isolation between the top and the bottom plane pair cg98ledt is
important to connect the planes above and below the EBGs (M1 and M3 layers) by vias
as shown irFigure52. When the EBG plane is excited, the apertures in the EBG patterns
themselves will cause wrap around curreagshown irFigure51. Furthermore, if there
is an isolated plane on top of the EBG pléne., M1), the two planes sandwiching the
EBG layer {.e., M1 and M3) will stat supporting forward and return (i.en, opposite
directionto forward currents. The flow of forward and return currents in the planes
forming a plane pair cavity sets up electromagnetic wave propagation within the cavity.
Thus the EBGhand gapproperty will be lost if the polarity of the planes either side of
the EBG plane are not maintaing same[99]. Hence M1 and M3 are connectaging
vias so that they are maintained at the same paqldnifg causinghe return cuents in
M1 to get shorted to M3The best location to place sias around the excitation and
response ports to achieve a high level of isolatdow, that M1 and M3 are maintained

at the same polarity, the EBG effectively produces a band gap.
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EBG plane

Suppression of surface  Nowrap around currents
currents by the EBGs  to causecoupling in the
top cavity

Excitation port

Figure 50 Aperture plane patterned with EBGs

Figure 51 EBG plane sandwiched between two isolated planes

The efficacy of the EBG structures is shown below using a simulation example.
All simulations performed in this chapter are using a tool based on Multilayer Finite
Difference Method (MFDM)64]. Figure 53 shows the crossection of the layer stack
up used fothe simulation results in thigstion.The dielectric material used in tetack
upis FR4 with a dielectric constant of 4.5 and loss tangent of EiglLire52 shows the
multilayer structure with EBGs. This structureassthe first three layers (M143) of the
layer stackup. Port 1 is defined between M2 (EBG plane) and, MBile Port 2 is
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defined between M1 and MZhe vias connecting M1 and M3 do not short the EBG
plane.The EBG patch size ishosen a8 mm X 8mm andthe branch size is 0.5 mm X

0.5 mmfor this simulation Figure 54 shows the graphs for thedrameter responses
showing the field coupling between Ports 1 and 2 for the scenarios with and without
EBGs. Thesetup for theno-EBG case is similato the structure shown iRigure 52,
except that there are no EBG patterns on M2 layer and it isesal&ptfor the aperture.

As can be seen frorigure 54, high isolation is obtained between the top and bottom
plane pair cavitiesvhen EBGs are used. Note that the bgag frequency of the EBGs

can be tuned by changing the size of thelpand branch, which e basis for EBG

synthesis methodology which would be discussgdhapter 4

Figure 52 Multilayer structure with EBGs
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Figure 54 Comparison of isolation with and without EBGs

3.2.2Coupling suppression in noradjacent plane pair cavities

In the previous section, EBG structures were shown to provide vertical isolation
between two plane pair cavities there weraeelpt to each other. Now, this concept is
extended to provideertical isolation in plane pair cavitifisatare not adjacent tilve
patterned AIEBG planeFigure55 shows a four layer metal structure with the apertures,
ports on the different planes. @btructure uses all thfeur layers of the substrate stack
up (M1i M4). Theexcitation between MaM4 (Port 1) results in surface currents in

planes M3and M4. The surface currents on the bottom surface of M3-an@md at the
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aperture in M3, and due to whifdrward and reverse currents are induced in M2 and M3
layers respectivelyAgain, surface currents on M2 wraggound at the aperture in M2
whichin turnsets up surface currents in the parallel ptataty formed by M1M2 pair.
Notice how he apertugs in M2 and M3 cause coupling acrdg$erent plane pair
cavities.Figure56 shows the structure with EBGs in which thgers M2 and M4 are
shorted with vias. The EBGs suppress the flow of surface currents on both sides of the
patterned plane. This in turn suppresses return currents on the bmtéoaf M2 and
reduces wrap around currents through the aperture in M2. So, the flow of currents in the
plane pair cavity formed by M1 and M2 is suppressed. ,thissoffers isolatioracross
plane pair cavities 1, 2 arsd The Sparameter plot ifrigure57 compares the results for
the cases with and without EBGs. As shown infitnere, good isolation levels are
obtained.

Thus by appropriately pattaing a single layer with EBGs inmaultilayer stack
up, it is possible to suppress vertical coupling acrosltiplelayers of plane pair cavities
on either side of the patterned plaibis method of suppressing vertical coupling is
useful, especially ithe case of multilayer packages where coupling needs to be
suppressed across multiple plane pair cavities. Of course, this method obviates the need
to pattern multiple power planes with EBGs. The magnitude of isolation obtained
decreases as we go awaynfirthe EBG plane, but the EBG plane can be appropriately
placed according to the needs of the application and the isolation levels required for
different onchip aggressors. The simulation examples presented demonstrate how
isolation across multiple layecain be achieved while keeping the number of patterned

planes to a minimum.
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Figure 55 Four metal layer structure with cavity-cavity coupling
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Figure 56 Four metal layer structure with EBGs
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3.3.Validation of Vertical Coupling Suppression Method byMeasurements

This <ction discussesthe hardware prototyme that were fabricated to
demonstrate the suppression of t@l coupling in multilayer substratesthrough
measurements$-or the verification ofertical coupling suppressionethod, a test vehicle
was fabricated using FR material. The crossection of the test vehicle ssthate stack
up is shown irFigure58. The dielectric constant is 4.6 and loss tan@ge@t01.The test
vehicle is a dur metal layer structure (MM4) consistingof individual coupons of
different sizes.The Sparameter measurements presented in this section are obtained
using aVNA and the measurements are performed uGr@undSignatGround GSG

500um pitch air coplanar probes.

61



17 mils
P M 2

28 mils

eSS M 3
17 mils
e M 4

Figure 58 Substrate layer stackup of Test vehcle

In the test vehicle, layers M1 through M3 are used, while M4 has no
metallization.M1 and M3 layers are shorted by vias and M2 layer is pattewitd
EBGs. The vias shorting M1 and M3 do not touch M2. Pori.4.,(theexcitation) is
defined betweemayers M2 and M3and Port 2 i(e., theresponse) is defimebetween
layers M1 and M2Figure 59 shows the top view of the M2 layénat consists of the
aperture withEBG patternf patch size of 12X 12 mm and branch size of X 1 mm
with an aperture size & X 8 mm For the structure ifrigure 59, comparison between
the simulated and measureep&ameter without using EBGs is shownHigure 60,
while the case afisingthe EBGs is shown irrigure61. As seen from the S21 resposse
in Figure 61, the coupling betweeort 1 and Port 2s effectively suppressent the
frequency range o2.3 to 5.5 GHzowing to the use oEBGs The simulation and
measurement results agree reliably and good isolation levels are obtainedvestita
coupling suppression methothis structure validates the vertical coupling suppression

method discussegarlier in this chapter
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Figure 59 Top view of M2 layerwith EBG patterns
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Figure 60 Comparison of simulation and measurement resultfor the structure in

Figure 59 without EBGs
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Figure 61 Comparison of simulation and measurement results for the structure in
Figure 59 with EBGs
In order to demonstrate coupling suppression across multiple plane pair cavities,
another coupon which uses all four metal layers, M1 through M4, was fabricated in the
test vehiclan Figure58. In this coupon, M1 and M4 are solid planes, while M3 is
patterned with EBGs and M2 layer contains an aperture of size 7 X 7 mm. The EBG
patch size is absen as 12 X 12 mm and branch size is 1 X 1 mm. M2 and M4 layers are
shorted by vias, which do not touch M3. Port 1 (i.e., the excitation) is defined between
layers M2 and M3 and Port 2 (i.e., the response) is defined between layers M1 and M2.
Figure62 shows the M3 and M2 layers with Port 1 and Port 2 locatkigsre63 and
Figure64 show the comparison between simulation and measurement results without and
with EBGs, respectively for the structurerigure62. As seen fronfrigure63 and
Figure64, the vertical coupling suppression method is able to provide isolation across

multiple plane pair cavities by patterning one plane with EBG structures.
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Figure 62 Layers (a) M3 and (b) M2 of the 4metal layer test vehicle coupon
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Figure 63 Comparison of simulation and measurement results for the structure in

Figure 62 without EBGs on M3
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Figure 64 Comparison of simulation and measurement results for the structure in
Figure 62with EBGs on M3
Due to the trend in decreasing package sizes, it is important to study the efficacy

of the EBG structures even when the small package sizes only allow for a few EBG unit
cells to be fabdated on the power plane. A four metal layer test vehicle was fabricated to
study the isolation levels provided by an EBG plane with reduced number of unit cells
(i.e., patches and branche§jgure 65 shows the fabricated structur€he dielectric
material used is same as the previous test vehicles but the thicknesses of the dielectric
build-up layers are different as indicatedRigure 65. The size ofa patch is 8X 8 mm
anda branch is 0.5 X 0.Bhm. The lateral dimension of this test vehicle is 25 X 25 mm.
Port 1 is defined between PlaridPBane 2, while Pat 2 is defined between PlanéRlane
2. Note that the plane pair cavities across which coupling suppression is measured are not
adjacent to the EBG plane (i.e., Plane 3). Also, the number of unit cells in the EBG plane
is 3 X 3.The measurement ndss comparing the structures with and without EBGs are
presented irFigure 66. As seen from théigure, the EBGs have suppressed the sharp

resonance peaks the vetical coupling across the plane pair caviti€sgure 67
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comparsthe simulation and measurement resfdtsthe above setup. It can be seen that
there isagood moe!l to hardware correlatiofowever, fewer number of EBG unit cells,
although suppresses the resonant peaks, results in reduced isolation levels as compared to

the previous simulation setup which used 6 X 3 unit cells.
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Figure 66 Comparison of results from fabricated four metal layer test vehicle
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The next hardware prototype demonstrates the suppression of vertical coupling in
an embedded actives package. The utility of using an EBGhayeris to provide
isolation near the operating frequencies of the embedded die so that the vertical coupling
does not affect the proper functioning of the die. The st@dksed for the test vehicle
fabrication is shown ifrigure68. A dummy die was used in this case which was
placeholder for active die requiring band gap in the frequency regiarédsBz. The
prototype consists of a core which is 100 um thick aaderup of a material from
Rogers Corporation, called the RXP. Another variant of this material, called the RXP
4 is used for the buitdp dielectric layers. Two buitdp layers are formed on either side
of the core. These layers are laminated to fdrenstackup as shown ifrigure68. The
dielectric constant of RXH is 3.01 and that of RXR is 3.43. The loss tangent is
0.0039 for RXP1 and 0.0043 for RXiRt. RXRA 1is a glass reinforced hydrocarbon

polymer with high glass transition temperature (Tg) and low profile copper cladding
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[100. These core materials utilize thermosetting hydrocablasedesin system,
smooth copper foil for improved loss performance, and flat glass reinforcement to
minimize the effect of the glass weave on signal propagation. The laminate material
RXPi 1 has excellent thermal stability with Tg380C0 C making it ideal foteadfree
solder and other high temperature interconnects. It also Ya€&efficient of Thermal
Expansion (CTE) in the range ofilX® ppm/°C. This helps to reduce the stress on first
level interconnects from Silicon and other ICs. RAFs an unreinfora build-up
available as free standing film, or as resin coated copper (RCF). These low dielectric
constant materials support high signal speeds and the low loss at GHz frequencies makes
them suitable for RF applications. Some of the other advantagesefdiganic
substrate materials are: 1) light weight and extremely low profile, 2) low cost, 3) high
reliability and 4) scalable to large panel processes.

In this prototype, a cavity is made using laser drilling process between the layers
M1 and M2.Note that the cavity is not step shaped as was the case in the test vehicle
described in Chapter 2. The laser cavity process overcomes the drawback associated with
the side walls of the cavity as was the case with photo cavity prd¢essubstrate bond
pads forthe die are present in layer M2. The embedded die is 7 X 7 mm in size, thinned
down to 60 um and consists of a single metallization layer with daisy chain structures.
Figure69 shows multiple coupons with chips embedded within cavities. Tper&neter
measurements are obtained using a Vector Network Analyzer (VNA) and the
measurements are performed using GSGWO®itch Air Coplanar ProbeBigure70
shows the measurementigetFigure71is the 3D view of the fabricated prototype, while

Figure72is the top view of the layout showing the EBG patterned M2 layer and the solid
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M1 layer. Both these layers house an aperture of size 8 X 8 mm. The size ofitie mo

is 25 X 25 mm. The EBG patch size is chosen as 8 X 8 mm and the branch size is 0.5 X
0.5 mm. Slots of length 4 mm and width 0.5 mm are made on the patches as shown in
Figure71in order to reduce the eset frequency of the primary (fundamental) band gap

of the EBG structuredl0]] to the desiredi® GHz range of isolation, while maintaining
thepackage size at 25 X 25 midote that synthesizing suitable EBG unit cells that
provide isolation in the desired band gap is important for the efficient implementation of
this coupling suppression technique. One such method for fast synthesis of EBGs given
the isolation band regqement is described in Chapterdgure73 compares the

measured result from this prototype for the caseish and without EBG patterns dn2

layer. As seen from the graph, the presence of EBG structures offers deep and wide band

isolation in the frequency rangé @ GHz.

e M1

RXP1-100 um

M4
M5

RXP 4 — 60 um
e ) [

Figure 6B EMAP Active TV 0 6 metal layer stackup

70



%ie embedded
within the <= | =
cavity -

Figure 69 Test VehicleCoupons with Power/Ground planes ad Die embedded

within the cavity

GSG Probes

Figure 70 Measurement Setup with Air Coplanar probes
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3.4.Concluding Remarks

To conclude, this chapter presented an efficient method for suppression of vertical
electromagnetic coupling in multilayer packagéth embedded ICsThe effectiveness
of the approach washown to hold good extending into the GHz range where commonly
used methods such as split planes and decoupling capacitors are ineffédipesence
of apertures in the power agdound plaes of multilayer packages caudeld waves to
fringe through lhe aperture from one plane pair cavity to ano#fseexplained in Chapter
2. To counteract the vertical coupling, the plane which had an aperture in the multilayer
structure was patterned to form EBG structulidss vertical isolation concept was also
extendal to provide isolation in planeair cavities, which were not adjacent to the
patterned EBG pland.est vehicles were fabricated with different layer stagland with
embedded chip. The simulations performed were validated using the measurement result

from the test vehicles to demonstrate the coupling suppression technique.
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CHAPTER 4
STOP-BAND PREDICTION FOR ELECTROMAGNETIC BAND

GAP STRUCTURESIN MULTILAYER P ACKAGE S

The deign methodology discussad Chapter 3addressed vertical coupling
suppression by suitably patterning certain power planes with EBG structures in
multilayer substrates. In order to implement this technique for real systems, it is
important that the isolan achieved using EBGs should target certain frequency bands
depending on the needs of the application. Hence, an EBG design methodology which
outputs EBG configurations that provide isolation over desired frequency bands is
necessary. Moreover, this mettology should be fast as well as computationally
inexpensive to be successful. There are several methods available for desilgtyieg 2
EBGs, i.e., EBGs offering isolation within a single plane pair ca\vifZ [103 [95
[104 [105. In the following, these methods will be described briefly and the need for a
fast and efficient synthesis methodology for EBGs is motivated. Subsequently, this
chapterdescrbes a synthesis methodology for designing EBGs to address multilayer EM
coupling.

Metal Metal
Branch Patch

.
REREN

Figure 74 Two layer EBG structure showingthe crosssection (left) and the top view

of the EBG plane (right)
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Full wave EM simulations can be ustat characterizing entire EB@lanes. In
particular, hey compute $arameter responses for the EBG structuiesg which the
isolation frequency bands can be dedu¢ent example, the structure shownFigure74
can be simulated using an EM solver with the excitation and response locations indicated
in the figure as Port 1 and Port 2. Thep&@ameters (dB scale) obtained from the-EM
solver give an indication of theagnitude of isolation that can be achieved. Moreover,
the Z parameters obtained from the EM solver indicate the transfer impedance across the
EBG plane between Port 1 and Port 2 locatidtmvever,this method which involves
simulating the entire structris prohibitivelyexpensiveboth in terms of computation
and time.Methods such af95] [10€6 therefore resort to steipand prediction based on
EBG unit cell thus avoiding having to simulate the entire EBG plane. These methods
rely on the assumption théite EBG plane is obtained by repeating that cell infinitely.
However, sce the actudEBG plane idinite in nature, these methodee limited in their
ability to accurately predict the stop bands.

Full wave EM solvers can perform Eigen mode analysis on the unit cell of the
EBG structure by using periodic boundary assignm#df]. The propagation constants
along different axes of the unit cell can be calculated using full wave solver. In periodic
structures, the propagation vectors are unique within a certain region of the unit cell
called the Brillouin zone and they are redundant outside that region. As an example, the
Brillouin zone for a square unit cell of sides shown inFigure 75. Charactezing the
propagation constants within a single unit cell, along the boundaries of the Brillouin zone
is sufficient to describe the wave propagation behavior of the entire periodic structure

formed by these unit cells. In the case of an EM full wave soéxeen the Eign mode
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analysisperformed on a single unit cell using the solver is still computationally expensive

[109.
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Figure 75 Brillouin zone for a unit cell of square shape and sizé

In [95] [102 [93] [109 [110 equivalent transmission line circuit models
representing the EBG unit cell have been used to estimagadiseband anstop band
frequencyranges. Transmission line circuit modetsan give a quick estimation of the
passbands and stepandsif the EBG structure are represented by accurate circuit
models which could be a difficult propositionMoreover, the circuit models are
convenient toformulate only a onglimensional (1D) Eigen value edism along the
principal direction of wave propagation for the prediction of dtapds. In structures
where the propagation of electromagnetic waves is anisotropic, this method does not give
an accura estimatiorj10q.

In [106], a methodthat remedies the above mentioned drawback§9osf is
proposed. This methadvolves solving a twalimensional (2D) Eigen value eafion for
predicting the pass bands asibpbandsand has been primarily appliesh two metal

layer Alternating Impedancé Electromagnetic Band Gap Structuréd-EBGs). Figure

76 shows the unitcellfor AEBG whereddd is the periodicit
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Brillouin zone for sucha unit cell is similar toFigure 75. The limiting sides of the
Brillouin triangleareI'1 X, X M and M T. The coeordinates of thériangleare,I” (0, 0),
X (n/d, 0) aml M (n/d, n/d), whered is the periodic interval of the EBG structure as
shown inFigure76. The phase const aniX XiM, asdvMid ufad re d
different frequen@s.B | o ctHedresn[11]] describs the ndaure of wave propagation in
periodic structures/crystals. Accordingttos theorem, in an infinite pergic structure of
periodicity d, the fields in adjacent unit cells, E(x) and B{>d), differ by a consint
attenuation and phase shift, which is capduby the equation below wheyeis the
propagation constant.
E(x+d)=E(x) *e(xd) (1)

Consider 2Zdimensional wave mppagationin X and Y directionsof the EBG
structure such that the propagation constantXidirection isyy andin Y direction isyy.
The general solution for a wave propagating in the +X direction in a medi@f js
where the propagation constanbrs « + jb, such thatx is the attenuation constasaundb
is the phase constant. Assuming material losses to be aer®), we haves!P*. Now,
considering a periodic interval offor the EBG cells in X and Y directions, the fields in
Bxd

the adjacent unit cells differ by a factor ®"  and e in the X and Y directions

respectively. A single unit cell of thevo-dimensional EBG structureshown inFigure
76, is represented by a 4 port network for theiddion of Eigen value equation
Voltages and currents at the 4 port locations form the input and output varabiels

arerepresented in terms of transmission (ABCD) parameters in the Eigen value equation.
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The derivation of the equatios explained irdetail in[10§. This equations solved for

X and Y direction propagation constaiite., Bx andpy) at different frequencies and the

stop bands and pass bands are predicted based on the solutions obtained. The frequency
regions for whicha solutionof the Eigen value equatiartannot be obtainedre the stop
bands,while the regions where the equatioonveges and the phase constacan be
determined arene pass band3he Eigenvalue equation for the 2@ave propagation in

the EBG structure is given by:

{Fn Flz]_[e”d' 0 J (XoJ _0 @
LI S I 4=
Foo Fox 0 eyy I Yo

where,F matrix represents the 4 port transmission paramdtessa 2X 2 unit matrix

and Xo, Yo are output vectors containing voltage and current elem€&hésresults from

the Eigen valuequation can be illustrated with the help of freque@iya) versus phase
constantplots which indicate the stop bands and pass bandsl lmasthe phase constant
values This plot of Frequency vs. Phase constant is called the dispersion diagram and is
shown inFigure77, where the regions shaded in goeyrespond to stop bands, while the
regions that are not shaded indicate the pass bands. In other words, wave propagation is

characterized by varying phase constant with respect to frequency in the pass bands.
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Figure 77 B-f plot for a two-metal layer EBG structure showing the regions

(shaded in gray) where EM waves are suppressed
The 2D dispersion diagram method provides a fast prediction of the band gap for
an EBG structure, whose dimensions are provided as inputs. An EM solver is first used to
compute the S or Z parameters of the EBG unit cell and using the extracted parameters,
the phase constants are evaluated numerically as in the discussion above. Most of the
computation time involved in estimating the EBG band gap arises from performing an

EM simulation on the unit cell to extract the S or Z parameters, although this is still faster
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than performing a fully fledged Eigen mode analysis on a unit cell usingviasokver.

The numerical computation part which involves computing the phase constants using the
ABCD parameters of the unit cell is not very computationally intensive, and can be
performed fast.

The methods described so far involve various methodoldgreEBG analysis
but they all are analytical methods in the sense thatareegesigned to prex the stop
bands onlyif the dimensions of the EBG are knowven priori. In other words, these
methodsare not adept when it comes to actually synthesizing EBGs for a given isolation
bandbut can predict the isolation bands if the dimensions of the EBGs are provided
From a mixed signal system design perspective, it is more preferable to be able to
synthegze EBG structures that provide band gap in the desired frequency rapg&?Zin
agenetic algorithnbased approach is ustxlsynthesize EBGs. This method requires the
user to provide initial startindimensions (i.e., hint) for the EBG unit cell after which it
uses genetic algorithm in conjunction with dispersion diagram mé¢flgi to prune the
search space and converge to the ap@t@pEBG unit cell dimensions. The performance
of this algorithm is sensitive to the quality of the initial estimate (i.e., hint), not to
mention that the method can get computationally expensive.

In the case of methods that ugdl wave EM solversfor EBG band gap
prediction, the simulation complexity in terms of computational effort and time increases
manyfold especially when applied to multilayer packages. Hence, it is not a good idea to
use a trial and error method in invoking EM solvers to arriveugiable EBG dimensions
that provide a stop band in the required band gap frequency range. In this section, a

synthesis method for EBGs is presented which does not make use of the EM solvers. The
80



method provides a fast preliminary estimate of the EB® cell dimensions given the

desired band gap frequency range as inputs. Once the preliminary estimate is obtained, a
dispersion diagram based method is proposed to obtain the pass bands and stop bands by
constructing a multilayer unit cell using the EBGnénsions obtained from the EBG

synthesis method.

4.1.EBG Synthesis Methodology Using Stepped Impedance Resonators

An EBG synthesis methodology is now described that producdsBA& unit
cells satisfying the required band gap specification expressed in eéranéower stop
band frequency f1 and an upper stop band frequency f2. The fundamental band gap is the
frequency range in which maximum isolation is provided by theEBG. Any
application thatequires noise isolation infi2 frequencyrangewould use AIEBG unit
cells whose primary band gap overlaps this frequency range. As the EBG synthesis
methodology does not require the use of EM solvers, it can be characterized as a
numerical method. Since this methodology is entirely a numerical method, the
computdion is sensitive to the shape of EBG structure (owing to the dependence of the
wave propagation characteristics on the EBG shape), which means that it is difficult to
generalize this method for any configuration of EBGs (i.e., any EBG unit cell other than
AlI-EBG). The analysis takes f1 and f2 as inputs and produces several possible
dimensions of EBGs (i.e., dimensions of patch and branch) that providéasah the
frequency range 2. There are a few additional inputs to the analytical (numerical)
model, such as the properties of the dielectric material as well as those of the fabrication

process, which are discussed later in the section. Note that the analytical model treats f1
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andf2 as mere guidelines and tries to find suitable EBGs that would provide isolation
between these frequency ranges but some of the outputs may span larger isolation bands
containing f1 and f2. For example, if f1 iSGHz and 2 is Z5Hz, the model could sb
output EBG dimensions as answers gw@vide isolation between 0.3 GHz, which, as
one could notice, still meets the input specification.

The analytical model for the synthesis of EBGs is based on modeling them as
Stepped Impedance Resonators (SIB#Rs are widely used for various configurations
of filters, ring resonators, hairpin resonators, to name a[fehg [114] [115 [116
[117]. SIRs consist of cascaded sections of transmission linddferent characteristic
impedance$118. Figure78 shows SIRs consisting of cascaded sections of transmission
lines with characteristic impedances Z1 and Z2, which are of electrical letgthad
92, respectively. Let K be the impedanceaaif the SIR given by Z1/Z2. The idea
behind EBG synthesis using SIRs is that they are used in the realization of band pass and
band stop filter§119 [114] based on the resonance and-ag¢ionance properties of the
cascaded sections forming the SIR. As explained before, EBG structures also exhibit pass
bands and stop bands, and this similarity in behavior motivagessh of SIRs as the
fundamental elements in EBG synthesis. When modeling EBGs as SIRs, the rejection
provided by the SIRs between th& and 2° resonance frequency points forms the

fundamental band gap of the EBG structure.
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Figure79 shows a unit cell of AEBG, which is treated as an SIR. The branch of

Figure 79 Al-EBG unit cell as SIR

the AFEBG corresponds to the Z1 segment of the SIR, while the patch corresponds to the
Z2 segment of the SIR. The A&BG unt cell is characterized by branch and pabth
length L1 and L2, and width W1 and W2, respectively. This unit cell is repeated
continuously throughout the EBG plane. The resonance conditions of the unit cell are
derived by treating it as an SIR aestimating the fundamental stop band of the EBG as
detailed above. The input admittance, Yin, of the unit cell looking into it as shown in
Figure79is given by equabn (1) and (2) below:

(—~Z1x Z2+*coth2) + (Z1° * tandl) + (Z1x Z2* tand2) + (Z2° * tandl) (1)
(Z1%Z2) + (Z2° * tand1* cotd2) + (Z1* Z2 = tand2* cotd2) — (Z1° * tandl* tand2)
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whereZin is the input impedance an is the input admittance.

At resonance, the input admittance of the unit cell structure becomes zero
resulting in infinite input impedance to the propagation of electromagnetic waves through
the structure. The first resonance of the structure is the frequency at which the input
admittance passes through zero when performing a frequency sweep. This denotes the
beginning of the fundamental band gap. Similarly, resonance immediately following the
fundamental resonance where the admittance once again crosses over zero signifies the
endof the band gap. At resonance, equation (1) reduces to:
2+ K *tan(@2) + K* * tan@l) — tan@l) * tan®’(62) =0 (3)
where K = Z1 / Z2 is the impedance ratio of the unit cell. In order to estimate the
electrical lengths of the AEBG patch (i.e.32) and branch (i.e31), the inputs required
are the lower f1 and upper f2 limits of the isolation band frequencies of the target
application, the dielectric constagt of the dielectric material, the maximum Z1 and
minimum Z2 permissible impedances aheé thickness of the dielectric material. The
impedances are a function of the fabrication process and determined by the feature sizes
that can be fabricated. In particular, the value of Z1 is determined by the smallest feature
size that is supported bid fabrication process. It is assumed here that Z1 and Z2 are
provided. The electrical lengtisl and32 are related to the physical dimensions of the
EBG unit cell and lower f1 and upper f2 frequency limits by the following family of

equations:

91 =Qnfl.Llna) / (C g, ) & 92 = 2n.f1.L2ma) / (C. ¢, ), @)
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where cis the velocity of light in m/s. Liax and L2nax (Which are unknowns) are the
branch and patclengths corresponding to the lower band gap limit. Similarly,Jland

L2min (which are unknownsare the branch and pattdngths corresponding to the upper
band gap limit. Moreover, lkx & L1min and L2max & L2min form the bounds for the
branch and patclengths, respectively. The patngth of the EBG unit cell cannot be
smaller than Lgi, as well as cannot be larger than,k2 Similarly, the branclength of

the EBG unit cell cannot be smaller thanglklas well as cannot be larger than
L1nax These values are determined by solving (3) over a large range of values, typically
from 0.01mm to 30mm. Note that this step computes the lengths of patch and branch
corresponding to the lower and upper band gap frequencies independently. In other
words, if, L1nin and L2y, are used as the branch and paécigths, the resulting AEBG

will only guamantee band gap at the upper frequency limit. Similarly, usingxldnd

L2max Will only guarantee band gap at the lower frequency limit. The purpose of this
iteration as mentioned above is to arrive at an upper and lower bound for the lengths of
the patchand branch of the AEBG unit cell. This iteration is fairly quick as only two
unknowns are computed.

The next step is to tkrmine a branch of length L1 and patdfHength L2, which
guarantee isolation across both the lower and upper limits of thegbpndlet f},, = f1 -
Aandf2nma = f2 + A, where A is suitably assumed, typically 1GHZA MATLAB
program is used to vary L1 betweensland Lk L2 between Lgin and L2nxand f

between fhin and 2. 91 and32 are computed by substituting thalwes of L1, L2
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and f in (4) and (5). The values 8L and32 are then substituted in (3). As the loop
consisting of L1, L2 and f progresses, the first zero transition of the admittance gives the
lower frequency limit F1 of the isolation band and the sgibeet zero transition gives

the upper frequency limit F2 of the isolation band for a given L1 and L2. If F1 <=f1 and
F2 >= {2, then, the corresponding L1 and L2 are displayed as outphtel is a sample
output of the analytical model. The impedances of the branch and patch with widths W1
and W2 are computed using the characteristic impedance equation forsiririne
configuration. These are checked against the maximum Z1 and minimump£g8ance
values provided as inpytt2Q to ensure that the synthesized EBG unit cell can be
fabricated.The EBG synthesis methodology described so far is captured in the flowchart

in Figure80 andFigure81.
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Figure 80 A flowchart of the EBG synthesis algorithm (continued irFigure 81)
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Figure 81 A flowchart of the EBG synthesis algorithm (continued fromFigure 80)
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4.1.1Validation of Synthesis Methodology by Bnulations

This section discusses thesults obtained from the analytical model for different
configurations of EBGs, which are compared with the results obtained from EM solver
[121] and dispersion diagram methdd®96. Recall that both EM solver and dispersion
diagram methods are not synthesis methods in the sense that they require EBG
dimensions as inputs so that they can predict the isolation bands produced. In this section,
given a desired isolation band gap as inph output of thenalytical models used as
inputs to the EM solver and dispersion diagram methods to verify if they can reproduce
the desiredtsp bands to give thanalytical modebh measure of validation. Later in the
section, several measuremerguks drawn from published works is compared with the
analytical modetesults, which provide an even more rigorous validation.

Consider an example where isolation is required from 4 GHz (i.e., f1) to 7 GHz
(i.e. f2). The maximum impedance Z1 iXB3wvhile the minimum impedance Z2 is Q7
The dielectric material used is FR with g of 4.5, loss tangentan @) of 0.01 and
thickness t of 0.2nm. Table 1 is the outputfrom our analytical method containing
several synthesized EBG unit cells and the corresponding band gaps they produce, which

satisfies the input band gap afAGHz.
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Table 1 Output of Analytical Model

Patch Branch
F1 (GHz) F2 (GHz) | dimensionL2 | Dimension L1
(mm) (mm)
3.3 7.94 8.9 0.7
3.28 7.9 8.95 0.7
3.24 7.81 9.0 0.7
3.23 7.77 9.05 0.7
3.19 7.69 9.2 0.7
3.16 7.6 9.3 0.7
3.13 7.52 9.4 0.7
3.09 7.44 9.5 0.7
3.06 7.37 9.6 0.7
3.03 7.29 9.7 0.7
2.95 7.11 9.9 0.7
2.94 7.07 10.0 0.7

From Table 1, the highlighted cases are selected for furthalidation through
electromagnetic simulations a&iD dispersion diagram methdd0qg. EBG planes are
formed usingpatchand branch sizes of (9im, 0.7mm) and (9.8mm, 0.7mm) and
simulated using a tool based on Multilayer Finite Difference Method (MF[2¥]) The
number of unit cells used in the EBG plane is showFigure82. Note that the impact of
restricting the EBGplane to a finite size in the EM solver model as compared to the
analysis which considers the EBG plane to be infinite does not affect the response of the
EBG plane significantly as was shown earlier in this chagigure 83 shows the
comparison between the EM solver results and the output from the analytical Woslel.
demonstration shows the sensitivity of the analytical méoleghe variations in patch
dimensions while keeping the brancdimensionsfixed. Note that both these cases

provide the desired band gap, thereby validating the analytical model.

90



51.8mm

*
PO1(in) Pp2{out}

51.8mm

Figure 82 EBG plane used in the EM simulations

0 T

! |

|

-20- I

|

I

_40- L
— i
o I
© 601 |
~ |
g I |
= 801 2.98 GHZ I '
< I [
6 -1004 : : 1 :
@ 321 GHZ L
|1 | |
-1201 11 1 |
|1 | |
|1 | |
'140 T T I| L T T T |I .

0 1 2 3 4 5 5] 7 8
Frequency (GHz)

Figure 83 Isolation responses for AAEBG specifications highlighted inTable 1,
where blue and pink curves correspond to patch sizes of 91dm and 9.8mm.
Figure 84 shows the comparison of analytical modeling results alongside the results

from EM simulation and dispersion diagram methods. Notice that the analytical method
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and the dispersionliagram method agree only reasonably well as they use different
indicators to determine start and end of the band gap. The predicted band gap in the case
of dispersion diagram method begins when the propagation constants of the EM wave
become indetermindb (i.e., imaginary) and ends when they becomes real once again.
However, in the analytical model the band gap starts at the first resonance of the structure
(i.e., input impedance becomes infinite) and ends at next resonance. But, in spite of these
differences the output of the analytical model satisfies the input band gap specification
and agrees well with the EM simulation results. Moreover, the analytical method is also
much faster than the other methods. To give an estimation of the speedups olsiamed u

the analytical model, the time taken when the above simulations are performed on a
compute with 2GB RAM are: EM solve® 334s, dispersion diagram methéd
200.59s, analytical methadl 2.81s. The analytical model was found to be over 100X
faster tha the EM solver and over 70X than the dispersion diagram method, while
producing comparable outputs. In the next example a simulation result from literature is

validated with the analytical model output.
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This example validates a simulation result frfh22 againstthe analytical method.
The dielectric material used @22 was FR 4, withe, of 4.4, loss tangerian ©¢) of 0.01
and thickness t of 0.81m. The EBG used ifii22] had patch and branch lengths of 14
mm and 1 mm, respectively providiagprimary isolation band from 2.3GHz to 5.0 GHz.
The maximum and minimum impedances were seB4®5 Ohm and0.72 Ohm,
respectively. Given these values as inputs, the validation of the analytical model is
complete only if the dimensions produced by thelelanatches those frofi22. Table
2 gives the output of the analytical model, which perfectly matches the dimensions of the
EBG used if122. Next, inFigure85the simulation result frorfil22] and the analytical
model band gap limits are overlaid, thus demonstrating the effectivenissasfalytical

model in predicting the fundamental band gap;
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Table 2 Output of Analytical Model

F1(GHz2)

F2 (GHz2)

Patch
dimension
(mm)

Branch
dimension
(mm)

211

5.05

14

=104
-204
-304
-404
-504
-604

Isolation (dB)

=704

-804

-90

0 1 2 3 4 5 6
Frequency (GHz)

Figure 85 Comparison of simulation result from[122 with the output of the

analytical model

4.1.2Validation of Synthesis Methodology by Masurements

Next, the analytical model is validated against the measurement results from
fabricated test vehicles [63] [123. In [63], the isolation band is required from 2.5 GHz
(i.e., f1) to 4.5 GHz (i.e. f2) for which they used EBG with patch and branch sizes of 15
X 15 mm and 1 X 1 mm, respectively. Ttelectric material used was FR which had

a dielectric constany; of 4.4, aloss tangentan @) of 0.02 and thickness t of 0.203m.

Z1 is 26.52, while Z2 is0.4Q. The output of the analytical model shownTiable 3
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matches the dimension®in [63] perfectly.

Table 3 Output of Analytical Model

Patch Branch

FLGHz) | F2(GH2) | i ension (mm) | dimension (mm)

1.9900 4.7700 15 0.5

Furthermore, the simulation, measurement and analytical model results are
compared with the desired isolation band frequency limiEsgare86 below. The output
from the analytical model meets the input isolation band specifications. The EM

simulation and the measurement results agree wellthstlanalytical model.
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Figure 86 Comparison of results from EM solver, measurement and analytical
model
In the final example, the analytical model is applied against a case fstualy
[123 to showcase the applicability of the model to real world design scenarid23h
an EBG plane is used to offer isolation in a mixed signal module, which has FPGA and

LNA chips both powered from the same power/ground planes. The LNA operates at 2.4
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GHz and good isolation igquired in the frequency range arounti3AsHz to ensure the
noise from the FPGA driver does not affect the working of the LNA chip. The dielectric
material used ithe mixed signal package is FRwith g, of 4.4, a loss tangetan @) of

0.02 and thickess t of 0.127 mm. Z1 83.4@2, while Z2 is0.232. The output of the
analytical model is given imable4. In Figure 87, the output of the analytical model is
overlaid on top of the measurement result ffd23. Again good agreeement is oipied
between the measurement result and the output of the analytical model.

Table 4 Output of Analytical Model

Patch Branch
F1 (GHz) F2 (GHz) dimension dimension
(mm) (mm)
1.44 3.58 20 2
O
\ I"r|
20k | 1 1 §
| { | LNA
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Figure 87 Comparison of simulation result from[123 with the output of the

analytical model
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The simulations and measurement results validated so far using the synthesis
methodology demonstrate the efficacy of the approach in estimating the EBG unit cell
dimensions baskon the input band gap specification. This approach is much faster than
existing methods, while producing results of comparable quality. The simplicity of this
approach obviates the need to use expensive EM solvers for synthesizing EBGs, which

would be véuable from mixed signal system design perspective.

4.2.Prediction of Stop Bands for the S/nthesized EBGs in aViultilayer S ubstrate

This wction discusses the prediction of the frequency range of isolation band
within which vertical coupling suppression cha achieved imultilayer packages by
implementingthe EBG unit cells synthe@ized as described in Sectidrl. The 2D kjen
value method explained [127 is extended tonultilayer EBGs.Note thatEBGs used in
multilayer substrates can effectively suppress coupling in the vertical direction through
apertures as showin section3.2 of Chapter 3 However, note that if the EBG plane
consists of apertureshd periodicity oftheseEBG structures is lasat the region of the
apertures It is important to properly characterize the vertical coupling through the
apertursto evaluate the performance of EBiBghis settingThe substrate staakp used
for simulations presented here is showikrigure88. In all the structures discussed in this
section, layer M2 is patterned with EBGs. Layers M1 and M3 are connected lilgatias
do not short the EBG plane (M2). All theBE structures used throughout this section
have a patch size of 8 X 8 mm and a branch size of 0.5 X 0.80hoourse, these patch
and branch sizes have been chosen just to demonstrate the prediction methodology using

simulations but other sizes of EBGaum also have been used here. Recall that the EBG
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synthesis methodology from the previous section works by identifying the fundamental
band gap of an EBG structure. But, when it comes to providing vertical coupling isolation
in a multilayer package with apture on the EBG plane, the challenge is in factoring the
effect of apertures on the vertical coupling by numerical methods, which is a hard
problem. Therefore, in this section a prediction methodology which can compute the pass
bands and stop bands of GBtructures with aperture is proposed. The key idea here is to
develop a hybrid method that combines the EBG synthesis method with a dispersion
diagram analysis that takes in to account the effect of aperture present in the given
multilayer stackup.

e M 1

0.1 mm
e M 2
0.1 mm
e M 3
0.1 mm
e M 24

Figure 88 Stack-up used for simulations

ConsiderrectangulaEBG planes with apertures of regular shapkes effectively
predict the isolation in the vertical direction, the unit cell used here is a multilayer unit
cell thatincludes the apertur&igure89a shows the unit cells for a twayer EBG This
EBG contains a solid reference plane below the unit cell, which is not shown in the
figure. Next, Figure89% shows the unit cell for threemetal layer EBGcontainingthe
aperture. The other two metal layers above and below the EBG plane arewsbidh is
not shown in the figurelhe EM wave coupling through the aperture along the two lateral
dimensions of the aperture can be characterized tisenunit cell shown ifrigure 89b.

Port 1i 4 arethe four ports of the unitell. In Figure89 all the four ports are on the
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same layer (referenced between EBG pland solid plae below) and irFigure 89b,

Ports 1i 2 are defined between MRI3 layers and Post3i 4 are defined between W12

Port 3 \

layers.

a) b)

Figure 89 a) Two-metal EBG unit cell b) Threemetal layer EBG unit cell

Figure 90 shows the phase constdfiy vs. frequencyf) plot with the regions
where ekctromagnetic wave propagation asappressed. This plot is obtained by
evaluating the phase constants across different frequenaynsefpr the structure in
Figure8% as discussed ii127. This method is applied fdrand gapprediction of large
sized structures shown iRigure 91, where it can be expensive to simulate the entire
structure Figure91 shows the top view of two striuresthat havdateral dimensions 42
X 42 mm and 59X 59 mm. These structures have the same apeasiieFigure 8%b.
Figure 92 comparesthe band gap obtained from tiffief plot with the Sparameter
response from simulations performea the structures shown Figure91. Themultiple
graphs shown ifrigure 92 are for different port and aperture locations on Mg&igor

the structures ifrigure91.
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Figure 90 — f plot showing the regions (shaded in gray) where suppression of

vertical coupling is achieved

Figure 91 Top View of EBG plane (M2) in threemetal layer structures with port

locations as marked
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