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Resumen

Toda plataforma de cdmputo requiere de una red de suministro de potencia (PDN, por sus siglas
en inglés) para energizar sus dispositivos. Cuando la sefiales en los diferentes dispositivos de una
PDN comienzam@conmutar, provocan picos de corriente que creaido de voltaje. El control de

ruido fallido en la PDN puedgeteriorar el desempefio y provocar fallas funciongidagesen la
plataforma de computcEl nivel de voltaje requerido por los chips depende del espectro de
frecuencia de la corriente que somen asi un buen disefio de PDN debe tener un perfil de
impedancia bajo. Esto se hace colocando varias etapas de capacitores de desacoplo para reducir la
impedancia y proporcionar fuentes locales de carga. Estos arreglos de capacitores paralelos
introducen frecuencias resonantes que pueden magnificar los problemas deques®yraducen

en eldominio del tiempo como caidas de voltaje. Esta tdsitoralpresenta un procedimiento
numeérico para encontrar las frecuencias resonantes paralelas de unpara@glo de mas de dos
capacitores, asi como ecuaciones analiticas para encontrar las frecuencias resonantes paralelas de
un arreglo de tres capacitores, que también aproximan las frecuencias de resonancia de arreglos de
mas de tres capacitores. Luegeganta varias técnicas de optimizacion numérica para optimizar

el numero deapacitores de desacoplo en una PDN y los valores de los elementos de compensacion
de un regulador de voltaje que aseguran estabilidad, considerando los efectos en el dominio de la
frecuencia y del tiempo. Ademas, esta tesis presenta un enfoque deampdimdel rendimiento

en el dominio de la frecuencia y del tiempo considerando el impacto de las toledacias
capacitancian los capacitores de desacoplo. Finalmédatesisproporciona los primeros pasos

para obtener un circuito equivalente conceldrde planos discretizados de una PDN que permita
colocar capacitores de desacoplo en cualquier ldgda PDN Cada metodologia propuesta es
debidamente validada por casos de prueba adecuados, demostrando la eficiencia de las técnicas

propuestas. Tambi&e prevén algunas oportunidades de investigacién futuras.
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Summary

Every computer platform requires a power delivery network (PDN) to energize its d&Vives.

the signals on the different devicef a PDN starswitching they cause currestirges that create
voltagenoise Unsuccessful noise control on the PDN can cause perforndateeoration and
severe functional failuresn highspeed computer platforms. The acceptable voltage level required
by the chips depends on the frequency spectrum of the current they drawjmliels that a

good PDN desigshould have a low impedanpgofile. This is typically done by placing multiple
stages of different decoupling capacittysring down the impedance profile and provide local
source of charge. These arrays of parattapacitors introduce resonant frequendtest can
magnify noise problems and are translated into the time domain as voltage droops. This doctoral
dissertationfirst presets a numerical procedure to find the parallel resonant frequencies of an
array of more than two decoupling capacitors connected in parallel, as well as an analytical set of
equations to find the parallel resonant frequencies of an array of three capamioested in
parallel, which can be used to approximate the parallel resonant frequencies of more than three
decoupling capacitors connected in parallelnext presents several numerical optimization
techniques to tackle the issue of optimizihgnumberof decoupling capacitors in a PDN and the
values of the compensatiefements of 8uck voltage regulatothat ensure stabilifyconsidering

both frequency and timedomain effects. Additionally, thisdoctoral dissertation presents a
frequency and timedomain yield optimization approach considering the iropaf large
tolerances in theapacitance of thdecoupling capacitors. Finally, this Ph.D. thesis provides the
first stepgowardsobtaining a lumpeeéquivalent circuibf discretized PDN poweground planes

that allows the placement of decoupling capacitors anywhere on the PDN. Each methodology
proposed is properly validated by suitable test cases, demonstrating the efficiency of the proposed

techniques. Some future ezgch opportunities are also envisioned.
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Introduction

The design of power delivery networks (PDN) for hjggrformance computer platforms
was not a big issue in the past, however, it has become a growing challenge nowadlapgs t oday’
digital world, speed is the main factbat déermines the performance of a computer platform. As
data speeds increase, the degradation of thedpgéd signals becomes more and more sensitive
to power supplynoiseas a result othe closer spacing between sigriedices on the PCBhe
increase of layers in the staak, and the reduction of voltatgvels for low power consumption.

A power delivery networkonsists of all the devices and interconnects disitibute the
electrical power suppl{biasing voltages) and return the electrical curtbrgughout a boardf
an electronic system. The role of a PDN is to progigiéable voltagendenough current to the
devices during different phases of operation [G&&I

When the signals at different dasoard modules of a PDNstart switching they cause
currentsurges that create voltageise(fast timevarying voltage fluctuatio)son the pads of the
onboard modules, introducing higrequency components. If this voltage noise is large enough,
it can impact the switching frequency of the transistors in the devices, causing timing margin
errors, as well as inducing a risk of transistor reliabiiggues [Chewl2]. Furthermore,
unsuccessful noise control on the PDN will cause the amplitude of the eye diaghenvertical
direction to collapse due to the voltage noise. Additionally, the signal flowing to a reference plane
will increase skin and proximity ef€ts (due to the higltequency components), increasing jitter
due to dispersiomand further reducing the eye opening. This leads to functional failurtbe
computer platform as internal carecuits suffer setupand holdtime errors [SmitkL7].

Power delivery networksonsist ofthe following four main componenighe voltage
regulator(VR), active deviceghe printed circuit boar(PCB) parasitic impedanaessociated with
the path from the VR to the active devices (including the pagkagd decoupling capacitors
[Sjiariel-15].

TheVR, usually a DEDC converteris the main power supptp the system and needs to
provide a steady DC voltage level with an acceptable neis or rippleto the various active
devices. The acceptable voltage level required by the chips depends on the frequency spectrum of

the currenthey draw. In designing the PDkhe worstcasecurrent drawn by the chipaust be
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known If the required voltage tolerante also knownan impedancéargetcan be determined
that the PDN shoultheetin order to keep the voltage noise at an acceptable level. In this way, the
impedance profildecomes a figure of merit of the acceptability of the PDN design [Skidjth
The impedance profile of a PDN is the effective impedanagnitudefor the whole range of
frequency from DC to thehighest significant harmonicaused by the current transients feeding
the deviceslt is desirable to have a low impedance path from the VR to the devices-[Zhew

The natural parasitic inductanctthe planes in #nPDNand the connections to the various
onboard modules increase the impedangefile proportionally with frequency [Gordl6].
Voltage regulatorare able to keep a low impedance profile from DC to several hundred kilohertz.
However, even the most reliable VB too slow at higher frequencies and allow unacceptable
voltagedropscaused by the transieswvitchingcurrents at the devices. These voltage drops can
cause performanateterioration and severe functional failuoeshighspeed computer platforms.
To minimize the dynamic voltage fluctuatigmsiding decoupling capacitassa typicdindustrial
practice in PDN design [Che®2]. Decoupling capacitors are usually placed in multiple
hierarchical parallestages to ensure a small variation in the power supplyage under a
significanttransienturrentload This avoids using a single capacitor stage that would need a high
capacitance and at the same tianlw parasitic inductance to be effective at maintaining a low
impedance at all frequencif@aul92]. Additionally, parallel decoupling capacitors provide local
sources of charge to mitigate the current surges by quickly supplying current to loads and
stabilizing voltage levels when the MRnot able to do so [Popovi€l¥]. The stages of decoupling
capacitors include bulkapacitors, cavityr land sidecapacitors (LS anddie side capacitors
(DSC) on the packageBulk capacitors provide low impedance up aoound 1MHz. High
frequency decoupling is provided by ceramic capacitors up to several hundred MH28Roy

Typically, many decouplilg capacitorof different values are employed to maintain the
impedanceprofile of the PDNwithin acceptable boundShese arrays of parallélecoupling
capacitors introduce parallel resonant frequen@ed-)that can magnify noisproblems when
currenttransients contain considerable components at frequencies cltiseséoresonant peaks
[Zheng03]. Furthermore a large peak impedance from the parallel resonance of the effective
output inductancef the VRand the bullcapacitance could potentially cause instability in the VR
[Sotman06].

Frequencydomain analysis of the PDMillows to understand all the resonanaeshe
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system produced by the interaction of inductarases capacitances the system, both inherent
and purposely added. Frequerdiymain analysis needs to ensure the target impedanoet by

the PDN impedancprofile over the required frequency range. Time domain analysis enables to
evaluate the effestf switchingcurrents in the PDN. It is desirable that the transieltdgedroop

is minimized and that the maximum voltage at the device pad will not cause reliesiligs
[Chew12].

Most of the research work on decoupling capacibptgnizationfor PDN design includes
manual trialanderror optimization processes or has been developed either in freepmmeyn
or in timedomainexclusively.This doctoraldissertation presents sevesgistematicnumerical
optimizationtechniques to tackle the issue of optimizthg decoupling capacitois a PDN
considering both the timand frequencdomaineffects. This dissertation is organized as follows.

Chapter 1 presents a numerical procedure to findPRi&s of an array of more than two
decoupling capacitorsonnected in parallel, as well as an analytical set of equations to find the
PRFs of an array of three capacitors connected in parallel, which can be used to approximate the
PRFs of more than three decoupling capacitors connectealatlgl.

Chapter 2 explorethe performance of a PDN in the frequenapd timedomain. The
effect of different stages of decoupling capacit@sanalyzedn order to select the decoupling
stages with thebestimpact on the PDN performanceo limit the variables in subsequent
optimizationefforts.

Chapter 3 presents an optimizatiapproach to determine the number of decoupling
capacitorsn a PDN aiming at decreasing the amount of decoupling capacitors without violating
the PDN design specificatiorieoking at both the impedanpeofile in the frequency a@main and
the resulting voltagdroopin the transientime-domain

Chapter 4 presents an optimizatiorethodology to determine the best values of the
compenstion elements of 8uck voltageregulatoras well as the optimal number of decoupling
capacitorsn a power delivery networipplication that meet some stabildyteria and frequeney
domainimpedanceprofile specification as well agme-domainvoltage droopequiremers

Chapter 5 provides a statistical analysis and yestiimation performed on a nominally
optimized PDN considering capacitanc@luctuations in the decoupling capacitordue to
manufacturing variability It also presents a frequencgnd timedomain yield optimization

approach suitableof power delivery networks considering the impact of large tolerances in the



INTRODUCTION

decoupling capacitors.

Chapter 6 prones highly accurate fulvave electromagnet{&M) simulationsof parallel
planes that ariaterused aseliable references to compare versus cislayiel simulationslt also
presents a discretized lumpeguivalent circuiof the paralleplanes which allows to place ports
anywhere on the equivalent circuit, enabling future research about the effects of placing
decoupling capacitorat different locations on the planes while avoiding the high computational
cog of the corresponding fulvave EM simulations.

In the General Conclusions, the most relevant remarks about this doctoral dissertation are
summarized, discussing the results of the proposed optimizattbniquesand preiding some
opportunities for future research.

Finally, Appendix A shows the reference list of the thirteen internal research reports
developed during these doctoral studies, and Appendix B shows the list of papers published during

this same period.



1. A Study on the Resonant Frequenciesf an Array
of Decoupling Capacitorsfor PDN Applications

Decoupling capacitors are frequently used to mitigate many of the most typical problems
in power delivery networks (PDINThesecapacitors serve as local sources of charge and help to
stabilize voltagelevels as well as to reduce the inductive effect of the power distribution
conductors. It is common practice to insert decoupling capaatal$ferent capacitance values
to improve the PDN performanaaver a wide range of frequency [P#4#]. These arrays of
parallel decoupling capacitors introduce parallel resonant frequeKieies) that can magnify
noiseproblems when curreritansients contain considerable components at frequencies close to
these resonant peaks [Zhed8]. The analytical calculationf these resonant frequenciescomes
challenging in most practical cases when there are more than two capacitors connected in parallel.

Existing work on attempts to estimate tR&Fs of more than two capacitors include
empirical eimations using capacitor switchingansientdata, as in [Santos@b] and [Hur06].
Authors in [Pau92] only focus on théehavior of two capacitors in parallel, one that is effective
for lower frequencies and the second one effective at higher frequencies

In this chaptera numericalprocedure to find th&®RFs of an array of more than two
decoupling capacitoronnected in parallés presentedThe proposedumerical procedure starts
from an analytical equation to calculate BieFs of two capacitors. Such starting point is used t
search for the zero crossing frequency points of the imaginary part of the parallel equivalent
impedance which correspond to the parallel resonanciédditionally, an analytical set of
eqguations to find th®RFs of an array of three capacitors connected in paraleresentedThe
proposedquations can be used to approximatePReés of more than three decoupling capacitors
connected in paralleThis chapter is based on [MoreMpjica-19b] and [MoreneMojica-19c].

In the following sections, capacitors withrbitrary but typicalparasitic values are

considered to illustratdne impedanceehavior of individual capacitors and capacitor arrays

1.1. SeriesResonantFrequency of a Decoupling Capacitor



1. A STUDY ON THE RESONANTFREQUENCIES & AN ARRAY OF DECOUPLINGCAPACITORS FOR
PDNAPPLICATIONS

1/wC
L @ wlL
R N
C

l R

frequency(Hz)

Fig. 1.1 Onestage model of a realistitecoupling capacitor and its behavior

Physical or realistic capacitors have parasitic resistance and inductaribe case of
decoupling capacitorsised for PDNapplications, they are typically modeled by a series
combination of ideal lumpe@sistance, inductance, and capacitance, whose impe@aisggven
by

w Y T 0— (1-2)
whereR is the equivalent series resistance (E®R9$,the equivalent series inductarfgsL), and
C is the capacitance of the capacitor.

These parasitics prevent the decoupling capacitor from behaas expected. The
impedanceof the decoupling capacitor is purely resistive beforesrges resonant frequency
(SRB, which occurs where the inductive and capacitive reactances cancel each other (becoming

Q@ purely resistive):

Q0 — (1-2)
The SRF is the obtained frofi+2):
Y'Y O— o= (1-3)
The typical behavior of the impedance magnitudp @f a realistic decoupling capacitor
isshown inFig. 1.1. It is seen thabelow the SRF the impedanakthe real capacitor is capacitive,
and above the SRF the impedance becomes inductive, thus increasing the impedance and making
the capacitor not as effective as desired [Pahtit In attempting to overcome this effect, it is

common practice to use paraltgimbinations of different capacitor values.

1.2. Identical Decoupling Capacitors in Parallel
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Fig. 1.2 Impedance profile of identical decoupling capacitors in parafli§ll) is the
impedance of a single capacit@y(2) is the impedance of two capacitors in
pardlel, andZy(3) is the impedance of three capacitors in parallel. It is confirmed
that the equivalergeriesresonant frequency remains the same

When identical decoupling capacit@ee connected in paralleghe resulting behavior is
similar in shape to that of a single decoupling capacitor, but the equivalent element values of the
new impedancerofile are different, asx@lained in Bmith-17]. At low frequency, the equivalent
capacitance o decoupling capacitors in parallel is equahtimes the capacitance of a single
decoupling capacitor. At high frequency, the equivalent inductahae parallel decoupling
capacitors is equal to rithe inductance of each decoupling capacitor. In consequence, the
equivalent SRF of multiple, identical decoupling capacitors in parallel does not change. At this
frequency, the lowest impedance of thelements in parallés equal to T the resistance of each
element. This is important for PDéesign, as adding identical capacitors results in an impedance
performancef a single capacitor, but with more capacitance, less inductance, and less resistance.

To illustrate the above behavior, tirepedanceprofile of a parallel array (30 9 of 3
identical decoupling capacitoirs shown inFig. 1.2, where single decoupling capacitor uges
0. 01 =@2683nH, an€ =10.4938 pF, yielding an SRF at 3 GHz.

However, when attempting to extend the frequency coverage of the impeuiafiles it
is common to use parall@lombinations of diffexnt decoupling capacitardn this resulting
impedance profile, a new behavior emerges in the form of a parallel resonant peaks between the

SRFs of the individual capacitors, as illustrated in the following sections
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1.3. Two Different Decoupling Capacitors in Parallel

As explained in [Smitil7], when two decoupling capacitood different values are
connected in paralleh peak impedanasccurs where the reactances of the impedances of these
two capacitors are equal and cross (with opposite signs):

10 — 10 — (1-4)

The parallefesonant frequency is then calculated by solying) for] :

5vo—

(1-5)

Fig. 1.3 showsthe impedancerofile of two disconnected decoupling capacit(ssl-
impedance, gthat useY m8tpW,0 pnH,andd p B pFandY ™WEN0O p
nH, andd ¢ ®o upF, respectively The individual SRFs are shown and comply witkB):
YO p8twegHz,"YYO p& uGHz. It is seen ifrig. 1.3 that the two impedance magnitudes
cross & 1.34 GHz, and a peak impedance profile of the paratehbination of these two

decoupling capacitors is found precisely there, as shoWwigiri.4 and confirmed witl{1-5).

~.. o

s

=250

SRF, = SRF, =
) 1.097 GHz \ i /1_55 GHz

0.5 1 2 5]

frequency (GHz)

Fig. 1.3 Impedance profile of twindividual capacitors (sefinpedance, § showing the
individual series resonant frequencies and the frequency where the two
impedance profiles cross.
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Fig. 1.4 Impedance profile of two capacitors in parallel of different value showing the
impedance peak at the parallel resonant frequency

1.4. More than Two Decoupling Capacitors of Different
Values in Parallel

For more than two capacitors, generaliz{tieh) is not accurate since the behavior of the
PRFs is more complexig. 1.6 shows the individual impedaagrofile of the previous two
capacitors plus a third one that ud¢s T8t PN, 0 pnH,andd o @ ypF. Generalizing
(1-5), it is expecedto see a peak impedance between the three SRFs at 1.0019 GHz and 1.34 GHz.
However, the highefrequency impedance peak is not where expected, as shéwn in5. This
suggests that the peak impedances in a pacalteiit of more than two capacitors depend not only
on the two adjacent capacitors but are a result of a more complex combination of effects.
Another common practice is to use capacitors with SRFs spaced one decadegaaft.
shows the individual impedanpeofiles of such capacitors that i¢e 18t gV, 0  pnH,0
¢ & pFandY m8tpWN,0 pnH,andd ¢&® ooF, andY m8tpPN, 0 pnH, and
0 ™R v opF with"YYO p GHz,"YYO 7 GHz and’YO m@&t pGHz. However, the
same problem exists where the analytical PRFs are not the actual PRFs seen in the actual circuit

response, as shownfig. 1.8.
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Fig. 1.5 Impedance profile of three capacitors in parallel of different value showing the
impedance peaks and the analytical PRFs calculated1xEh
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Fig. 1.6 Impedance profile of three individual capacitors showing the
and the frequencyhere the adjacent impedance profiles cross
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Fig. 1.7 Impedance profile of three individual capacitors of different value spaced one
decade apart showing the individual SRFs and the frequeimese the adjacent
impedance profiles cross
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Fig. 1.8 Impedance profile of three capacitors in parallel of different value spaced one
decade apart showing the impedance peaks and the analytical PRFs calculated
with (1-5).

11



1. A STUDY ON THE RESONANTFREQUENCIES OF ANARRAY OF DECOUPLINGCAPACITORS FOR
PDNAPPLICATIONS

1.5. Investigating Other Circuital Responses with Three
Capacitors Spaced One Decade Apart

Previous sectionsnly considered the magnitude of the impedasfatie capacitors, both
individually and in parallelln [Moreno-Mojica-19a] other circuital responses of the parallel array
of capacitorsvere looked atNo further insight as to the locations of the peak impeésamnvas
found looking at the phases of the individual capacitors, the phase of cap@gitond C> in
parallel compared with the impedance probliethe three capacitors in parallel, the phase of
capacitorsC, andCz in parallelcompared with the impedance profile of the three capacitors in
parallel, the phase of capacit@sandCs in parallel compared with the impedance profile of the
three capacitors in parallel, the phase of the three capacitors in parallel compared with the
impedance profile of the capacitors in parallel. Looking at the imaginary part of each individual
capacito compared with the impedance of the capacitors in parallel also did not provide any
further information. The interesting point is seeifrig. 1.9, which shows the iaginary part of he
three capacitors in parallel and the impedance profile of the capacitors in p&igll&l10 and
Fig. 1.11 show a zoomin around the PRFs. Ascan besea, the PRFs happen exactly when the

imaginary part of the response of the capacitors in parallel cross zero, from positive to negative.

500

4001 b
High PRF

300 \ g

;\ 200 b

% 100} Low PRF |

N \

=R D SIS

-100+ J

-200r b

-300 . | . R | . | . L

0.001 0.01 0.1 1 10

frequency(GHz)

Fig. 1.9 Imaginary part of the impedance of three capacitors in parallel of different value
spaced one decade apart (thick green trace) and the impedance profile of the
capacitors in parallel (thin blue trace)

12
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Fig. 1.10 Zoontin on the low PRF oFig. 1.9.
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Im{z.} (W
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Fig. 1.11 Zoontin on the high PRF dfig. 1.9.
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1.6. Calculating the Parallel Resonant Frequencies

Based on the experimental study realizedNtoreno-Mojica-19a] and summarized in
Sectionl.5, the imaginary part of the paralielipedancef the three capacitors now calculated
symbolicallyusing wxMaxima, as shown irFig. 1.12. With the PRFs calculated wift-5) as a
starting point, Matlab s f z e r is usédo find thé zeracrossings of the imaginary part of
the parallel impedance. This way, the actual PRFs of the circuit regrenfeeindvithout having
to simulate or do a frequency sweep of the parallel impedance of the three capacitors.

To test this numerical method, five ruase presentedvith random values for the
parameters of each realistic decoupling capadtigy.1.13 to Fig. 1.17 show the parameters of
each realistic capacitor, the analytical vs. numerical PRFs found, and the impaditeef the
capacitors in paralledhowing these different frequencies. In all cases, taking the analytical PRF
calculated with(1-5) as a starting point allowed to numerically find #atual PRF of the parallel
capacitors using the zepvossing of the imaginary part of the impedance, as summariZedhia
1.1

Z1:%i-w-L1+1/(%i-w-C1)+R1
22:%i-w-L2+1/(%i-w-C2)+R2
Z3:%i-w-L3+1/(%i-w-C3)+R3
%i
Clw
Y%i
2w
o

o
C3w

Z1 %l L1w-

%l L2w- ~R2

%i L3w-— ~R3
Zeq: (1121 )+H(1/Z2)+(1123))
1
1 1 1
%i .

961 %i
+R3 %hil2w-——+R2 %ilfw- R
C3w C2w Clw

Zeq

%il3w-

imagpart(1/(1/(%i-L3-w-%i/{(C3-w)+R3)+1/(%i-L2-w-%i/(C2-w)+R2)+1/(%i-L1-w-%i/(C1-w)+R1)))

1 1 1
LBw-—— L2w-——— Lw-——
C3w C2w Ciw

2
~R2? |L1w—

2 ( 1
~R3? lL?wfﬂi}
C2w

1
ILSW**
C3w

2
Liw-

1 1
L3w-—— L2w-
C3w Cc2w Clw

R3 ) R2 R1

} 1 ) ) 1 P - 1 es ! r R3? *|L2 ! |2 R2? {u !

S . . W— + v — + 1w-

[L3h‘— ] +R3% [L?l'.‘— ] +R2¢ [wa— ] +R1% Y Ccaw ! c2w Y Ctw
C3w C2w Ciw

2
] +R12

Fig. 1.12 Calculation in wxMaxima of the parallel impedance of three capacitors and its
imaginary pat.

! Maxima.sourceforge.net. Maxima, a Computer Algebra Systemsion 5.34.1 (2014).
http://maxima.sourceforge.net/
2MATLAB, Version8.2.0.701(R2013b) The MathWorks, Inc.1 Apple Hill Drive, Natick MA 017662098, 20.3.
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Fig.1.13Test 1. Impedance profile of three capacitors in parallel of different value
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Fig.1.14 Test 2: Impedance profile of thrempacitors in parallel of different value
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Fig.1.15Test 3: Impedance profile of three capacitors in parallel of different value
showing the analytical PRFs calculated wit¥6) and the numerical PRFs found
matching the actual PRFs
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Fig.1.16 Test 4: Impedance profile of three capacitors in parallel of different value
showing the analytical PRIgalculated witl{1-5) and the numerical PRFs found
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Fig.1.17 Test 4: Impedance profile of three capacitors in parallel of different value
showing the analytical PRFs calculated witkb) and the numerical PRFs found
matching the acal PRFs

1.7. Analytical Formulas for Parallel Decoupling Capacitors

1.7.1 Single Decoupling Capacitor

Consideing the simplest case of a single decoupling capacitor with a nominal @alue
and series parasitic inductanmed resistanck: andRy, respectively. Its equivalent impedance
@ is given by

@ Y @ (1-6)
where® is the reactance given by
w 10 poo (1-7)
and) is the angular frequency. The SRF of this decoupling capacitor occurs) wih@n T,
i.e,when® T, which occurs at
T p¥ 06 (1-8)

Neglecting for a while the parasitic resistance(drb), the equivalent impedanaé
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becomes purely reactive, in which case

can also be calculated at the zereodof.

TABLE 1.1. ANALYTICAL PRF VS. NUMERICAL PRFOF DIFFERENT CAPACITORS IN
PARALLEL OF DIFFERENTVALUES
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1.7.2 Two Parallel Decoupling Capacitors

Considering two parallelecoupling capacitoisf nominal value€; andCs, with pagasitic
inductanced.; and Lz, and parasitic resistanc& and Rz, respectively, the equivalent parallel

impedanced is given by

& (1-9)

where® is the reactance of the second capacitor,
®w 10 pfo (2-10
The series resonance frequency of each decoupling capacitor occurs when the

corresponding reactance is zero, i. e. wilen Ttand® T, yielding

T p¥ 08 (1-11)
T p¥ 06 (1-12)
It is interesting to notice that tiseriesresonant frequenciegso occur wheh | & L
For instance, ito  min (1-9), then
© Y — (1-13
Since the parasitic resistances are generally sgial] 'Y ,'Y af] , and from
(1-8), @ 1 Y, that is,) T& 1 1. Similarly, it can also be shown that

Y T T .
Neglecting for a while the parasitic resistanceg1i®), the equivalent impedancé
becomes purely reactive and given by
o — (1-14)
It is seen from that and can also be calculated from the zero&ofin (1-14).
Regarding the paralleésonant frequency, it is also seen that it can be calculated from the
poles of&d in (1-14), i. e., from conditiortd @ . This is in consistency withSmith-17],
where authors indicate that a peak impedaumirs when the reactances of the impedances of
these two capacitors are equal and with opposite signs, yielding:
170 — 10 — (1-15)

The corresponding paralleésonant frequengy is then calculated by solving-15)
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for] :

(1-16)

At the parallelresonant frequency condition & @ holds. Applying this
condition to(1-9) makes the equivalent parallel impedaaté¢his frequency (including parasitic

resistances) be given by

® ] (1-17)

Sincesb sl 'Y RY at] , then the parallempedancg1-17) can be simplified as
® _ (1-18)

which implies tha) ¢ 1 Tt

The above analysis suggests that all resonant frequeotidee paralleldecoupling
capacitorscan be calculated by assuming that each d#owu capacitor is purely reactive
(neglecting parasitic resistances). SRF are calculated from the zeros of the equivalent purely
reactive impedancgevhile the PRF are calculated from its poles. Parasitic resistors are needed to

calculatethe magnitude of the resultant parallel impedance at each PRF.

1.7.3 Three Parallel Decoupling Capacitors

Consider now the case of three paraletoupling capacitoisf nominal value€:, Co, and
Cs with parasitic inductancds;, L» andLs, and parasitic resistancBs, R andRs, respectively,
with consecutiveseriesresonant frequenciegxploiting the previous simplification by using

purely reactivéampedances, the equivalent parallel impedances approximated by
W _ (1-19
whered® is the reactance of the third capacitor,
® 10 pflo (1-20)
The seriesresonant frequency of each capacitor can be found when the corresponding
reactance is zero, i. & T, ® T, and® T, or equivalently, from the zeros éf in (1-

19), yielding
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Fig. 1.18 Parallel resonant frequencies for an array of three parallel decoupling capacitors.
These frequencies can be calculated in an exact manner using fo{ir2ts

(1-29).
] p¥ 06 (1-27)
] p¥ 06 (1-22
T p¥ 06 (1-23)

The parallefesonant frequenciese then found at the poles®df in (1-19),
OO O W T (1-24)

and can be found by solvir{f-24) for :

] 7 Vi (1-25)
wherg and are the positive roots of
&) M O T (1-26)
where
@w 00 00 00O (1-27)
®@ 0 — — -0 0 = - (1-28)
@ (1-29)

Equationg1-25)-(1-29) yield two parallelresonant frequencigas illustrated irFig. 1.18.
The first onej , corresponds to the high PRF, while the secondjone, , corresponds to
the low PRF. Notice that each of them depends on the three capacitors; for thatFigaddi8

uses the following notation: 1 and 1 . In the terminologyused
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Fig. 1.19 Applying formulas(1-25)-(1-29) to approximate the PRFs for cases with more
than three decouplg capacitors in parallel: a) the case of 4 capacitors, b) the
case of 5 capacitars

here] corresponds to the PRF that lies betweers#nesresonant frequencies 66 and
Cy, that is, between and , Which are the higher SRFs. Similarly, corresponds
to the PRF that lies between theriesresonant frequencies 6k andC,, that is, between

and] , which are the lower SRFs. Hence, ] and| 1
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1.7.4 More than Three Parallel DecouplingCapacitors

For cases with more than three capacitors, the same formulas can be used by considering
three consecutive capacitors at a time and averaging the duplicated PRFs. To illustrate the
proposed method, consider the case of four realistic capacitihreansecutiveseriesresonant
frequencieswith the following parameter valueSi = 10.5 pFRy = 0.1 OhmsL1 = 0.26 nH;C>
=21 pF,R2=0.2 Ohms|>=0.54 nH;C3 = 31.5 pFR: = 0.3 Ohms|3 = 0.8 nH; andCs = 42 pF,

Rs=0.4 OhmslLs=1 nH.
Using the proposed method, equati@h5)-(1-29) are first usedvith capacitors 4, 3 and

2 to calculate and . Then caacitors 3, 2 and &re usedo calculate

and . Referring taFig. 1.19%, it is seen that the PRF between the SRFs of capacitors 4 and
3 can be approximated by , and similarly, the PRF between the SRFs of capacitors 2 and
1 can be approximated by . It is also seen frorfrig. 1.19%a that] and

approximate the same paraltesonant frequency, that one between the SRFs of capacitors 3 and
2, so the average between and] is taken In summary] 1 :

1 T , and T T c.

This same method is illustrated for the case of five capacitdiigii.19%b.

1.8. Analytical Formulas for Parallel Decoupling Capacitorsi
Test Cases

Table 1.2 shows two testases used for an array of three realistic capacitors in parallel
Table 1.3 shows the numerical results for these cases, comparing the calculateddRifated
with (1-16) and (1-25)-(1-29), and the actual PRFs for the different test cases. The proposed
formulas in (1-25)-(1-29) give no error, as expected, while approximatidil6) gives
significantly more error.

Table 1.4 shows four test cases used for an array of four reatiapacitors in parallel

Table1.5 shows the numerical results for these cases, comparing the PRFs estimaf@®&)ith
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TABLE 1.2. TEST CASES FOR 3 PARLLEL DECOUPLING CAPACITORS

test case 1 test case 2
C(PF) RM) L(H)  C(F) RW  L(nH)
Capl 10.4938 0.1  10.2683 10.4938 0.1 10.2683
Cap2 20.9876 0.2 20.5366 209.876 0.2 205.366
Cap3 314814 0.3 30.8049 220.3698 0.3 215.6343

(1-29) and(1-16) versus the actual PRFs. It is seen frbable 1.5 that approximation§l-25)-(1-
29) give significantly much better results than approxima(ibt6).

Finally, Table1.6 shows four test cases used for an array of five realistic capadiaiie.
1.7 shows the same comparison for these cases, where it can be observed that approglmations
25)-(1-29) again give overall better results than approximatich6).

Tablel.3, Tablel5andTablel7d e monstrate that-capinfjot mel a
(1-16), may lead to very significant errors when considering more than 2 capacitors, depending on
the actual capacitor values consi-dap’edf ¢t melya |,
25)-(1-29), provide an overall much higher accuracy.

Fig. 1.20a shows the impedanpeofile of four realistic capacitors in parall@ig. 1.20b to
Fig. 1.20e show zoomns to illustrate the difference betwedmetcalculatedseriesresonant
frequencieswith (1-8) and the frequency points where the actual minima fall on the impedance
profile. This comparison confirms that the SRFs of the decoupling capaaitpasallel @an be
calculated accurately enough usitig8), no matter how many capacitors are placed in parallel.

For this reason, only the parallglsonant frequencies are caangd inTablel.2 to Tablel.7.

TABLE 1.3. NUMERICAL RESULTS FOR3 PARALLEL DECOUPLING CAPACITORS
using 3cap formulag1-25)-(1-29) and 2cap formulag1-16)

test case 1 test case 2
PRF1 PRF2 PRF1 PRF2 Units
3-capformulas 0.1942 0.3650 0.0237 0.1463 GHz
2-cap formula 0.1979 0.3428 0.0237 0.1084 GHz
actual PRF 0.1942 0.3650 0.0237 0.1463 GHz
Error (3cap formula) 0% 0% 0% 0% -

Error (2cap formula) 1.905% 6.082% 0% 25.906% -
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TABLE 1.4. TEST CASES FOR PARALLEL DECOUPLING CAPACITORS

test case 1 test case 2
C(PF) RMW) L(H)  C(F) RW  L(nH)
Capl 10.4938 0.1 0.2683 0.7496 0.1 3.7562
Cap2 209876 0.2 0.5366 5.2469 0.2 1.0732
Cap3 314814 0.3 0.8049 3.9352 0.3 2.1464
Cap4 419752 04 1.0732 3.8159 0.4 2.9513
test case 3 test case 4
C(F) RMW) L(H)  C(F) RMW  L(nH)
Capl 1154318 0.1 1129513 136.4194 0.1 133.4879
Cap2 314814 0.2 30.8049 31.4814 0.2 30.8049
Cap3 419752 0.3 41.0732 62.9628 0.3 61.6098
Cap4 104938 04 102.683 94.4442 0.4 92.4147

TABLE 1.5. NUMERICAL RESULTS FOR4 PARALLEL DECOUPLING CAPACITORS
using 3cap formulag1-25)-(1-29) and 2cap formulag1-16)

test case 1 test case 2
PRF1 PRF2 PRF3 PRF1 PRF2 PRF3 Units
With 3-cap formuls 0.8513 1.2352 2.2584 15791 1.8811 2.866 GHz
With 2-cap formula 0.8659 1.2245 2.1209 1.6015 1.8705 2.8278 GHz
Actual PRF 0.8487  1.246 2.334 1578 1.892 2.883 GHz
Error (3cap formula) 0.300% 0.867% 3.239% 0.070% 0.576% 0.590% -
Error (2cap formula) 2.021% 1.726% 9.130%  1.489% 1.136% 1.915% -
test case 3 test case 4
PRF1 PRF2 PRF3 PRF1 PRF2 PRF3 Units
With 3-cap formuls 0.0462 0.0782 0.1411 0.0437 0.0664 0.1217 GHz
With 2-cap formula 0.0767 0.14 0.0844 0.066 0.1143 0.0776 GHz
Actual PRF 0.0462 0.0792 0.1421  0.0433 0.0668 0.1254 GHz
Error (3cap formula) 0% 1.263% 0.704% 0.9% 0.658% 2.951% -
Error (2capformula) 66.020% 76.770% 40.600% 52.39% 71.005% 38.12% -
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TABLE 1.6. TEST CASES FOR PARALLE DECOUPLING CAPACITORS

test case 1 test case 2
C(F) RMW L(nH) C(pF) R(W L (nH)
Capl 10.4566 0.1 8.8781  10.4566 0.1 8.8781
Cap2 89628 0.2 7.6098 14938 0.2 1.2683
Cap3 11.9504 0.3 10.1464 11.9504 0.3 10.1464
Cap4 134442 0.4  11.4147 7.469 0.4 6.3415
Cap5 16.4318 0.5 13.9513 19.4194 0.5 16.4879
test case 3 test case 4
C(F) RM) L(H)  C(F) RW  L(nH)
Capl 209132 0.1  17.7562 73.4566 0.1 8.8781
Cap2 13.4442 0.2 114147 62.9628 0.2 7.6098
Cap3 59752 0.3 5.0732 115.4318 0.3 13.9513
Cap4 74690 0.4 6.3415 52.469 0.4 6.3415
Cap5 19.4194 0.5 16.4879 136.4194 0.5 16.4879

TABLE 1.7. NUMERICAL RESULTS FOR5 PARALLEL DECOUPLING CAPACITORS
using 3cap formulag1-25)-(1-29) and 2cap formulag1-16)

test case 1 test case 2
PRF1 PRF2 PRF3 PRF4 PRF1 PRF2 PRF3 PRF4 Units
With 3-cap formulas 0.3602 0.4305 0.489 0.5715 0.3374 0.4882 0.6287 1.9324 GHz
With 2-cap formula 0.3675 0.4309 0.4886 0.5642 0.3585 0.4886 0.6181 1.6352 GHz
Actual PRF 0.3548 0.4282 0.4919 0.5776 0.3289 0.4876 0.6471 2.220 GHz
Error (3cap formula) 1.536%0.537% 0.590% 1.056% 2.584% 0.133% 2.843% 12.855% -
Error (2cap formula)  3.594%0.631% 0.671%2.320% 9.00% 0.205% 4.482% 26.342% -
test case 3 test case 4
PRF1 PRF2 PRF3 PRF4 PRF1 PRF2 PRF3 PRF4 Units
With 3-cap formula 0.2706 0.3435 0.5426 0.8242 0.1147 0.1573 0.2123 0.2558 GHz
With 2-cap formula 0.271 0.338 0.5451 0.8176 0.1154 0.1572 0.2129 0.2519 GHz
Actual PRF 0.2704 0.346 0.5588 0.8312 0.114 0.1525 0.2125 0.2573 GHz
Error (3cap formula)  0.074%0.723% 2.899%0.848% 0.614% 3.148% 0.094% 0.583% -
Error (2cap formula)  0.222%2.312% 2.452%1.642% 1.228% 3.082% 0.188% 2.099% -
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Fig. 1.20 Seriegesonant frequencies of four decoupling capacitors in parallel: a) complete
impedance profile; zoo#fims to compare the calculated SRF ugit@) versus
the actual SRF in red for b) capacitor 4, c) capacitor 3, d) capacitor 2, ) capacitor
1. It is confirmed that the equivalent SRFs can be estimated accurabeiyhe
with (1-8), no matter how many capacitors are pthiceparallel

1.9. Conclusions

Decoupling capacitors are frequently used to mitigate many ohts¢ typical problems
in PDN. These arrays of paralldiecoupling capacitorstroduce parallel resonant frequencies
whose analytical calculation becomes challenging in most practical cases when there are more than
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two capacitors connected in parallel. A numerical procedure to find the parallel resonant
frequencies of an array of more than two decoupling capacitorecteahin paralleivaspresented

in this chapterThe numerical procedure stad from an analytical equation to calculate the
parallel resonant frequencies of two capacitors. Such startingvpasnised to search for the zero
crossing frequency points afie imaginary part of the parallel equivalent impedandeich
correspond to the parallel resonancadditionally, an analytical set of equations to find the
parallel resonant frequencies of an array of three capactomected in parall@las presented

The proposeéquations can be used to approximate the parallel resonant frequencies of more than
three decoupling capacitors connected in parallee procedures described in this chapter
confirm the high complexitynvolved in the analytical prediction of the impedance profile in
practical PDN structures with many different decoupling capacitors. This complexity leads us to
the systematic use of simulatimased numerical procedures, as described in the following

chapters.
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2. PDN Frequency and Time-Domain Performances

A power delivery network (PDN) includes all the interconnects and devices on the power
supply path of the computer platform, from the voltage regulator to the circuits on the active
componentsWhenthesecircuits starbperatingthey create current flugations through the PDN
which can cause voltagmise A suitable PDN design approach involves looking at the PDN in
both the frequencyand timedomain to ensure acceptable noise levels.

Each component in the PDias a different impedan@ssociated with it, which causes
voltagevariationsas the transierurrentpasses through them. The PDN structure can be modeled
in a limited frequency band by simple lumpBd.C circuits [Klokotov14]. To maintain the
impedance profilevithin certain limits different types of capacitors are placed throughout the
PDN to lower the impedance at certain frequency rafgesth-99]. Fig. 2.1 is for illustrative
purposes only, showing a typical PDN impedance profile, where some frequency resanances
normally present, with a large resonance at high frequency caused byahd gackagparasitics
(denoted as firsvrder effects)The impedance profile is normally obtained fran||of the whole
PDN measured at a given physical locatibhe ideal target impedangeofile should be as low
and flat as possible across all frequencies. However, designing a PDN that complies with such
ideal target impedance can be too expensive given the high number of capacitors needed.
Additionally, reducing the largest resonance at highueagies would imply a redesign at the
package and die levels, which can be extremely expensive.

Furthermore, multiple capacitors of different magnitude placed in pacalteresult in
sharp antresonant impedangeeakgZheng03]. These peaks can magnify ngseblems when
currenttransients contain considerable components at frequencies close to those resonant peaks.
Frequencydomain effects will then translate into tirdomainas voltagedroops at different
stages, potdially causing operational errors or failures [DiBel?d. This relationship is also
illustrated inFig. 2.1. The first order volige droops typically driven by the olie capacitance,
ondie resistive parasitics, and the packagenections. The second order droop is dominated by
package capacitance and sometimes the connector pins. The third order droop is usually caused by
the voltage regulatocapacitance and the butlapacitance nearbyhe toleranceo the droop

events depends on their magnitude and duration; as the droop events get larger and last a longer
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Fig.2.1 Typical relationship between the PDN frequeloynain impedance profile and
transientdomain voltage droofl.,eatRoma20], [Zheng03].

time, signal integrity becomes compromised, and thus the need for limiting the droop events.

This chapter explores the effect of the different stagebeotiecoupling capacitom a
PDN. The aim is to select the decoupling stages withattgesteffect on the impedangeofile to
limit the variables in subsequent optaation efforts. This chapteiis partly based ofiMoreno
Mojica-19a] ands an abbreviated version pflorenoc-Mojica-20b].

2.1. Representing the PDNStructure

Fora r g u msaketthie #DNf a CPU power net of an Intel® Xeon® server platfasm
consideredFig. 2.2 shows a portion of the PDN platform layout. The yellow section i®
under study. Other colors represent signal networks.

Modeling e PDNstructure in a limited frequencyabdassimple lumpedRLC circuits
[Klokotov-14] [Leal-Roma-20], aseries LC circuit with a series resistance can be observed if the
PDNis viewedfrom the boardooking into the chip (seEig. 2.3a). Athigh frequencyn increase

in impedances seerdue to the packadead inductanceThis means only the lcsmpedance of
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Fig.2.2 Power delivery netwdr layout of an Intel® Xeon® platform (courtesy of
Intel®).

the ondie environment can be seen from the board, as thefhigpe quency properti e
PDN environment arblocked from view by the package lead inductance. Because of this, it is
more useful to observe the PDN from nihtee di e’ s
on-die capacitance that consists of thedi® power rails and the transistor gates.get from the
die pads to the board,is necessaryo go tlrough the die bumps, the power distribution in the
package, and finally the balls and vias that connect the package to the board. This trajectory is very
inductive, and it is seen as being arallel with the ondie capacitance, as shownFhiyg. 2.3b.
This parallel circuit causes a resonant peak usually seen at high rexgpuekt low frequencies
the die sees its impedance shorted by the package lead inductance connected to the board, which
in a good design is low impedance. The bdake| impedance and the VRM have an impedance
decreasing toward lower frequency.

Different types of capacitors are typically used in designing a PBNith-99]. Bulk
capacitors are the biggest in the PDN and are used to provide low impatiéimedrequency at
which the VRM is not able to do so. They are effective from 1 KHz to 1 MHz and typical values
range from hundreds to thousands of uF. Caw#tgacitors are located under the cawafythe
packagethey range from a few to tens of uF and are effective at higher frequencies, up to several
MHz. Package capacitors are slightly smaller and are effective at even fneghemcies, up to

several hundred MHz.
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Fig. 2.4 shows the equivalent lumpedodel extracted from the PDIdyoutin Fig. 2.2.

This lumped circuit is used in this work for subsequent optimizaipgmoaches.

2.2. A Study on Capacitor Effects of a PDNn the Frequency
and Time-Domain

Given that power delivery networks represent a quite complex system with many design
factorsinvolved design of experiment®oE) approaches are particularly amenable for PDN
study and charaetization. In addition, PDN noisand resonancem the frequencydomain
translates into the timeéomainas voltagedropsin different stage and are affected by different
components in the PDN [DiBefiel]. The ondie capacitance and packagennections typically
drive the first droop. This droop has a typical duration of tens of nanoseconds or less. The package
capacitance and connector pins dominate the second droop. This droop has a typical duration of
hundreds of nanoseconds to one miecosid. The third droofas a duration of tens of
microseconds or longer. This droop is usually driven by the voltage regedgiacitance and the
bulk capacitance.

The active factorsn the PDNpresented irFig. 2.4 are explorecby employing DoE
techniques. Given that the design of a PDN is usually done at the Ibealkdhaving already
received a silicon dien its packagethe work focuses on the third droefects that can be dealt

with at the board level. Screening experimeats done to explore the facteffects in the

Package  Packagdead Package Packagd.ead
Inductane Resistance Inductane Resistance
—""N—MN ® —""N—ANN °
1 OnbDie OnDie  _| A b
As seerby Capacitance ~ Board Capacitance—— S Seemy
theboard Level thedie
— On-Die PDN On-Die —
Resistance Resistance
L ® @ L
a) b)

Fig. 2.3 Circuit describing the odie capacitance and package inductance viewed from
two different perspectives: a) from the board; b) from the die

frequencydomainimpedanceprofile and the timedomaincurrentstep transienanalysis of the
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Fig.2.4 Lumped equivalent circuit of thpower delivery layout schematic of Intel®
Xeon® platform

PDN. The DoE design and analysis are done by using Minitab® Statistical Séftamaethe
simulations are done by using SPI@fd Matlab.

2.2.1 Screening Experiment

The design factorander consideration are decoupling capacipdased in five different

places on the PDIseeFig. 2.4). Bulk capacitors are placed closest to the, \¢&vity capacitors

TABLE 2.1. SCREENING EXPERIMENT WITH ALLCAPACITOR TYPES HAVING A MINIMUM
OF ONE CAPACITOR

RuN Bulk_ Cavit_y Package 0
Capacitors Capacitors  Capacitors
1 1 1 1
2 10 1 1
3 1 100 1
4 10 100 1
5 1 1 150
6 10 1 150
7 1 100 150
8 10 100 150
9 55 50.5 75.5

SMINITAB STATISTICAL SOFTWARE, Version19.1, Minitab, LLC, Quality Plaza 1829 Pine Hal, Btate CollegePA
16801321Q 2019.
4MATLAB, Version8.2.0.701 (R2013h)'he MathWorks, Inc.] Apple Hill Drive, Natick MA 017662098, 2.3.
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TABLE 2.2. SCREENING EXPERIMENT WITH ALL CAPACITOR TYPES HAVING A
DIFFERENT MINIMUM NUMBER OF CAPACITORS

RuN Bulk_ Cavit_y Package 0
Capacitors Capacitors  Capacitors
1 1 30 50
2 10 30 50
3 1 100 50
4 10 100 50
5 1 30 150
6 10 30 150
7 1 100 150
8 10 100 150
9 55 65 100

are placed beneath the packagthe inner cavity of the socket, and packegpacitors are placed
in three different locations on the package; package 0 capacitors are farthettdrdignext are
the package 1 capacitors, and package 2 capacitors are placed nearest the die.

For the screening experimeatfull two-level factorial is chosen since there are only three
factorsunder studyMontgomery05], giving eight runs for the experiment. However, a center run
is added to the screenimxperiment to provide information about the curvature of the system
[Box-05], resulting in a total of 9 runs required for a complete trial of the experiment.

The first study done uses a currstdp with a riséime of 50 ns for the transieanalysis.

e
o

Voltage (V)
()
[o)}

o
~

o
[\S)

2 4 6 8
time () %107

Fig. 2.5 Transienwoltageresponséor all nine runs of the screening experiment able
2.1, using a current step with a rise time of 50 ns.
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Fig.2.6 Impedance profile for all nine runs of the screening experimerate2.1.

A screening experimentvas done with maximum 10 bulkapacitors, maximum 100 cavity
capacitors, and maximum 150 pack&geapacitors. All capacitor types have a minimum of one
capacitor Table2.1 shows the experimerttig. 2.5 shows thdransientvoltageresponsendFig.

2.6 shows the impedancerofile, which corresponds to the magnitude ofdhe parameterof all

nine runs in this screeningig. 2.7 shows a normal plaaf the factoreffects for the current step
analysisA normal plot is a tool for analyzing the factor effect®wE. It shows the standardized
effects relative to a distribution fit line for the case when all effects are 0. Effects further from the
fit line are more statistically significartinitab-22]. It can be seen that the cawiyd the package

0 capacitors are active factanghis design for the current step analyBig. 2.8 shows the normal

Normal Plot of the Effects
{response is pV t, a = 0.05)

99
Effect Type
® Mot Significant

35 B significant

a0
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10 W EC

: |

; |
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Lenth's PSE = Q00315

Fig. 2.7 Normal plot showing the significant and not significant effects for the current
step analysis, using a current step with a rise time of 50 ns and all capac#or type
have a minimum of 1 capacitor
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MNormal Plot of the Effects
(response is pV F, a = 0.05)
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Fig.2.8 Normal plot of the significant and not significant effects for the impedance
profile, all capacitor types have a minimum of 1 capacitor

plot of the factor effects for the impedance profile. This plot shows that they@nd package O
capacitors are also active factdos the impedace profile. The work in [Morendlojica-20b]

also presents a second experiment using the same 50 ns current step, but now the minimum number
of capacitors for all types is differeiis shown irrable2.2. The minimum for the bulk capacitors

is 1, for the cavity capacitors is 30, afat the package O capacitors is 50. The maximum amount
for each capacitor type remains the same. In this empat only the cavity capacitors were seen

to be active factord he results for these two screening experiments show that a current step of 50
ns is too aggressive since the rise time is too fast and the effects on the thirddrolbgpgannot

be observed.
Aiming to see the effects on the third voltatyeop a slow currenstep was used, with a

rise time of 10ns. Fig. 2.9 shows thevoltage droopfor this experiment with one minimum
capacitor for all capacitor types. The effect of the third diopbe seen, and the balkd caity

capacitors are active factdiw the responses, as shown in the normalgfiéig. 2.10. Fig. 2.11
shows all runs for thexperiment when all types of capacitors have a different minimurce On

again, the bulk and cavity capacitors active factorsas shown irfrig. 2.12.
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Fig. 2.9 Transienwoltageresponséor all nine runs of the screening experiment able
2.1, using a current step with a rise time ofr0

MNormal Plot of the Effects
{response is pV t10u, a = 0.05)
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Fig. 2.10 Normal plot showing the significant and not significant effects for the current
step analysis, using a current step with a rise time okXhd all capacitor types
have a minimum of 1 capacitas shown imable2.1.
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Fig. 2.11 Transientvoltageresponsdor all nine runs of the screening experiment able
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Fig. 2.12 Normal plot showing the significant and not significant effects for the current
step analysis, using a current step with a rise time okXnhd all capacitor types
have different minimum of capacitoas shown ifmable2.2.
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2.3. Conclusions

In this chapterhoth the frequeneyand timedomain performances oRDN were analyzed
in terms of the effects of decouplingpacitoron the PDNo ensure acceptable nolsgels when
circuits start drawing current. THRDN structure was modeled by simple lumped RLC circuits in
a limited frequency band o maintain the impedangeofile within certain limits different types
of capacitors were placed throughout the PBINtatistical study was performed to find the active
factorsin the design. with a currerdtep of 50 nanoseconds of rise tiniee active factors the
design were the cavitgnd packag® capacitorsin order to see the effects of the third voltage
droop a current step with a sl@nrise time was needeWith a rise time of 10 microsecondke
cavity capacitors were significant, atite bulkcapacitorsvere significantin the time domain
The study was performed usiag ideal voltage regulatavith an infinite bandwidth, causing the

bulk capacitors to ngresent afrequencydomainactive factors affecting the impedance profile.
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3. Power Delivery Network Impedance Profile and
Voltage Droop Optimization

The design process of power delivery networks (PDNnodern computer platforms is
becoming more relevant and complex due to its relationship withfleghency effects on signal
integrity. When circuits start operating, the ctiaug currentflowing through the PDN produces
fluctuationscreating voltagenoise Unsuccessful noise control compromises data integrity as it
will cause the amplitude of the egiagramin the vertical direction to collapse due to the voltage
noise, additionally, the time signal crossing a reference will spread out in the horizontal direction,
causing jitterand reducing the eye opeg [Smith-17].

In designing the PDN is important to know the worstasecurrent drawn by the chips,
sincethe acceptable voltadevel required by the chips depends on the frequency spectrum of this
current. The worstase current spectrum and the voltage tolerance specifications of the design
determines the impedantarget that the PDN must meet to keep theagatnoiseat acceptable
levels for all chips. The impedance profile is then a figure of merit of the acceptability of the PDN
design. Utilizing decoupling capacitdsreduce the impedance profile and reduceetiirsurges
is a viable PDN design strategy that ensures minimal change in the power sagetyhigh
transientcurrent loads

Most of the research work on decoupling capaciptsnizationfor PDN design has been
developed either in frequencpmainor in timedomain and include manual trianderror
optimization processes, as in [Ya@g] and [CherD6]. Model order reduction (MOR) techniques
have been employed to compute the impedamoéle and search for optimal locations of the
decoupling capacitoriikamo-00]. Authors in [Hattor02] obtain frequency dependent Poynting
vectors and iteratively place decoupling capacitorthatportwith maximum Poynting vector
magnitude. The work done in [Zhef®§] models the inductive effect of packages and extracts a
resistancecapacitancesusceptance model to build a macromodel using MOR techniques; then a
simulated annealing algorithm is used to search for the optimal types of decoupling capacitors.
Simulated annealing is used in [Ch@r]| to minimize the total cosff decoupling capacitors under
the constraintsf a worstcasevoltagenoisebound instead of using impedance targets. Parameter

extraction techniques to develop scalable lumpeddels and surrogatesed optimization
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exploiting machine learninggchniques are proposed in [L&admao20], exploiting the resultant
metamodels to perform numerical PDN optimization exclusively in-tiov@ain or in the
frequency domain as the work in [MoreMwjica-19a].

In this chapteran optimizationapproach to determine the number of decoupling capacitors
in the PDN described in SectioR.1is presentedaiming at deieasing the amount of decoupling
capacitors without violating the PDN design specificatiémsking at both the impedanpeofile
in the frequency domain and the resulting voltdgeop in the transientime-domain Several
optimization experiments are conducted to reduce as much as possible the number of decoupling
capacitors and in consequence, the o/@@aN cost without violating the PDN target impedance
and transient voltage design specificatioflse work is illustrated by optimizinghe PDN of a
CPU power network of an Intel® Xeon® server fidatn. This chapter consists of a more detailed

version ofthework in [Moreno-Mojica-20a] andMoreno-Mojica-21a].

3.1. Optimization of a PDN Combining Frequency and Time-
Domain Effects: First Approach

Let @ X P represent the vector @f design parameters of the power delivery network,
whose responses of interest are in veclorsRQ, and{ efo . In this formulation,{ efQ
contains the PDN impedance profile response, i. e., the magnitude @f tiparameter at the
frequency band of interest, ale{d o/ contains the PDN voltage droop response, i. e., the
amplitude of the transient voltage of the PDN. The design pasesnare in vectos, which
contains thenumberof decoupling capacitors in the PDfd reduce the number of design
optimizationvariables, only theumber of llk, cavity, andpackage0 decoupling capacitoe
optimized (seeFig. 2.4), since previous studies on the circuit provided the insight as to the
capacitors uth the largest effects on the circuit responses (see S@cBof hus, the optimization
variables are = [0 0 0 ]T. Packagel andpackage? capacitors are left at
the minimum of 1 for all starting points or seeds, excepting for seed 3, where the optimization with
twentypadkage 1 capacitors is explored. All capacitors of the same type have the same capacitance
and parasitics.

Error vector functions are used to measure the degree to which the responses satisfy or

violate the performance specifications of a maximum target impedahce 2 . 2 mQ for f
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1 % Seed Values
- Num_BulkCap = 1;

S 0.06 208 H\/F Num_Cavity = 1;
< 0.04 o Num_PkgCap0 = 1;
= go 6 Num_PkgCapl = 1;
N 502 g ' Num_PkgCap2 = 1;
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0 0.4
100 10k 1M 100M 5e6 10e6 15e6
frequency (Hz) time (s)
a) b) c)

Fig.3.1 Results for seed 1 before optimization: a) impedance profile; b)}domein
voltage pulse; c3eed values used for the optimization

lower thanfy = 28.8 MHz, a minimum target impedancde 1. 02 mQ f or frequen
fi2 = 2 MHz, and a minimum voltaggecification of 0.8 V for the voltage transigoise.

The optimizatiorproblem uses a minimax formulation as
o AQCETA@ ofiQyg oD g (3-1)

The error vector functiogy oHQ is used to ensure a desired maximum target impedance,
where Qs the simulated frequency, and is defined as
1 eh
mofic ° Y
P 8

P ElI"®D "Q
of e (3-2
ElI'® Q

L
The error vector functiogg ehd is used to ensure a desired maximum transient voltage
droop, wherais the simulated time,

h

m ° 94.

S AIMO 0 o (3-3)

The error functiong e is used to keep the optimization variables within feasible bounds
and is defined as

1 % Seed Values
s 0.06 %1073 095 Num_BulkCap = 1;
b 4 F T > ) Num_Cavity = 20;
— 0.04 2= | © 0.9 Num_PkgCap0 = 20;
S g’ Num_PkgCapl = 1;
0020 0 S 0.85 Num_PkgCap2 = 1;
\ 0.8 Total capacitors =
I 43
100 10k 1M  100M 566 10e6 15e6
frequency (Hz) time (s)
a) b) c)

Fig. 3.2 Results forseed2 before optimization: a) impedance profile; b) thth@main
voltage pulse; c) seed values used for the optimization
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Fig. 3.3 Results for seed 3 before optimization: a) impedance profile; b}domain
voltage pulse; ¢) seed values used for the optimization

me 0O o (3-4)
where0 is the limiting lower bound for the optimization variables to ensure their value

o
© o °© w©

(0]

o1

0.04

©

1Z11] (W)

0.02

o
a

Voltage (V)

positive and no less than 1. Hére p. Notice that operations are elemavise.

The number of decoupling capacitatsis now optimizedThe NelderMeadoptimization
algorithmis usedo solve(3-1).

Fig. 3.1to Fig. 3.5 show the PDNmpedancerofile and the resulting voltagailse, before
optimization for different seed values that were used in the optimization effagts3.6- to Fig.
3.7 show the results after optimization for those seeds. When using sdeéd. 13.6) the
optimization ended with a total of 233 capacitors and a low but not negative objective function
value; the resulting voltage pulse meets the specification requirements, however the impedance
profile does not meet the maximum impedance target for all frequencies. Using s&eBZ)
the optimization ended with a total of 148 capacitors and a negative objective function value,
meaning all requirements were met. Using see#i@. 3.8) the optimization ended with 148

capacitors, and the minimum voltage and the maximum target impedzogeements were

=

0.06 % Seed Values

3 x10° —~0.95 Num_BulkCap = 1;
=~ 0.04 4 € b Num_Cavity = 20;
E 3 & 09 Num_PkgCapO0 = 20;
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R S 0-85 Num_PkgCap2 = 1;
\ 0.8/ Total capacitors =
0 M 62
100 10k iM  100M 506 10e6 15e6
frequency (Hz) time (s)
a) b) c)

Fig. 3.4 Results forseed 4 before optimizatiom) impedance profile; b) tim@gomain
voltage pulse; c) seed values used for the optimization
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1 % Seed Values
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Fig. 3.5 Results for seed 5 before optimization: a) impedance profile; b}domain
voltage pulse; c) seed values used for the optimization

satisfied. When using seedHd. 3.9) the optimization resulted in negative numbers of capacitors
(for the pkg O capacitors); the algorithm was not able to cazoerse and the optimization ended

by meeting the stopping criteriaut not the requirements (since negative numbers of capacitors
are not physically possible, the corresponding responses are not reported). Finally, when using
seed5 (Fig. 3.10) the optimization is successful with 149 capacitors, meeting both design

requirements

1
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<0.95
2 004 Y
- @ 0.9
N 0.02f 'g 0.85
0 0.8
100 10k M 100M 5e6 10e6 15e6
frequency (Hz) time (s)
a) b)
Current Function Value: 0.0916734 % Seed Values
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; o Num_PkgCap0 = 1;
510 “ 1 Num_PkgCapl = 1,
§ * Num_PkgCap?2 =1,
o .
2 % Final Values
0 A—m x_opt= [49 114 68 1 1]
0 50 100 Total capacitors = 23 3
Iteration
c) d)

Fig. 3.6 Results for seed 1 approach 1 after optimization: a) impeganfite; b) time
domain voltage pulse; c) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Fig. 3.7 Results for seed approach 1 after optimization: a) impedance profile; b)time
domain voltage pulse; ¢) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Fig. 3.8 Results for see@ approach 1 after optimization: a) impedance profile; b)-time
domain voltage pulse; c) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Current Function Value: 0.153484 % Seed Values
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Fig.3.9 Results for seed 4 approach 1 aftgtimization: a) evolution of objective
function; b) seed values used and optimal values found for the number of
capacitors. In this case, a negative value of capacitors was obtained
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Fig. 3.10 Results for see8l approach 1 after optimization: a) impedance profile; b)-time
domain voltage pulse; ¢) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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3.2. Optimization of a PDN Combining Frequency ard Time
Domain Effectsi Second Approach

The error functionn (3-4) was modified to add a constrafior the maximum number of
capacitors allowed, by adding a scalar error defined as
0 0 0 Y (3-5)
For this new approach, an upper bollad= 140 is used (only considering the Bullavity,
and Pkg 0 capacitors). The optimizatiwas done with the same seed values as in Settlon
Fig. 3.11 to Fig. 3.15 show the results after optimizatiarsing different seeds for this
second approach. When using see#id.3.11) the optimization was not successful, meeting the

voltagerequirements but not being able to meet the maximum impetinges for all frequencies.

Using seed 2 Kig. 3.12) the optimization successfully meets the voltage and impedance

requirements with 142 capacitors in total. Using seé¢dd3 8.13) the optimization was successful
in meeting all the requirements with 141 capacitors. Using seeid.8B(14) the optimization was
successful in meeting all the requirements with 152 capacitors. Finally, using $egd316)
the optimization was successful in rtieg all requirements with only 138 capacitors, even though

total number of capacitors used for the seed (157) was larger than the 140 allowediitk,the

0.06 3 1
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Fig. 3.11 Results for seed 1 approach 2 after optimization: a) impegantike; b) time
domain voltage pulse; c) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Cavity, and Pkg 0 capacitors.
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Fig. 3.12 Results for seed 2 approach 2 after optimization: a) impeganfike; b) time
domain voltage pulse; ¢) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Fig. 3.13 Results for seed 3 approach 2 after optimization: a) impeganfite; b) time
domain voltage pulse; c) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Fig. 3.14 Results for seed 4 approach 2 after optimization: a) impedance profile; b) time
domainvoltage pulse; ¢) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Fig. 3.15 Results for seed 5 approach 2 after optimization: a) impedance profile; b) time
domain voltage pulse; c) evolutionabjective function; d) seed values used and
optimal values found for the number of capacitors



3. POWERDELIVERY NETWORK IMPEDANCE PROFILE AND VOLTAGE DROOPOPTIMIZATION

3.3. Optimization of a PDN Combining Frequency and Time
Domain Effectsi Third Approach

Now, the optimization variables amse= [0 0 0 0 ]1". The
error functionin (3-5) now consides the bulk capacitors, cavitycapacitors, the package
capacitors, and the package 1 capacitéigs 3.16to Fig. 3.18 show the results after optimization
using different seeds for this third approach. Using sedtlgl .16) the optimization was not
successful for the voltagequirements nor for the maximum impedatarget. Using seed Fig.
3.17) the optimization was not successful in meeting the frequdanyainrequirements. Using
seed 3 [ig. 3.18) the optimization did not meet the maximum impedance requirements. Other
seeds were not tested since these results are already worse than using the erromitim¢8on
5).
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Fig. 3.16 Results for seed 1 approach 3 after optimization: a) impedance profile; b) time
domain voltage pulse; c) evolution of objective function; d) seéues used and
optimal values found for the number of capacitors
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Fig. 3.17 Results for seed 2 approach 3 after optimization: a) impedance profile; b) time
domain voltage pulse; ¢) evolution of objective function; d) seed values used and
optimal values found for the number of capacitors
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Fig. 3.18 Results for seed 3 approach 3 after optimization: a) impedance profile; b) time
domain voltage pulse; c) evolution of objective function; d) seed values used and
optimal values found for the numberazpacitors.
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3.4. Conclusions

A numerical optimizatiompproach to determine the number of decoupling capaaitars
PDNwas presenteth this chapterSeveral optimization efforts were doneogatimize the PDN
aiming at decreasing the number of decoupling capacitors without violating the PDN design
specificationslooking at both the impedangeofile in the frequencaydomainand the resulting
voltagedroopin the transientime-domain Better resultsvere foundby limiting theamount of
design variables. Additionally, by limiting the maximum total number of capacitors allowed, a
more robust formulatiowas obtainedcapable of minimizing the number of capacitors to yéeld

PDN that satisfies the target impedaace minimum transient voltage supply specifications.
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4. Optimizing a Buck Voltage Regulator and the
Number of Decoupling Capacitors fora PDN
Application

Voltage regulatorgVR) distribute controlled voltag® the various active devices on a
power delivery networkPDN), by providing a steady power supglya desired DC voltage level
with an acceptable noisevel or ripple

These VRtransfer energy from one place to another, ideally with the highest possible
efficiency [Ericksor96]. Substantial power loss dissipated as heat by the VR elements may lead
to reduction in system reliabilitgnd could require a large and expensive cooling system.

High-efficiency voltageegulatordhave very little power loss, leading to smaller converter
sizes andasts. Switchegnode semiconductor devices are preferred fosWiRe they are smaller
and easier to incorporate into integrated circuits. Bhek converter is one of the most popular
switchingconverters [DiBend4]. This type of voltage regulates simple, small, and efficient; it
can also be controlled with relative ease.

Voltage regulatorsnaintain a constant voltagegardless of changes in the input voltage
or in the effective loadesistance by means of a feedbdokp [Erickson96] that is the
compensatiorportion of the VR However, undesired output voltage ringican occur if this
feedback loop becomes unstable. Therefore, the compensation of the VR must be designed to
ensure stabilityThe phase margitest is a special case of the Nyquist stability theorem and is
typically considered to be sufficient for designing most voltage reguldibis test measures the
difference between 18@nd the actual phasehen the gain reaches unity gain (at the crossover
frequency. Fora stable systertine phase margin should be positiitas typically recommended
in the industryfor the phase margito be between 4&o0 60] to avoid overshas and ringing in
the transientesponse [Mitche01].

In this chapter an optimization methodology to determine the best values of the
compensatioelements of 8uck VR as well as the optimal number of decoupling capacitoas
power delivery networlapplicationis presentedHere, the PDN described in Sectidii is used.

An averaged equivalent circuitodel of theBuck converter is employed. Several optimization
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efforts aremadeto optimize the VR compensation, aiming atesired crossover frequenapnd
phase margithat meets some stabilityiteria, as well as optimizinthe number of decoupling
capacitors in the PDN to meet a frequedoynainimpedanceprofile specification and a time
domainvoltage drooprequiement. This chaptes based orfMorenoMojica-20d, [Moreno
Mojica-21h and [MorenoMojica-21d and comsists of a more detailed version tbie work in
[Moreno-Mojica-21d].

4.1. Modeling the Voltage Regulator

For this work, araveraged modedf a Buck converter was chosen. These models lend
themselves nicely for smagdignal responseto draw Bodeor Nyquist plots to assess stability
Since there are no switchimgpmponents, their simulation is much faster than the corresponding
switching model $andler06]. However, it is not possible to see rippdpikes, gate charge, and
instantaneous switching loss. Nevertheless, averaged modeling of veljatpgorss a mainstay
of modern control theory, and under the small ripple approximation, they give a good
representation of the main rdgtor characteristics [DiBen#4].

The equivalent circuibf the converter used in this work is showrfig. 4.1. The circuit
consists of a singlended input amplifiera compensatioamplifier, an output amplifier, and an
output filter. The output amplifier is ¢éhpower stage portion of the regulator. A simple output filter
is connected to the power delivery networgut. This filter consists of a resist@yr, an inductor
Lvr, and the bullcapacitors that are part of the Pphot shown inFig. 4.1). The compensation

TR o i

| \
: Ry G5 Ry CZF } connection to
| FMW | sense point
f Jl [
| \
R
= : 1 C] } RVR LVR
Input | |
amplifier | W
| \ + )
: Verp — } Output connectlop to
! I amplifier  POVET delivery
3 = ) network

Compensation amplifier

Fig.4.1 Averaged equivalent circuit ofBuck regulator
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L | 1 1 !
Input : > } | Rk Lye
amplifier : E* | % M—L

| I =
! Vi = } Output connection to
| I ! - power delivery
| i amplifier
Lo - ) network

Compensation amplifier

Fig. 4.2 Simulation cicuit to obtain Bode plots of the voltage regulator connected to the
power delivery network

circuit amplifies the error between the reference voltagethe amplified feedbaskgnal coming
from a sense point on the PDN.

The simulation circuit is modified following [Bas$€Xd] to obtain the open loogainBode
plots, by adding a smabignal AC perturbation to open the loop. The resulting circuit is shown in
Fig. 4.2. ProbingVy/Vy allows to plot the open loop gain magnitude phdse, which is where the
stability criteria are assessed.

4.2. Proposed Methodology for Optimizing the \bltage
Regulator and the Decoupling Capacitors

In previous studieg was attemfedto optimize the decoupling capacitansthe PDNto
meet a maximum impedant&rget and a minimum transievltage along with optimizinghe
compensatiorelements of the VRo meet a desired crossover frequendth acceptable phase
marginfor stability. It was not possibléo obtain physically meaningful results with this method
as the optimizatioalgorithm went into negative numbers of capacitors or negative values for the
compensation elementetter resultsvere obtained byreaking the problem iata severastep
methodology. The flow diagram for the proposed methodology is shokig.iA.3.

The first step is to find the optimal number of decoupling capacditdghe PDN assuming
an ideal VR that meet a desired maximum impedamcéhe frequency domain and the target

minimum transientoltage The work done ifMoreno-Mojica-21a] found that when using an
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( start )
INITIAL DECOUPLING CAPS OPT.: Find the
optimal number of capacitors assuming ideal VR
considering frequency- and time-domain effects

v
SAVR COMPENSATION OPT.: Find the optimal
compensation values of a state average VR that

give a desired crossover frequency using the PDN

with optimized number of decoupling capacitors

_meets .
" frequency- . yes -
“_and time-domain_—~ " end Y,
. spec?
“‘“l:whé

DECOUPLING CAPS OPT.: Find the optimal

number of capacitors assuming optimized state
average VR considering frequency-domain effects

X
_meets .
" crossover
no - frequency?

S yes -
—_end )

Fig. 4.3 Flow diagram of proposed methodology

ideal voltage source as the voltage regulatioe bulk capacitors on the PDN do not hase
significant effect on the circuit response. This allows to reduce the numbmgtiofization
variables and gives a good starting point for the next optimization events.

The second step is to find the optimal values of the components in the compesfaaigon
practical VRconnectedo the PDN(seeFig. 4.1) with the optimized number of capacitors from
the previous step. After finding the optimal compensation values that meets the required crossover
frequencyit is necessary tacheck if the entire circuit still meets the maximum impedaaod
minimum transienvoltage

If the design requirements are not nibg procesgoesto a third step to reptimize the
decoupling capacitorsf the PDNbut now using the optimized practical VR this step the bulk
capacitors must be included in the optimizataniables since a practical VR used After this
optimization the compensatiarf the VR is checked to see if ineets the required crossover
frequency if not, the procesgoesback to step 2ntil the design requirements are met.
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In the next three steps the Nelddeadalgorithm available in Matlalis usedo solve the
corresponding optimizatioproblem. SPICHs usedfor the circuit simulations in Step 1, and

Keysight ADS for the circuit simulations in Steps 2 and 3.

4.2.1 Step 1: Optimizing the Number of Capacitors in the PDN
Assuming an Ideal VR

Let @ X P represent the vector @f design parameters of the power delivery network,
whose responses of interest are in vecdors-ﬁ‘Q and=| ofH . The PDN impedance profile
response, i. e., the magnitude of the parameter at the frequency band of inteiesbntained
in =| oQ, and the PDN voltage droop response, i. e., the amplitude of the transient voltage of
the PDNis contained in={ of1 . The design parameters are in veatprwhich contains the
number of decoupling capacitors in the POMNe number of decoupling capiacs in the PDN is
first optimizedusing an ideal voltageource of 1 V as the voltage regulatdereonly the number
of cavity capacitors {§ ) and the number of capacitors located at the pac@dgeation
(0 ) are optimized. The bulkapacitors and the capacitors located at package 1 and package
2 locations are left fixed. The optimization variables ere [0 0 1T (number of
cavity and packag® capacitors).

The design specificationsre a maximum target impedancef 2. mQ f or fr e
lower tham'Q ¢ @- ( Ua minimum targeimpedancef0.52mQ f or frequenci es
"Q 1 mh(,@nda minimum transiembltage specification of 0.8 V.

The optimizatiorproblem uses a minimax formulation,

'Y Adgéﬁ A ofiQhg ey e (4-1)
where the error vector functigg oQ is used to ensure a desired maximum target impedance
where Qs the simulated frequency, the error vector funcﬁan-Fb is used to ensure a desired
maximum transientoltagedroop whereois the simulated time, and the error functigne is
used to keep the optimizatieariables within feasible bounds

The error vector functiogg eRQ is defined as

SMATLAB, Version9.8.0.1359463R2(204), The MathWorks, Inc1 Apple Hill Drive, Natick MA 017662098, 2@0.
SADVANCED DESIGN SYSTEM (ADS), Version512.update2.,0Keysight Technologies1400 Fountaingrove Pkwy
Santa Ros&€A 954031738 19852020
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] =|8.ﬁ o D Q
m °*NQ 1 o o (4-2)
p AElI'® "Q
The error vector functiogg eho is defined as
me p BT EiOO 0 (4-3)
The error vector functiogg e is defined as
0 e
[ [ ] (4'4)

where0 is the limiting lower bound for the optimizatiorariables to ensure their values are
positive and no less than 1, adis the limiting upper bound for the optimization variables. Here

0 pandY p t1.Motice operations are elementisein the first part o{4-4).

4.2.2 Step 2: Optimizing the Compensation of a State Average
Buck VR for the PDN

Now consider a responsk—:- = HQ that contains the VR stability response, i. e., the
frequencydomain open loop VR gain magnitude and phbasthis second step the compensation
of the state averadguck regulatoris optimizedto now achieve a crossovieequencyof 120 kHz
with an acceptable phase mardtor this step, the optimized number of capacitors for the PDN
found in step 1 are usetihe optimizatiorvariables now are = [Ry(W) Rs(mW) Ci(pF) Cz(nF)
Cs(nF)]" (seeFig. 4.1). To decrease the number of variabléswa s | eft @da300 kQ ar
nH.

From the work done ifMoreno-Mojica-20c] poor resultswere seernconsicering the
converter ' ginpghagse m thé obgegive functiodror this reason, here only the

converter’s opensconeidered gai n magni tude

In this step thdollowing minimax formulationis used
o' ACCEN Ag o hg ohQ (4-5)
where the error functiogg < is used to keep the optimizatigariables within feasible bounds
and the error vector functigg < RQ is used to ensure the desired open foeguency response.

The error vector functiogg « is defined as
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mo P - (4-6)
wherelLg is the limiting lower bound for the optimizatiorariables to ensure their values are
positive; an elemenwise subtraction is used {4-6), with Lg = 1x101°,

The error vector functiogg © RQ in (4-5) is defined as

. g _°hs o £ Q
= 0 HQ 3‘| 8 ~h
oh s
8

(4-7)

p AI'® "Q
where™Q is the upper frequency limit of intere¥dis the lower frequency of interedthe

error function(4-7) aims at makings{ = HQsas close as possible to 0 dB when the crossover

frequencyis betweerf. andfy. Here"Q= 118 kHzandQ = 122 kHzare used

4.2.3 Step3: Optimizing the Number of Capacitors in the PDN
using a State Average Buck/R

For this step, the optimizatigoroblem(4-1) is solved againwith somemodifications.
Now a state averaged Buck VR is used, so the bulk capacitors need to be considered. Thus, the
optimization variables are now = [0 0 0 ]T. By obtaining a stable
compensatiofm the VRit is not necessarp consider the error functigg ehd in (4-1), which
helps reducing simulation time significantly; nOW  x Tt is usedand the error functio(4-4)

now considesthe bulk capacitors

= 0 (4-9)

Notice operations are elemenise in the first part of4-8).

4.3. Results and Discussion

Fig. 4.4 shows the results for Step 1, it is seen that the impegbaiofike and voltagelroop
specifications are met after optimizatidfig. 4.5 shows the results for Step 2: the crossover
frequencyis achieved with a phase margih35.84). When using thetate averagedR with the
PDN circuit, the transienwoltage droop and the impedance profile are affected. After the
optimization in this step, the voltage droop meets the design specificaliongver, the

61



4. OPTIMIZING A BUCK VOLTAGE REGULATOR AND THENUMBER OFDECOUPLINGCAPACITORS

FOR APDNAPPLICATION

impedance prof|l e has a vi ol

ati

ng i mF@ 46khowstiee reguitsafde

of

Step 3; the voltage droop and impedance profile meet the specifications, howeVeR the

compensations cr ossover frequency
Following the proposed methodology (d&g. 4.3), the procedure in Stepig repeated
Fig. 4.7 shows the results for this last stéjne desired cresover frequencis obtainedwith a

phase margirof 63.4); the voltagedroop and the impedancerofile also meet the design

specifications

mo v e d

t o

a

ower

Good resultsare obtainedby following the proposed methodology. The desired crossover

frequencyis achieved with a good phase margirensure stabilityas confirmed in the decreased

ringing in the transienanalysis. The transient voltageisemeets the design specificatiorasd

the impedancerofile also meets the maximum target impedaatcall frequencies
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Fig. 4.4 Results for Step 1 before (dashed line) and after (solid line) optimization: a)
transient analysis; b) impedance profile; c) objective funatolution and its
final value; d) initial and final values for the optimization variables
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Fig. 4.5 Results forStep 2 before (dashed line) and after (solid line) optimization: a) open
loop VR gain magnitude; b) open loop VR gain phase; ¢) transient analysis; d)
impedance profile; e) objective function evolution and its final value; f) initial

and final values offte optimization variables
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Fig. 4.6 Results forStep 3 before (dashed line) and after (solid line) optimization: a)
transient analysis; b) impedance profile; c) open loop VR gain magnitude; d)
open loop VR gain phase; e) objective function evolution and its final value; f)
initial and final values fooptimization variables.

64



4. OPTIMIZING A BUCK VOLTAGE REGULATOR AND THE NUMBER OF DECOUPLINGCAPACITORS
FOR APDNAPPLICATION

— »
o (b)
S 100¢ o 200 e
) TN i 8 = A |
T 50 0 1
2 % 120.2e8 =2 x: 120.2e3 :
c mit = ) £ 63.54 P
5 OTyo i @ 200
g  lel 1e3 1e5 < lel le3 1eS
E S ; H

frequency (Hz) requency (Hz)

a) b)
S 0.05 3
< . : X10
. — = 257
% 0.9 <~ (1)2 N
= = ' A
Ny

S 0.8 N

20e6 60e6 100e6

le2 1ed4 1e6 1e8

time (s) frequency (Hz)

c) d)
=
.2 Final Value: -0.999942 Seed Optimized
S 20 Re 10kW 10kW
= o R 8.112W 9.827W
2101 o Rs 21.546mW | 22.374mW
2 0 C 120.544pF | 131.170pF
2 C 2.397nF 0.340nF
O
g 0 0 100 Cs 92.278nF | 149.7650F

lteration Lvr 300nH 300nH

e) )

Fig. 4.7 Results for Step 4 before (dashed line) and after (solid line) optimization: a) open
loop VR gain magnitude; b) open loop VR gain phase; ¢) transient analysis; d)
impedance profile; e) objective functi@volution and its final value; f) initial
and final values of the optimization variables

4.4. Conclusions

An optimization methodology was proposed this chapterto gradually find the best
compensatiorparameter values of Buck VR to meet some stabilitgriteria. Additionally, the
number of paralletiecoupling capacitoraas optimized considering simultaneously frequency
and timedomain performancespecifications. By using optimal VR compensation parameter

values and a minimum number of decoupling capaciibrsas possibleto meet the desired
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crossover frequenayith good phase margiwhile the transientoltage and the impedanpgofile

were able to meet the design specifications
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5. Frequency and Time-Domain Yield Optimization
of a Power Delivery Network Subject to Large
Decoupling Capacitor Tolerances

Voltage regulatorgVR) need to provide ateady power supplst a desired DC voltage
level with an acceptable noidevel or rippleto the active devices on a computer platform.
However, VRssometimes are too slow anliba unacceptable voltage dropaused by transient
switchingcurrents at the devices. These voltage drops can cause perfomhetereration and
severe functional failuresn highspeed computer platforms. Decoupling capacitors are used to
supply transient currend switching devices when the VRs are not able to do so, thus regulating
the voltage transient droops. To ensure delivéripad voltages withing acceptable operating
ranges, many decoupling capacitare used to reduce power supply noise by lowering the PDN
impedanceprofile.

The work in [Moreno-Mojica-21d] propose a “ s i p@li @t ” aptonmationa |
methodology to find the best values of the compensaiiements of a voltagegulator as well
as the optimal number of decoupling capaciiora PDN However, commercially available
decoupling capacitors typically preséstge manufacturingariability.

In this chapter, a statistical analysis and yielktimation is performed on a nominally
optimized PDN considering capacitance variations the decoupling capacitordhe yield
simulations are done in Keysight PathWave Advanced Design Sya@81) through MatlaB,
following the proedure detailed in [Morenblojica-21€], where the statistical capabilities of
Keysight ADSare exploitedo save simulation time and memory.

Additionally, this chapter proposes frequency and timedomain yield optimization
approach suitable for power delivery networks considering the impact of large tolerances in the
decoupling capacitordAs the responses of interest foeld calculations, the impedanpeofile
magnitude, the transienoltage droop and the voltage regulatatability are included. The

numerical results obtained frattme proposed optimization approach demonstrate its effectiveness

"ADVANCED DESIGN SYSTEM (ADS), Version512.update2.,0Keysight Technologies1400 Fountaingrove Pkwy
Santa Ros&€A 954031738 19852020
8 MATLAB, Version8.2.0.701 (R2013b)rhe MathWorks, Inc.1 Apple Hill Drive, Natick MA 017662098, 20.3.
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to assess and improve the Pp&tformancend reliability confirmed by aignificantly increased
overall yield This chapters based onNloreneMojica-21¢, [Morenc-Mojica-211], and Moreno

Mojica-21g andconsists of a more detailed versiorttodwork in [MorenoMojica-22a).

5.1. PDN Decoupling Capacitors

Voltage regulatorsnust deliver the output voltageeeded by the different chips on the
computer platform. When the chips start operating, they create fluctuistithesloadcurrentand
voltage. The VRs have a control loop that helps regulate these changes. However, the response
time of the VRcontrol loop can be slow, in the order of mis®conds. As a result, temporary
voltage fluctuations will be seen by the diefore the VR can mitigate the changes. These
fluctuations can jeopardize the performanaed the reliability of the connect devices
[Radhakrishnai21]. A good PDNdesign is determined by its ability to keep the load voltage
within an acceptable operating range even as the load current changes or the input voltage
fluctuates. Keeping the impedanckthe power delivery networlow across a broad range of
frequencies, from DC to several hundred MHz, helps to suppress power suppby
[Radhakrishnai21]. Furthermore, an optimal PDN impedance profg€luces kectromagnetic
emi ssi ons, which contributes to paKmO04[he reg
Ichimura14].

Several stages of decoupliogpacitorsare used to provide switchirgiycuits with extra
currentwhen the VRs too slow to provide it. These capacitors also decrease the inductive effect
in the loop currentgth, thus reducing the power supplyise[Kim-04].

Several types of decoupling capacitare typically needed. The budlapacitors are the
biggest in the PDNThey act as charge reservoirs to transemtents and are placed on the
motherboard at the output filter of the voltaggulatorto provide arge bulk storage [Analog
Devices09]. They provide a low impedaneg low frequencies, below a few MHz.

Electrolyticcapacitors are commonly used to provide the buliput filter capacitance for
the switchingegulator on the platform. Aluminugiectrolytic capacitors are commonly used on
desktops and server platforms. Tantalpatymer capacitors are used on molglatforms that
have height constrainfRadhakrishnai21].

Cavity capacitors, also known as land sid@acitors, are located under the cawityhe
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packageand are effective at middle frequencies, up to several MHz. Package capacitors, or die
side capacitors, are effective at higher frequencies, up to several hundred MHz. Despite being
subject to significant varien in capacitance as a function of temperature and vdiiagemult

layer ceramic capacitors (MLQCare the most common in decoupling at middle and high
frequencies due to their compact size, low loss, and low induciRackakrishnai21][ Analog
Devices09].

In thischapter the bulkcapacitors are considered tantalum polymer capacitors with a form
factorsize code of 2917, the cavitgpacitors are MLC@iith a size code of 0805, and the package
capacitors are also MLCC witlize code 0201. The size code defines the capacitor package size
in terms of width 0.0X inch and depth 0.0Y inch and is denoted as 0X0Y. These particular

capacitors have a maximum tolerandée ¢ 1 BPMurata Manufacturing?1].

5.2. Statistical Analysis of a Power Delivery Network

Designing a robust PDMvolves accounting for uncontrollable variatiorssich as the
capacitance value fluctuatiow$ the decoupling capacitodue to their tolerancassociated to
their manufacturingrocess. A robust design aims at selecting product design parameter values so
that uncontrollable variations result in minimal deviati@mi the expected performar{ééeehan
93]. Ideally, a robust PDN implies designing for high yiatdl reliability

For yieldanalysis, circuit parameter values are randomly varied around a nominal reference
design according to their manufacturioterances and their probability distribution functions. The
corresponding simulated circuit responses are eoatpto specified performanceiteria. The
ratio of the number of circuits that pass the performance specifications to the total number of
simulated circuits can be used to approximate the yield around the nominal reference design
[Meehan93][ [Bandler02][ RayasSanche)6][ Agilent Technologie®0].

Yield estimation is typically based on the Monte Carlethod. The accuracy of this
method for yieldestimation is independent of the number of statistical variables [Agilent
Technologie€)0] as long as the outcomew system responses available have statistical
significance. Typically, many simulations of the complete circuit (outcomes), are needed to
achieve statistically significant results, which makes Monte Carlo in general a computationally

intensive method for yield prediction.

69



5. FREQUENCY- AND TIME-DOMAIN Y IELD OPTIMIZATION OF A POWERDELIVERY NETWORK
SUBJECT TOLARGE DECOUPLINGCAPACITOR TOLERANCES

Let @ X P represent the vector @f desiqn parameters of the power delivery network
whose responses of interest are in vectorssiQ, 4  eAQ, and4 efd . In the proposed
formulation, =| oQ contains the PDNmpedanceprofile response, i. e., the magnitude of the
& parameter at the frequency band of inter#zst; eQ contains the VR stabilityesponse, i.
e., the frequencgomainopen loopVR gain magnitude and phase; and fina{lly of» contains
the PDN voltagedroopresponse, i. e., the amplitude of the siantvoltage of the PDN. The
design parameters are in vectégrwhich contains the values of the decoupling capaditotise
PDN,e =[0 o 0 0 6 17 (bulk, cavity, and packageapacitors, in pF).

Error vector functions are used to measure the degree to which the responses satisfy or
violate the performancepecifications. The error vector functigh 2 o[iQ is used for the desired
open loogrequency response of the VR and is defined as

ﬁs—h% p EI'® Q

m °hQ % o &' 0 (5-1)

Y e [ Ag ehQ (5-2)
where™Q is the high frequency limit of interesfQ is the low frequency limit of interesError
function in (5-1) aims at makings{  efiQsas close as possible to 0 @Bien the crossover
frequencyis betweennQand™Q. The effect of this formulation is illustratedkig. 5.1. Here™Q
p p gHzandQ p ¢ kHzare used

The error vector functiorg eHQ is used to ensure the desired maximum target

impedance
3 =
L 08 \
£ o3
% h fuifu
frequency

Fig.5.1 Open loop VR gain magnitude showing crossover frequency betesml Q.
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Ko Sls s p AI'® Q
{ ] .
" p L2 i@ 0

(5-3)
e | Agg efQ (5-4)

where'Qis the simulated frequency. Hé@ ¢ @ GHz and'Q T T kHz.
The error vector functiogg ehd is used to ensure a desired maximum transieltage

droop

. 4 eh
m e p

AImO 0 o (5-5)
Ye I Ag e (5-6)
whereois the simulated time.

For the statistical yieldanalysis, the element values in tk¢h vector of decoupling
capacitorse are considered tospread around their nominal values dnaccording to their
individual statistical distributions and tolerances. Ktk design parameters can be presented as

e o Yo RQ pltiB M (5-7)
wherel is the number of simulations or outconseslYe is ak-th random perturbation.

Each outcomés associatewith an acceptance index defined by

0 e ph EE o T (5-8)
T EX o Tt

O e ph EXE e T (5-9)
T EX e Tt

O e ph EA e T (510

T EXE o Tt
If 0 is significantly large for statistical significance, following [Banell] the yield®

can be approximatedas the nominal designfor each type of performandg using

W e —-B O e (5-11
e —-B DOe (5-12
e -B Oe (5-13)

5.2.1 Estimating the Number of Outcomes for Reliable Monte
Carlo Analysis
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In Monte Carloyield estimation, the values for uncertain variables are replaced with
functions that generate random samples from independent normal probability distributions
[Agilent Technologie€0]. Many trialsare run, each one using different random vafoesll
uncertain variables.

To perform a reliable Monte Carlgeld estimation, it is necessary to approximate how
many simulations are enough to obtain an reasonably accurate yield estimation. Too few runs and
the yiel will be inaccurate. As the number of simulations increases, the yield estimate approaches
the true design yield [Agilent Technologi@8]. However, running too many simulations takes a
long time and it might take even longer to analyze data afterwards.

Authors in [Meehat®3] propose a way to calculate the number of Monte QGedls or
outcomes This calculation assumes that all statistical system parameters follow a normal, or
Gaussan, probability distribution function. The number of simulatidhsneeded to have a
certaintyc when calculating the yieldan be obtained from

0 1 €0&8E0—Op © (5-14)
where®is the expected yielit & p), - is the error in the yield estimatiofjs a statistical
value with a probabilityoto happendis the area under the bell curve betwee@rand ). For
sample sizes larger than 30 is the Zscorevalue for the required confidence leySullivan
21].

To evaluatg5-14), the expected yieldeeds to be evaluated in advarieg. 5.2 shows a
preliminary MonteCarloyield estimation with only five hundred triat¢ outcomesusing a 20%
tolerancen the capacitance of the decoupling capacitdithe PDNshown inFig. 2.4. It canbe
see that the impedangeofile yield starts stabilizing at around 60%. Using this value as the
expected vyield in(5-14), the number of required Monte Carlo triads calcdated for a 95%
confidence and 1% error. The parameter values and results for these calculations are shown in
Table 5.1. 9,220 Monte Carlo trialere neededo get a reliable yield estimation with 95%

confidence and 1% error.
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Fig.5.2 Preliminary yield analysis for the PDN impedance profile, with only 500
outcomes, to estimate expected yield

TABLE 5.1. ESTIMATING THE NUMBER OF MONTE CARLO OUTCOMES USING-14)

Parameter Value

confidence 95%
o 1.96 (Zscore)

- 0.01

@ 0.60

number of trials 9220

5.2.2 Statistical AnalysisResults

Here, yieldestimation is done for the impedanmefile and transientoltagedroopof the

PDNin [Moreno-Mojica-21d], as well agor the stabilityof the voltage regulatarsed in that PDN,

as formulated in Sectidn2 9,220 random outcomese usedor the three yield estimationsig.

5.3 shows the yield for the impedance profile; it stabilizes at around 57%. The yield for the stability

of the voltage regulator is shownkig. 5.4, showing a yield oaround 53%. Finally, a 100% yield

is obtained for the transient voltage droop, as confirmédgnb.5, indicating that the minimum

transient voltage droop is noerssitive to fluctuationsn the capacitance of the decoupling

capacitors The transient voltage waveform does show different levels of voltage fipple

different values in the capacitance of the decoupling capacitors, however, the minimum voltage

droop maintains a level above the specified performance

73



5. FREQUENCY- AND TIME-DOMAIN Y IELD OPTIMIZATION OF A POWER DELIVERY NETWORK
SUBJECT TOLARGE DECOUPLINGCAPACITOR TOLERANCES

100
X 9220
X Y 56.82
U 2
5 90
>
O ! L ‘
0 5000 10000

numberof outcomes

Fig.5.3 Yield analysis fo the PDN impedance profile using 9220 outcomes
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Fig.5.4 Yield analysis for the voltage regulator stability of the PDN using 9220
outcomes
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Fig.5.5 Yield analysis for the PDN transient voltage droop using 9220 outcomes
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5.3. Yield Optimization of the PDN

It wasfoundthat considering 9,220 random outcom@s% confidence and 1% error, the
yield for the impedancerofile stabilizes at around 57%; the yield for the stabiityhe voltage
regulatoris around 53%; and a 100%eld is obtained for the transiembltage droopindicating
that the minimum transient voltage droop is not sensitive enough to fluctuatitvescapacitance
of the decoupling capacitorShe three PDMesponses of interest for 500 random outcomes around
the nominally optimized PDN design using £20% variation in decoupling capacitance values are
shown inFig. 5.6. The transient voltage waveform does show different levels of voltage fagpple
different values in these capacitanckewever, the minimum voltage droop maintains a level
above the specified performanees confirmed irfrig. 5.6¢.

The yield of the nominally optimized PDMbtained in [MorenéMojica-21d] is now
optimized subject to large decoupling capacitor tolerances, considering simultaneously the
impedancerofile and the VRstability design specifiations Since the minimum transiendltage
droopis not sensitive enough to fluctuationsthe capacitance of the decoupling capacitibis

is not considereth the yield optimizatiorobjective functiorto speed up the process. However,

006 150
g | B o100
o 0003 e —
= 003 | 2 \
5 : | RN N
g \ ;'\\_ 2 50+
0 : D WA -100-| | | |
0 le2 led le6 le8 0 lezﬁ led . 1e6
frequency (Hz) g;luellcy( z7)
a)
] —
>
S
& 0.95—
s S
’_g‘ \/
0.90 —
| T

T | .
0 20 40 60 80 100

time (s)
9)

Fig.5.6 PDN responses of interest for the 500 random outcomes around the nominally
optimizedPDN design using £20% variation in decoupling capacitance values:
a) impedance profile; b) open loop VR gain; and c) transient voltage.droop
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the yield of the transiemoltage droops verifiedwith the optimal yield component values

5.3.1 Yield Optimization Formulation

The formulation inSection5.2 is usedto estimate the yieldf the VR stability and
impedanceprofile when the PDNs subject to variability in the capacitance of the decoupling
capacitors

The design parameters are in vecsof  ° which contains the values of the VR
compensatiomesign parameterg,= [Ry( Q Rs( mQEi(pF) CanF) Cs(nF)]", as well as the
values of the capacitance of the decoupling capaciors [Ceuk( M FQcavi( M FOpkgd M F)
Crkgi(NF) CrrkgANF)[; s" = [2" W]

The optimizationproblem considers simultaneously the yiefdhe VR stability and the
yield of the impedancprofile with a minimax formulation,

v AdgéﬂA@ viQ vig v (5-15)
wheres' is the optimal yieldlesign evz(s) andeyvr(s) are the error scalar functions used to ensure
the impedanceprofile yield and the VRstability yield are above their respective minimum
requirements; anevg(s) is the error vector functiomsed to keep the optimizatieariables within
certain bounds

Error scalar functiomyz(s) is defined as

Q v p

(5-16)

whereYz is the impedancprofile yield andYzspecis the required yield for the impedance profile.
HereYzspec= 75%.
Error scalar functioeyvr(S) is defined as
Q v p O YO (5-17)
whereYyr is the VRstability yield and YvrspeciS the required yield for the VR stability. Here
YvRspec= 75%.

Error vector functioreys(s) is defined as

v
P I
m Y v q (5-18

-
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TABLE 5.2. DESIGN PARAMETERS VALUES BEFORE AND AFTER YIELD OPTIMIZATION

Parameter Initial Value Final Value Units
Bulk capacitance 418.71 732.85 uF
Cavity capacitance 12.7 17.62 uF
PkgO0 capacitance 1.14 0.9348 uF
Pkglcapacitance 402.68 344.94 nF
Pkg2 capacitance 6.34 2.08 uF
Re 9.827 9.5402 Q

Rs 22.374 22.1182 mQ
Ci 131.17 51.3604 pF
C 0.34 0.4096 nF
Cs 149.765 173.7384 nF

whereLs I %is a vector of lower bound# contains ararbitrarily small number to ensure the
VR compensatioelements remain positive (1 x"1f), as well as the minimum commercial values
of the capacitance3he lower boundsarel 5 p F f o capatithnee, lbpl fok the cavity
capacitance, and 0.1 pF for the packeagacitances)s | A®is a vector of upper bounds; it only
contains the maximum commercial values of the capacitambesipper boundsrel 00 pF f or
the cavity capacitance, .7 MWF for the packag:
totwo 470p F  ma x i mermal valoan idotice that operations(5118) are elemenwise.

Matlab s N-&éad aelgorithm [Nelder65] is usedto solve the corresponding

optimizationproblem, and Keysight AD®r the yieldevaluations.

5.3.2 Yield Optimization Results

The design parameter values before and after giplionizationare shown irrable5.2.
The yield calculated with 9,220 random outcoragsund the optimal yield degi found,s’, for
each PDNperformancelomain, are shown iRig. 5.7. It is seen that a 92.8% yiaklachievedor
the PDN impedangerofile (Fig. 5.7a) and a yield of 90.86 % for the \&Rability (Fig. 5.7b). Both
yields exceedherequirements and show a significant improvement, since they were 56.82% and

53.81%, respectively, before yield optimizatiéig. 5.7c verifies the yield of the transiembltage
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Fig.5.7 Yield analysis with 9,220 outcomes at the PDN optimal yield design: a)
impedance profile; b) VR stability; c) transient voltage droop

droop is still 100% after the optimizatiofig. 5.8 shows the evolution of the objective function

used in(5-15) during yield optimization.

5.4. Conclusions

A statistical analysis and yieldrediction was performeth this chapterfor a PDN
impedanceprofile, transientvoltage droop and voltage regulatostability. A mathematical

formulation to perform this yield estimation was proposed. Keysight sfafstical capabilities

Final Objective Function Value: -0.220366

B

=
)

(=]

®
®
w
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@«
¢
&
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S
[S]

2 RO
0 50 100 150 200
iteration

Fig.5.8 Evolution of the objective function used in @yring yield optimization
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were exploited to save simulation time and memory, while still allowing automated data
processing through Matlalit was found that the minimum transient voltage droop was not
sensitive to fluctuations the capacitance of the decoupling capaciswst maintained the correct
performancdrom the nominal optimizatioshowing a yield of 100%Ihe impedance profilead

a yiedd of 57% andthe stability of the voltage regulator had a yieldb8%6. Then afrequency

and timedomainyield optimization approach was proposed for nominally optimized power
delivery networks considering the impact of large tolerances in the decoupling capadiars.

the optimization process, high yield®re achievean both the impedance profile arftetVR
stability (92.8% and 90.86%, respectivelfhe numerical results obtained fratme proposed
optimization approach demonstraits effectiveness to assess and improve the PDN performance

and reliability confirmed by aignificantly increased overall yield
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6. PhysicsBased Lumped Circuit Model for Lossless
Parallel Plates

A boardpower delivery networkPDN) consists of multiple couples of power and ground
metallic planes with arbitrary shapes separated by thin dieledthese planes have a dominant
capacitive behavior at low frequeasi and an inductive behavior at very high frequencies.
However, the inductanda the planes is much smaller than in other structures on the PDN. This
makes the planes useful to supply biasing voltages from the decoupling capagitated on the
planes to devices switchirgt high frequencies and support return cur@nthe signal lines
[Swaminathar07].

Optimal placement of decoupling capacitors on the PDN is of particular interest to power
integrity designers as the distance of the capacitor
effectiveness [Erdii8]. The distributed plaar impedancef the PDN poweground planes needs
to be considered for the location of the decoupling capacitors [2idifrPDN metallic planes
behave as spatially distributed systems and can create stavalieresonancealong thex andy
directions due to reflections from the open edges. These resonances can create signal and power
integrity problems [Swaminath&Vv]. Furthermore, the planes in a PDN can be of arbitrary shape
and under tight ball grid array pin fiis they are actually very thin power transmission I[Eedin-

22]. Full-wave electromagneticEM simulation provides high accuracy and a high degree of
versatility in maleling PDN planes with arbitrary shapes; however, the simulation time can be
prohibitive for efficient noisg@redictions [Royl1].

Equivalent circuit models are computationally much more efficiepiopular approach to
model a PDNis to derive an equivalent circuibodel that matches the response of the actual
structure, however, the equivalent circuit is accurate enough only up to a certain operating
frequency LeatRoma-20]. Another widely used approach to represent a PDN is to use the partial
element equivalent circuit (PEEC) method [SwaminatbignThis method essentially consists of
a quasistatic EMrepresentation of the physical structure by an equivalent distributed circuit,
however, it also has a limited frequency range of validity.

In this chapter, a simplified PDdbnsisting of a single pair (power and ground) of lossless

parallelrectangular plands consideredHighly accurate fulwave EMsimulations on the planes
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are performedTheaim is to obtain reliable references to compare versus elemgt simulations.

The effects of different placements dfet excitation porbn these planeare also examined
Sonnet is used to perform these highly accurate EM simulatibligh-resolution discretization

in Sonnetis usedo observe the superficial curresgnsity distribution as well as the impedance
profile of the planes. Additionally, the parallel plarss discretizethto small cells connected to
each otherEach cellis modeledwith a basic lumpeeéquivalent circuit The resultant equivalent
circuit for the complete parallel planas validatedversusthe full-wave EM simulations
implemented in SonneDifferent physicshased modelare evaluatedo calculate the lumped
elements values of the basic cell, varying the number of cells used. The discretization of the planes
allows to place ports anywhere om thquivalent circuit, enabling future research about the effects
of placing decoupling capacitorat different locations on the planes, avoiding the high
computational cosif the corresponding fulivave electromgnetic(EM) simulation.This chapter

corresponds to a slightly modified version of [Moréviojica-22b] and [MoreneMojica-22c].

6.1. SonnetEM Simulations

Sonnet performs fullwave electromagneti@nalysis for arbitrary 3D mostly planar
structures inside a shielding h@s shown itfrig. 6.1. The sidewalls of the box are made of lossless
metal and the top and bottom of the box can be assigned any metal type. The top box surface can
al so be desipmaee” as POfFteeonnections are usual

Shielding Box

Metal < .
Structure Air Layer

y4

Dielectric y
Layer — [
X

Ground Plane

Fig.6.1 3D planar structure and shielding box in Sonnet

9 Sonnetv18.52, Sonnet Software Inc., North Syracuse, NY220ttps://www.sonnetsoftware.com/
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~,

=

Fig.6.2 Simplified power delivery network as two parallel metal planes

Ground Plane

reference planes can be shifted teede&bed feedlines to the devigeder test. The size of the box
in thexy plane is determined by the size of the substieh in turns depends on the structure to
be simulated. The size in tzalirection (sed-ig. 6.1) is determined by the sum of the substrate
thickness of the dielectriayers (including the air layer on top of the structure) [Sonnet Software
22].

A lossless pair of parallehetallic planes is considered a very snplified PDN, with
separatiorh, metal thickness= 0 and dimensions |, as illustrated iffrig. 6.2. The ground plane
acts as the bottom planetbg pair, and the top plane is where the excitationip@iaiced.

When the top plane is touching the shielding,libe currents injected along the entire
edge, as demonstrated in Section lll. To dubis, a 56ohm microstrigine short portion is used
to inject the current only at a small section of the plane edge and observe the effects of moving the
placement of the excitation port

All the EM simulations described in Sections Il and IV use two different discretization
resolutions in SonnetThe first one uses 2,106 grid subsections when calculating the impedance
profiles. This resolutioms sufficiently high for Sonnet to reach convergence in calculafing |
response over the simulated frequency band. Calculating the impedancenptiofitat resolution
takes approximately 33 minutes using a computer with Intel Ceté710 at 3.40 GHz and 16 GB
RAM. However, a much higher resolution with 34,672 subsections is used in Sonnet when
calculating the surface curredistributions in order to obtain higiuality 2D plots. With that

resolution, a frequency sweep takes approximately 36 hours of CPU time using the same computer

6.1.1 Parallel Planes Case 1

For this first simulation case, a lossless pair of panabglesis considereavith h=5 mils,
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a)

7

b)

Fig.6.3 Parallel planes Case 1, where the upper plane left edge touches the shielding box

w = 306.9 mils, andl = 306.9 mils, with the left edge touching Sonnst

and the excitation port is at the middle of the left plane edge: a) 3D view; b) top
view.

s hi e hsckshowry

in Fig. 6.3. The air layer on top of the structure is 25 mils thick. Highly accuratesifilations

b ox

are obtained in Sonnet configuring the grid resolution as indicated in Section lll, as in the rest of

the EM simulations of this report.

The resulting impedancgerofile from placing the excitation post the left edge of the

planes is shown iifrig. 6.4. As expected, it is clearly confirmed a capacitive behavior at low

frequencies, approximately below 1 GHz. The curdssiribution plots are shown fig. 6.5. In

this case, it is seen that the current is injected on the entire left edge of the planes and is forced to

spread only in th& direction. Since the current is injected on thereredge, a different location

Fig. 6.4 Impedance profile Zi1| in dB) of theparallel planes for Case 1.
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Fig.6.5 Current distributions for Caseii A/m: a) 10 MHz; b) 5.025 GHz; c) 9.45 GHz;

d) 30 GHz

of the port on the left edge will not cause a different response (the corresponding experiments are

omitted for the sake of brevity).

6.1.2 Parallel Planes Case 2

In this second simulation case, the same lossless pair of pptalels as in Caseid

consideredhowever, the uppgaane is now not touching the shielding md a short section of

50-ohm microstripline on the left edge of the plane is inserted, as illustrat&iire.6. The air

layer on top of the structure is still 25 mils thick.

The excitation portis placed on the short feeding microstlipe and a dembedding

-
h
'

| / |
13

A 1

w

‘/

7

a)

b)

Fig.6.6 Parallel planes Case 2a, where the upper left plane edge does not touch the
shielding box and the excitation port is on a feeding short microstrip line at the
middle of the plane: a) 3D view; b) top view
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Fig. 6.7 Impedance profile Zi1| in dB) of the parallel planes for Case 2a.

reference plane is used to measure Hpadmeters at the plane edge. This enables to inject the
currentat a small section of the plane edge instead of on the entire edge, and so the location of the

port will now influence the response.

6.1.2.1 Port at the Middle of the Plane Edge (Case 2a)

The feedlings first placedat the middle of the left plane edge, as shown in Fig. 6. The

resulting impedancprofile is shown inFig. 6.7. It is seen that the first resonance moved from 4.8

0.51
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oo j
| 0.00
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393 —
. 294 —

19.6 —
.
[ | 00
c)

Fig.6.8 Current distributions for Case 2a in A/m: a) 10 MHz; b) 3 GHz; c) 9.5 GHz; d)
30 GHz
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a) b)

Fig.6.9 Parallel planes Case 2b, where the upper left plane edge does not touch the
shielding box and the excitation port is on a feeding short microstrip line at the
top corner of the plane: 8P view; b) top view

GHz to 3 GHz (comparkig. 6.4 andFig. 6.7). The currents injected along the entire edge of the

feeding microstrigine that is touching the shielding hdxowever, when it reaches the Ppldne
edge it is injected in the middle, and then it spreads throughout the plane in(loothitudinal)
andy (transverse) directions, as confirmed-ig. 6.8.

6.1.2.2 Port at the Top Corner of the Plane Edge (Case 2b)

The feedlinas now placedn the top corner of the left plane edge, as shoviignG.9.
Everything else is the same as in Case 2a. The impegaoide for this case is shown iRig.
6.10. It is seen that the first resonance moved from 3 GHz to 2.3 GHz (cofigaée/ andFig.
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Fig. 6.10 Impedance profile Zh4| in dB) of the parallel planes for Case 2b.

6.10). In this Case 2b, the currastinjected at the corner and spreadsulghout the plane in the
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Fig. 6.11 Current distributions for Case 2b in A/m: a) 10 MHz; b) 2.4 GHz; c) 9.5 GHz; d)
30 GHz

longitudinal and transverse direction in a different manner than when then feedline was at the

middle of the plane edge, as confirmedrig. 6.11.

6.1.2.3 Port at the Middleof the Plane Edge with a Capacitor on the Far Edge
Corner (Case 2¢)

Finally, in this Case 2c, again the feedliseappliedat the middle of the edge plane, but
now an ideal lumped00pF capacitoris insertedon the far lower right corner of the plane
connected to ground, as showrkig. 6.12. The corresponding impedanaefile is shown inFig.
6.13, where the effect of adding the capacitor can be clearly seen, both at low frequencies and at
the resonance frequencies. The magnitude ofrthetiimpedance at 0.01 GHz decreased from
around 58 dB up to 42.4 dB (compdiig. 6.4, Fig. 6.7, andFig. 6.10 with Fig. 6.13). From the
surface currentistribution shown inFig. 6.14, it is also clearly confirmed that the lumped

capacitor pulls the current to ground.

6.2. Parallel Plane Equivalent Lumped Model

Consider a simplified PDNomprised of two metallic planes with lendthwidth w,

dielectric height h, dielectric relative permittivityg, and metal thickness The planes can be
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a)

C= jpf

Fig.6.12 Parallel planes Case 2c, where the upper left plane edge does not touch the

b)

shielding box, the excitation port is on a feeding short microstrip line at the center
of the plane, and a capacitor is inserted at bottom edgednd: a) top view; b)
zoomin of the capacitor

divided into smaller rectangular sections of parallahes structures (basic geNith an area of

W W, as shown ifrig. 6.15. UsingN cells in the longitudinal direction@axis) and\ cells in

the transversal directiog-@xis), it is seen that the planes are discretizéd iaws byN columns,
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Fig. 6.13 Impedance profile Zh4| in dB) of parallel planes fa€ase 2b.
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w o (6-1)
w 0T (6-2)

Each basic celis modeledwith a lumpedequivalent circuitas shown irFig. 6.16. The
two horizontal branches of thermodelconsider the curreritowing in the longitudinal direction,
while the two vertical branches consider the current flowing in the transversal direction.

This lumpedequivalent circuitallows five internal nodeFig. 6.16c) for calculating the
impedanceover the entire surface of the parallglane structure, and additional external
components can be connected in any of those nodes. Its accuracy can be controlled by the
discretizatiorresolution, meaning the size o andw . Something to consider is that the edges
of the planes are magnetic walls, which requires nodes at the edges to be terminated in open circuit
[Kim-01].

For the sake of simplification, in this work lossless parallehesare consideredThe

impedances and admittee of the lumpeeéquivalent circuitare then calculated as

& Qo (6-3)
o Qb (6-4)
w Qo (6-5)

where0 is the cellparallelplate capacitance (F), is thecell parallel plate inductanggl) in the
longitudind direction,b is the cell parallel plate inductance (H) in the transversal direction, and

1 is the angular frequency.

h:@/‘n’

le 2

le 2

Fig.6.16 Basic cell equivalent circuit -model: a) current flows in the direction; b)
current flows in the y direction; c) completenTodel of the basic cell
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VAR117 um=
Yz=j*w*Cz Z1P_Eqn
ZX=*W*LX + Z1P31
Zy=j*w*Ly Z[1,1]=ZyI2
[P35
Num=5
P1 Z1P_Eqn P3
Num=1 Z1P_Eqn B Z1P32 Z1P_Egn  Num=3
Z1P29 Z[11]=2y/2 Z1P30
Z[1,1]=Zx/2 ‘ Z[1,1]=Zx/2

P4 Y1P_Eqgn
Num=4 +|Yips
Y[1,1]=Yz

1

Fig. 6.17 Basic cell equivalent circuit-inodel implemented in Keysight ADS

6.2.1 Equivalent Lumped Circuit Model Implementation in ADS

The equivalent lumpedircuit from Fig. 6.16¢ is implemented in Keysight AD8sing
equationbased components fa- and Y-parameters. These components allow to specify the
impedanceind admittance parameters in complex format. This enables the direct use of equations
(6-3),(6-4)-(6-5), as shown irFig. 6.17. To facilitate joining several cells together, the basic cell
schematic is encapsulated in a subcirdtiiy. 6.18a shows the basic cell subcircuit symbol and

Fig. 6.18b shows an example of several basic cells connec&@ iny 5 array

6.3. Parallel Plane Equivalent Physical Models

The lumpedcomponent® , 0 and0 can be calculated using several different physical

models. In this section three of theme considered

6.3.1 Lumped Component Values Using ldeal Parallel Plate
Subsections (IPP$
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1

&
—a& P5 | e —a P5 | e
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pa ° —® pa "7 —® pa ° —® pa P° —® ps 7° —®
Lcell Lcell Lcell Lcell Lcell
X11 X12 X13 X14 X15
a)

b)

Fig. 6.18 Equivalent lumped circuit implemented in Keysight ADS: a) basic cell

subcircuit; b) example of a parallel plate circuit model by connecting 15 basic
cells together in a 3 by 5 array

The equivalent circuiparameter values for the basic adh be approximated using the
following ideal paralleplate equations [[KirD1]:

(6-6)

o — (6-7)
0 — (6-8)
- - (6-9)
Co (6-10)

where- Y& v TpE/m is the permittivity of free space, and T1@" pH/m is the permeability

of free space.

Note that this physical modeéglects the fringing fieldat the edges of the paralfghtes.

6.3.2 Lumped Component Values using ldeal Microstrip Line
Approximation (IMLA )

Here, each row and column of the discretized pargllehesare assumed tde

approximated by an ideal lossless microdirip whose characteristic impedans&> and phase
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velocityis U . Both® andb depend on the microstrip cressctiondimensions and materials,
O Qi (6-11)

L = (6-12)

- — (6-13
wherewis eitherw or w , depending on the currefidw direction,c is the speed of light in free

space, and is the effective dielectripermittivity.

If L andC are the transmission liperunit length inductancgH/m) and capacitance (F/m),

then
ARy ] (6-14)
) Vl__ (6-15)
Solving forL andC,
0 — (6-16)
6 — (6-17)

If the metal thickness is neglected, the characteristic impedanagf this lossless

microstripline can be estimated using [Gu&4],

EA£ ph®d —aét— — (6-18)

EA phdy ———"r (6-19)

The lumpecdtapacitord and inductof) for each section of the horizontal microstiipe
are calculated usin@ .
The lumpedtapacitord and inductot for each section of the vertical microstliipe are
calculated usingp .
Finally, the lumpeaapacitor for the equivalent circuntodel in (3) is taken as the average
of the previous two capacitances
o — (6-20)

Notice that this physical model also neglects the fringing figldse edges of the parallel

plates.
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6.3.3 Lumped Component Values UsingWalked s For myl as

The electric and magnetic fields near the edges of the planes are not uniform due to the

boundary conditions on the outside surfaces of the plates [ThiéauThese fringing fields
contribute to the total capacitance and inductarfid¢be planes and must be taken into account.
Hereeach row and column of the discretized parallehes issssumed to bapproximated

by a lossless microstrime. Each of those microstrip lines has a widtfw or w , depending on

the currenflow direction), a substratieeighth, and dielectriaelative permittivity- . Walker s
formulas [Walket90] can be used to calculate the LC parameters, as follows.

The perunit selfcapacitanc€s (F/m) and selinductancd.s (H/m) are given by

5 --0 - (6-21)

(J— (6-22)

o — - — (6-23)

v — - (6-24)
where- is calculated with6-13) and the characteristic impedang&e(W) can be calculated as
[Walker-90]

if - ph® QmMeE— — (6-25)

if — ph @ (6—26)

The lumpedcapacitor and inductor for each section of the horizontal micrdsigpare
calculated usingp @ in (6-21),(6-22),(6-23),(6-24),(6-25)-(6-26) and

0 Ow (6-27)

0 Jw (6-28)

The lumpedcapacitor and inductor for each section of the vertical microBigare
calculated usingp ® in (6-21),(6-22),(6-23),(6-24),(6-25)-(6-26) and

060 Ow (6-29

0 lw (6-30)
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Finally, the lumpeaapacitor for the basic cadbjuivalent circuimodel is calculated using

(6-20).

6.4. Lumped Equivalent Circuit vs Full Wave EM Simulation
of Parallel Plates

Two general cases of EMmulationsare consideredn the first case, the left edge of the

top metal plane is touching Sonhes met al sl theesécdnid nage, ebsbaxt microstrip
from Sonne

the top c

feedlineisused o0 separate the plane’s edge
placement of the feedline exploredat t he mi ddl e and at
and several parallgllate dimensionare consideredThe simulations results and corresponding

comparisons for each case considered are describedfolltiéng subsections.

50
N:I N:l
= 0 =
g 8
S & .
!
]
i
50 L . X X I . .
1 10 20 30 1 10 20 30
frequency (GHz)
50 50"
E E
N N
= 0 s 0
3 8
& &
-50 L ‘ : -50 L : :
1 10 20 30 1 10 20 30
frequency (GHz) frequency (GHz)
c) d)

Fig. 6.19 Parallel planes withV = 306.9 milsL = 306.9 mils, EM model Case 1 in Sonnet
(black solid line), equivalent lumped circuit using IPPS (dashed green line),

IMLA (red dotted line), WF (purple dalashed line): ayi = 1,N=1; b)M =1,
N=3;¢c)M=1,N=5;dM=1 N=7. AsNincreases, the accuracy of the

equivalent lumped circuit models improves.

96



6. PHYSICS-BASED LUMPED CIRCUIT MODEL FORLOSSLESYPARALLEL PLATES

6.4.1 Case 1

Case 1 has the top plashestsi dindldeiEMsgpndlati@rs.t ouc hi
The corresponding EM simulations results inddcitat the currens injected on the entire edge.
This forces the current to only propagate in the longitudiak{s) direction. This is verified in
Fig. 6.19to Fig. 6.21. When the lumpedircuit has only one ceih they-axis M = 1), there is a
better fit to the EM simulation up to high frequencies as more asdlsddedn the x-axis (asN
increass), as confirmed irrig. 6.19. Also, the three physical models (IPP&LA and WH have
very similar results. However, when there is only one cell ixtves (N = 1), the lumped cauit
impedanceprofile differs more from the EM simulation as ceise addedn the y-axis (asM
increass), as confirmed irFig. 6.20. In this case, IMLA and WF models have very similar

performanceln the case where there are equal number of cells op tHredx-axis M = N), as

50 50

20log(| Z,, )
o

20l0g( Z,,)
o

-50 & : : 50 L . .
1 10 20 30 1 10 20 30
frequency (GHz) frequency (GHz)
a)
" 50
50+
3 5
S S
-50 & : : 50 L . .
1 10 20 3¢ 1 10 20 30
frequency (GHz) frequency (GHz)
c) d)

Fig. 6.20 Parallel planes withV = 306.9 milsL = 306.9 mils, EM model Case 1 in Sonnet
(black solid line), equivalent lumped circuit using IPPS (dashed green line),
IMLA (red dotted line), WF (purple dadashed line): @yl =1,N=1; b)M = 3,
N=1;c)M=5N=1;dM=7,6N=1. AsM increasesthe accuracy of the
equivalent lumped circuit models deteriorates.
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more cells are added there is not a better fit to the EM simulationBi¢s€21).
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Fig. 6.21 Parallel planes withlV = 306.9 milsL = 306.9 mils, EM model Case 1 in Sonnet
(black solid line), equivalent lumped circuit using IPPS (dashed green line),
IMLA (red dotted line), WF (purple datashed line): al = 1,N=1; b)M = 3,
N=3;c)M=5N=5dM=7,N=7;e)M=13,N=13; )M =25,N=25. As
both M and N increase the accuracy of the equivalent lumped circuit models
deteriorates.
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6.4.2 Case 2a

Cases2ato2duse afeedlin®e separate the topspshnel di g ¢
in the EMsimulations. In these cases, the curtienhjected along the entire edge of the short
microstripfeedline, however, when it reaches the PP plane, it spreads throughout the plane
in bothx (longitudina) andy (transverse) directions.

In Case 2a theekdlineis placed at the middle of the left edge Hig. 6.22 it can besee
that having one ceih they-axis M = 1) and adding cells in theaxis (increasdN) does not
provide a good fit to the EMimulations, as is also tltase when there is one cell in thaxis (N
= 1) and cellsare addedn they-axis (increasé) (seeFig. 6.23). When there are equal number
of unit cells in both the-axis andy-axis M = N) (seeFig. 6.24) thefit to the EM simulations is

better. However, having more than 5 cells in both directiorsndy-axis) starts deteriorating the

s0f 60
40t
ﬂ‘;l N:I 20 &
g 0 8) O,
o (=}
« N 20+
-40 ¢ y
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Fig. 6.22 Parallel planes witklV=306.9 milsL = 306.9 mils, EM model Case 2a in Sonnet
(blue solid line), equivalent lumped circuit using IPPS (dashed green line), IMLA
(red dotted line), WF (purple doiashed line): al = 1,N=1; b)M =1,N= 3;
c)M=1,N=5;d)M=1,N=7.
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fit between the lumpethodel and the EM simulations. The IPPBysical model has the same
performanceas IMLA and WFmodels for the case wheké = 1 andN is increasedbut for the
other cases IPPS has a worse fit. In all these c&sp$(22 to Fig. 6.24) IMLA and WF have
very similar performance.

An additional experimens consideredh this same Case 2a by placing a-pB0capacitor
on the lower right corner of the plane to grouRi. 6.25 shows the equivalent lumpeitcuit
simulation results wittM = N. It can be seen that as more calis addedh both the longitudinal
and transverse direction, the IMLafad WFmodels remain stable and that the IRR&lel shifts

the first resonance to lower frequencies.

6.4.3 Case 2b
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Fig. 6.23 Parallel planes withV = 306.9 milsL = 306.9 mils, EM model Case 2a in Sonnet
(blue solid line), equivalent lumped circuit using IPPS (dashed green line), IMLA
(red dotted line), WF (purple ddashed line): ayl=1,N=1; b)M=3,N=1;
c)M=5N=1;dM=7,N=1.
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Case 2b has the feedlipéaced at the top corner of the left edge plane. In this case, the
currentis injected along the entire edge of the feedline and when it reaches thpl@iaNt is
injected at the top left corner, and then it spreads throughout the plane x(lootjitudinal) and

y (transverse) directions.
Fig. 6.26 shows the equivalent lumpagircuit model simulation results with an equal
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e)
Fig. 6.24 Parallel planes withilv=306.9 milsL = 306.9 mils, EM model Case 2a in Sonnet
(blue solid line), equivalent lumped circuit using IPPS (dashed green line), IMLA
(red dotted line), WF (purple dolashed line): aM=1,N=1; b)M=3,N=3;
c)M=5N=5dM=7,N=7;e)M=13 N=13; )M = 25,N = 25,
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number of unit cells in the-axis and in theg-axis M = N). It can be seerthat forM =5 andN =
5 IPPShas a good fit to the EMimulations. FoM = 7 andN = 7 both IMLA and WFmodels
have the best fit to the EM simulations. If celfe continued to be addadthex andy directions,
IPPS has a worse fit, but IMLA and WF do not differ that much from the EM simulations.
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Fig. 6.25 Parallel planes withV = 306.9 mils,L = 306.9 mils, EM model Case 2a with a
100-pF capacitor in Sonnet (blue solid line), equivalent lumped circuit using
IPPS (dashed green line), IMLA (red dotted line), WF (purpledadsted line):
a)M=1,N=1;b)M=3,N=3;c)M=5N=5;d)M=7,N=7;e)M =13 N
=13; )M = 25N = 25.
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6.4.4 Case 2c

In Case 2c the feedlins placed at the middle of the left edge plane. In this case parallel

plates that are wide and sharé consideredyith w = 306.9 mils andl = 83.7 mils (keepindp =
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Fig. 6.26 Parallel planes witklV= 306.9 milsL = 306.9 mils, EM model Case 2b in Sonnet
(blue solid line), equivalent lumped circuit using IPPS (dashed green line), IMLA
(red dotted line), WF (purple doiashed line): ayl = 1,N=1; b)M = 3,N = 3;
c)M=5N=5;dM=7,N=7;e)M=13 N=13; )M = 25,N = 25,
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5 mils andt = 0 mils). FromFig. 6.27, it canbe see that IMLA and WFphysical models have a
better fit to the EMsimulation than IPPSNith M = 13 andN = 5 there is a good fit using IMLA
and WF up to around 15 GHz, although the first resonance if shifted to the right
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Fig. 6.27 Parallel planes withlV = 306.9 milsL = 83.7 mils, EM model Case 2c in Sonnet
(blue solid line), equivalent lumped circuit using IPPS (dashed green line), IMLA
(red dotted line), WF (purple doiashed line): ayl = 1,N=1; b)M = 3,N=5;
c)M=5N=5;d)M=7,N=5;e)M=13,N=5;f) M=25N=5.
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6.4.5 Case 2d

Case 2d uses the feedliaethe middle of the left edge plane. This case considers long and

narrow paralleplates withw = 83.7 mils and = 306.9 mils (keeping = 5 mils and = 0 mils).
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Fig. 6.28 Parallel planes withV = 83.7 mils L = 306.9 mils, EM model Case 2d in Sonnet
(blue solid line), equivalent lumped circuit using IPPS (dashed green line), IMLA
(red dotted line), WF (purple doiashed line): ayl = 1,N=1; b)M =5 ,N= 3;
c)M=5N=5;dM=5N=7;e)M =5 N=13; )M =5 N=25.
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Fig. 6.28 shows that IMLAand WFphysical models have a better fit to the Bivhulation than
IPPS and the fit is very good withl =5 andN = 25,

6.4.6 Discussion

In the equivalent lumpedrcuit model, the curreritows both in the longitudinalx{axis)
and in the transversg-éxis) directions. In the EMsimulations this is only achieved by using a
microstripfeedlinet o s epar ate t he plsamselisedmlthgsaloiimgam
correctcomparison with the lumped equivalent circdihe use of the feedline also allows to
correctly model the location of the port

In general, the three physical models (IPRE_A, and WH have a relatively good fit to
the EM simulations withM = 1 and increasingl. SinceM = 1, this equivalent lumpedircuit
approximates the behavior of an ideal transmissiorcinoeit asN is increased.

For the case of square parapétes usindgvl = N, the IMLA and WFmodels have a better
fit to the EMsimulations than IPPRSHowever, there was a limit to the number of unit cells that
can be added for the fit to be acceptable. Usirgl and increasiniyl, all three physical models
show a bad fit to the EM simulations.

For the case of wide and short parafiieltes, usindg/ > N yields a relatively good fit to
the EM simulations with the IMLAand WFphysical models, although the first resonance is
shifted.

For the case of long and narrow parafiigtes, singM < N yields a better fit using the
IMLA and WFmodels than using IPR$ysical model.

It should also be noticed that the impedamadile simulations using any of the equivalent
lumpedcircuit models take less than a second, while those using thedu# EMsimulator take

around 33 minutesn the same computer platform.

6.5. Conclusions

In this chapter, aimplified PDN was modeled as two parallielssless metallic planes.

Highly accurate fulwave simulations showed the effects of placing the excitatiorapdifferent

Son

locationsonthetopptee edge. When the pl ane’ thecerdryvas t ouc h
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injected at the entire length of the edge, forcing the current to spread only in the longitudinal
direction. A 56ohm microstripline short section was used as a feedimerder to inject the
current at a small section of the plane edge. By using this modification, the current was free to
spread in both the longitudinal and transverse directions once it arrived at the plane. Furthermore,
it was possible to observe howethurrents spreads differently when the excitation port is placed

at different locations along the plane edge. By adding a lurcgeakitor to a corner of the plane

it was also possible to observe that the curvessd pulled to ground by th&umped capacitor.
Additionally, thepower delivery network parallel plates weliscretized intdasic cels consisting

of an equivalent lumped circuibodel. Three different physidsased models were considered to
calcubte the lumped components of the equivalent cirooitel: ideal parallel plate subsections
(IPPS, ideal microstrip line approximation (IMDAand Walker s f o r m)uTherssultantVF
equivalent circuit models for the complete parallel plates were evaluated and complaedallto

wave electromagneti@&M) simulations. A feedline was used in the EM model to correctly model
the current in both the longitudinal and the transverse directions. Different structures of parallel
plates were evaluated. In general, the equivalent lumped circuit using IMLA and WF physical
models presented a better fit to the EM simulations. Moren&seaneeded to determine the best
discretizationscheme for the equivalent lumped circuit to achieve the best approximation of the

EM simulation results






General Conclusions

A power delivery networKPDN) distributes the electrical power supply all active
devices. When the elbboardmodules start operating, theull current from the PDN and can
sometimes create voltageiseat the signal pads. This noise can cause satupholdtime errors
that lead to functional failuresf the computer platform. Theoltage regulatorgVR) have
feedbackioops that help maintain a steady power supply to the chips. However, even the most
reliable VRs are sometimes too slow and allow unacceptable voltage drop$eresre transient
switchingcurrents at the devices.

A frequent practice in the industry is to place decoupling capatitoyaghout the PDN
to provide local sources of charge during cotreurges and thus stabilizing voltage levels then
the VR is too slow to do so, and to lower the impedanagnitude of the PDN to lower voltage
noise. The decoupling capacitors are placed in parallel arrays and introduce paralleltresonan
frequencies whose analytical calculation becomes challenging in most practical cases when there
are more than two capacitors connected in parallel. FrequEmgin effects of the parallel
resonant frequencies are seen in the dilmmain as voltage drospthat can cause operational
errors or failures of the platform

In Chapter 1, a numerical procedure to find the panaknant frequencies an array of
more than two decoupling capacitarsnnected in parallel was presented. A set of analytical
equations to find the parallel resonant frequencies of an array of three capacitors connected in
parallel was also psented. These equations can be used to approximate the parallel resonant
frequencies of more than three capacitors connected in parallel with an adequately low error.

In Chapter 2a PDN structure was modeled in a limited frequency band as a simple lumped
RLC circuit. Different types of decoupling capacitarere placed throughout the PDN to lower
the impedancat certain frequency ranges. A statistical study was performed using an idea voltag
regulatorwith an infinite bandwidth. From this study it was seen that the active fantthe
design were the cavignd packag® capacitors with a currestep of 50 nanoseconds of rise time.

In order to see the effects of the third voltage draopurrent step with a slow rise time was
needed. In this case with a rise time of 10 microseconds, the cavity capacitors wéoarsign

and the bullcapacitors were significant in the time domain only due to the ideal voltage regulator.
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In Chapter 3a numerical optimizatiompproach to determine the number of decoupling
capacitorsn a power delivery netwonkas presented, looking at both the impedaoéle in the
frequencydomainand the resulting voltagioopin the transientime-domain Better resultsvere
found by limiting the amount of design variables as seeGhapter 2. Additionally, by limiting
the maximum total number of capacitors allowed, a more robust formuwle®obtainedcapable
of minimizing the number of capacitors to yiedldPDNthat satisfies the target impedarared
minimum transient voltage supply specifications.

In Chapter 4 an optimizationmethodology was proposed to gradually find the best
compensatiorpatameter values of 8uck voltage regulatorthat ensure stabilityas well as
optimize the number of paralléecoupling capacitorsonsidering simultaneously frequerend
time-domainperformancespecifications. By using optimal VBompensation parameter values
and a minimum number of decoupling caparst the desired crossover frequem@s metwith
good phase margirwhile the transientoltage and the impedanpeofile were able to meet the
design specifications

In Chapter 5a statistical analysis and yigddediction was performed for a PDiNpedance
profile, transienvoltagedroop and VRstability. A mathematical formulation to perform this yield
estimation was proposed. Keysight AB@tistical capabilities were exploited to save simulation
time and memory, while still allowing automated data processing through Matfedy an
estimation of the required number of Monte Cédrials for a reliable yield estimation, 9220
simulations trials were run. The impedance profile and the stability of the voltage regaldtor
low yield, 57% and 53% respectively. It was found that the minimum transient voltage droop was
not sensitive to fluctuationis the capacitance of the decoupling capacitsosit maintained the
correct performancérom the nominal optimizatioshowing a yiad of 100%. Additionally, a
frequency and timedomainyield optimization approach was proposed for nominally optimized
power delivery networks considering the impact of large tolerances in the decoupling capacitors.
After the optimization process, high yieldere obtaine@n both the impedance profile (923
and the VR stability (90.86%). The numerical results obtained thenproposed optimization
approach demonstrated its effectiveness to assess and improve the PDN performance and
reliability, confirmed by a significantly increasedevall yield.

In Chapter 6highly accurate fullvave electromagneti&EM) simulations of a simplified

power delivery networkmodeled as two parallébssless metallic plasevere performed. The
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simulations showed the effects of placing the excitationgiatifferent locations on the top plane
edge. It was found that in order to inject the curegrat small section of the plane edge, a@bth
microstripline short section was need as a feedIBw using this modification, the current was

free to spread in both the longitudinal and transverse directions oacevéd at the plane.
Furthermore, it was possible to observe how the currents spread differently when the excitation
port was placed at different locations along the plane edge. By adding a loagsaitor to a
corner of the plane it wadsa possible to observe that the current was pulled to ground by the
lumped capacitor. The obtained impedapoefiles from these highly accurate EM simulations
were then used as a reference for comparison in circuital simulations. Wweedaivery network
parallel planes were then discretized into basic cells consisting of an equivalent lumped circuit
model. The discretizatioof the planes allows to place ports anywhere on the/alkgnt circuit
enabling future research about the effects of placing decoupling capatitbfferent locations

on the planes, avoiding the high computational aafstthe corresponding fulvave EM
simulations. Three different physibsased models were considered to calculate the lumped
components of the equivalent circuit modeleal parallel plate subsections (IPP&eal
microstrip line approximation (IMLA , and Wal k er). The rdsdtantraguivalent ( WF
circuit models for the complete parallel plates were evaluated and companedut-ivave EM
simulations. Different structures of parallel plates were evaluated. In general, the equivalent
lumped circuit using IMLA and WF physical models presented a better fit to the EM simulations
although further research is needed to improee tccuracy

In summary, this doctoral dissertation proposes a series of optiminagittrodologies to
improve the decoupling capacitor stages of a power delivery neteamkidering simultaneously
thefrequency and timedomaineffects,the stabilityof thevoltageregulator and large tolerances
in decoupling capacitor nominal values.

Additionally, this doctoraldissertation provides the first steps into obtaining a lumped
equivalent circuitof a discretized PDNhat allows the placement of decoupling capacitors
anywhere throughout the PDN. This equivalent circuit opens up the possibility of research into the
optimization of decoupling capacitolocation on a PDNby using spacenappingtechniques
[Bandler04], [Koziel-08], [RayasSanchezl6] to avoid costly EMsimulations. The principal
element limiting the efficiency of a decoupling capacitor is the parasitic induciaseeiated with

the capacitor placement, orientation, distance from the capacitor to the power/ground planes, and
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the distace from the capacitor to the device. For this reason, selecting the right set of decoupling
capacitors for a PDN design must involve not only considering the desired imp¢algseteand
manufacturingrariability, but also considering the space available on the &@Bthdocationof

the decoupling capacitors on the PCB. fudive electromagneti¢EM) simulations provide a
highly accurate way to simulate the effef decoupling capacitdocation however, the time
required to run this type of simulations can be prohibitive when conducting an optimization
process. Less costly and more efficient optimization processes can be done usimgagacg
techniques, wére a coarse equivalent model is optimized and mapped to the finer, more costly
model.

Furthermore, the methodologies proposed in this dissertation can be applied toeoptimiz
the decoupling capacitetocationon the PDNplanesconsideringooth the frequeneyand time
domain Going further in the future, a yietgptimizationusing neural spaemappingtechniques
[Bandler02], [RayasSanchez06] or other surrogatbasedr machine learningpproachef_eal-
Roma20], [RayasSancheZ0] could be performed on the nominally optimized capasitor

locationconsidering capacitor manufacturigriability.
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Una red de suministro deotencia(PDN por sus siglas en inglés) consta de todos los
dispositivos e interconexiones que distribuyen el suministro de energia eléctrica. Las sefiales sobre
la PDNde diferentes circuitos integrados provocan picos de corriente que generan ruido de voltaje.
Esto conduce a fallas funcionales en la plataforma de la computadora, ya que los circuitos centrales
internos sufren errores de tiemposdtupy tiempo dehold. Ademas, incluso los reguladores de
voltaje mas confiables a veces son demasiado lentos y permiten caidas de voltaje inaceptables
causadas por corrientes de conmutacion transitorias en los dispositivos. Estas caidas de voltaje
pueden provocar un deteriorol dendimiento y graves fallos funcionales en las plataformas de
computode alta velocidad. Si conocemos la tolerancia de voltaje requerida, podemos determinar
un objetivo de impedancia que la PDN debetimplir para mantener el ruido de voltaje en un
nivel aceptable para todos los chips. De esta forma, el perfil de impedancia se convierte en una
figura de mérito de la aceptabilidad del disefio de la PDN.

Los capacitores de desacoptecuentemente se utilizgrara reducir la magnitud de la
impedancia de IRDNYy proporcionar fuentes locales de carga para mitigar los picos de corriente
suministrando rapidamente corrienteos ldispositivosy estabilizando los niveles de voltaje
cuando el regulador de voltaje es demasiado lentohaaexlo. Estos arreglos de capacitores de
desacoplo en paralelo introducen frecuencias resonantes paralelas cuyo célculo analitico se vuelve
desafiante en la mayoria de los casos practicos cuando hay mas de dos capacitores conectados en
paralelo. Los efeos en el dominio de la frecuencia de estas resonancias paralelas se traducen al
dominio del tiempo como caidas de voltaje en diferentes etapas, lo que puede causar errores o
fallas operativas.

En el Capitulo Ide esta tesise presentd un procedimiento numérico para encontrar las
frecuencias resonantes en paralelo de un arreglo de mas de dos capacitores de desacoplo
conectados en paralelo. También se presenté un conjunto de ecuaciones analiticas para encontrar
las frecuencisiresonantes paralelas de un arreglo de tres capacitores conectados en paralelo. Estas
ecuaciones se pueden utilizar para aproximar las frecuencias resonantes en paralelo de mas de tres
capacitores conectados en paralelo con un error adecuadamente bajo.

Enel Capitulo 2 se model6 una estructura de una &Dbdha banda de frecuencia limitada
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como un simple circuito RL&oncentrado. Se colocaron diferentes tipos de capacitores de
desacoplo en toda la PDN para reducir la impedancia en ciertos d@deecuencia. Se realizo

un estudio estadistico utilizando un regulador de voltaje ideal con un ancho de banda infinito. De
este estudio se vio quen un escalén de corriente de 50 nanosegundos de tiempo de lsgbida,
factores activos en el disefio fae loscapacitoresle cavidad y paquete 0. Para ver los efectos de

la tercera caida de voltaje, se necesitd un escalon de corriente con un tiempo de subida mas lento.
Con unescalon cortiempo de subida de 10 microsegundos, los capacitores de cavidawa fuer
significativos y los capacitores de bdileron significativos solamente en el dominio del tiempo
debido al regulador de voltaje ideal.

En el Capitulo 3 se presentd una técnica de optimizacidbn numeérica para determinar la
cantidad de capacites de desacoplo en una red de suministro de energia, observando tanto el
perfil de impedancia en el dominio de la frecuencia como la caida de voltaje transitorio resultante
en el dominio del tiempo. Encontramos mejores resultados al limitar la cantidediables de
disefio como se vio en el Capitulo 2. Ademas, al limitar la cantidad total maxima de capacitores
permitidos, obtuvimos una formulacibn méas robusta, capaz de minimizar la cantidad de
capacitores para producir una PgNe satisfacel objetivo de impedancia y especificaciones
minimas de suministro de voltaje transitorio.

En el Capitulo 4 se propuso una metodologia de optimizacidén para encontrar gradualmente
los mejores valores de parametros de compensacion de un regulador detigolBjek que
aseguren la estabilidad, asi como optimizar el nimero de capacitores de desacoplo en paralelo
considerando simultaneamente las especificaciones de desempefio en el dominio de la frecuencia
y el tiempo. Mediante el uso de valores Optimos de los pamende la compensacion del
regulador de voltaje, y una cantidad minima de capacitores de desacoplo, pudimos cumplir con la
frecuencia de cruce deseada con un buen margen de fase, mientras que el voltaje transitorio y el
perfil de impedancia pudieron cumption las especificaciones de disefio.

En el Capitulo 5 se realiz6 un analisis estadistico y una prediccion del rendimiento para un
perfil de impedancia de una PDdaida de voltaje transitorio y estabilidad del regulador de voltaje.

Se propuso ma formulacion matematica para realizar esta estimacion del rendimiento. Se
aprovecharon las capacidades estadisticas de KeysighpAlRSahorrar tiempo y memoria de
simulacion, al mismo tiempo que germitio el procesamiento automatizadodgos a través de

Matlab. Después de una estimacion del nimero requerido de pruebas de MonteaGatoa
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estimacion confiable del rendimiento, se realizaron 9220 pruebas de simulacién. El perfil de
impedancia y la edtdidad del regulador de voltaje tuvieran rendimiento bajode57% y 53%
respectivamente. Se encontré que la caida minima de voltaje transitorio no fue sensible a las
fluctuaciones en la capacitancia de los capacitores de desacoplo, por lo que nhaessmpeenio
correcto de la optimizacién nominal mostrando un rendimiento del ID0%ste capitulodemas

se propuso un enfoque de optimizacion del rendimiento en el dominio de la frecuencia y el tiempo
para lasPDN nominalmente optimizadas considerando el impacto de las altas tolerancias en los
valores de los capacitores de desacoplo. Luego del proceso de optimigaciograronaltos
rendimientos tanto en el perfil de impedancia (92.8%) como en la estabilidesbdieldor de

voltaje (90.86%). Los resultados numéricos obtenidos de nuestro enfoque de optimizacion
propuesto demostraron su eficacia para evaluar y mejorar el rendimiento y la confiabilidad de la
PDN, confirmado por un rendimiento general significatigate mayor.

En el Capitulo 6 se realizaron simulaciones electromagnéticas de onda completa de alta
precision de una red de suministro de energia simplificada modelada como dos planos metélicos
paralelos sin pérdidas. Las simulaciones mostraron los eféetosiocar el puerto de excitacion
en diferentes ubicaciones en el borde del plano superior. Se encontrd que, para inyectar la corriente
en una pequefa seccion del borde del planoesesitéuna seccion corta de linea microstig
500hms como linea de alimentacién. Al usar esta modificacion, la corsieprigpag libremente
en las direcciones longitudinal y transversal una vgadieal plano. Ademas, fue posible observar
cémo las corrientes se propagade manera diferente cuandbpuerto de excitacion se cofbc
en diferentes lugares a lo largo del borde del plano. Al agregar un capacitentrada una
esquina del plano, tambiéeobsend que el capacitor concentrado atrajo la corriente a tieos.
planos paralelos de lad de suministro de energia se discretizaron en celdas basicas que consisten
en un modelo de circuito concentrado equivalente. La discretizacion de los planos permite ubicar
puertos en cualquier lugar del circuito equivalente, lo que permite futurasgacesies sobre
los efectos de colocar capacitores de desacoplamiento en diferentes ubicaciones en los planos,
evitando el alto costo computacional de las simulaciones electromagnéticas de onda completa
correspondientes. Se consideraron tres modelos niésréasados en la fisica para calcular los
componentes concentrados del modelo de circuito equivalente: subsecciones de placas paralelas
ideales (IPPB aproximacion de linea de microcinta ideal (IMLAformulas de Walker (W)

Los modelos de circuitos equivalentes resultantes para las placas paralelas completas se evaluaron
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y compararon con las simulaciones electromagnéticas. Se evaluaron diferentes estructuras de
placas paralelas. En general, el circuito concentgdovalente utilizando modelos fisicos IMLA

y WF presentd un mejor ajuste a las simulaciones electromagnéticagie todavia se requiere
mayor investigacion al respecto para mejorar su exactitud

En resumen, esta tesis doctoral propone una serie de metodologias de optimizacion
numericapara optimizar las etapas de los capacitores de desacoplo de una red de suministro de
potencia considerando simultaneamente los efectos en el dominio de la frecyetat tiempo,
la estabilidad del regulador de voltaje, y grandes tolerancias en los valores nominales de los
capacitores de desacoplo.

Ademas, esta tesis doctoral proporciona los primeros pasos para obtener un circuito
equivalente concentrado de una PDiNcretizadaque permita la colocacion de capacitores de
desacoplan cualquier lugar de red de distribucion de potencigste circuito equivalente abre
la posibilidad de investigar la optimizacion de la ubicacion de los capacitores depliesa una
PDN mediante el uso de técnicas de mapeo espBeiadiler04], [Koziel-08], [RayasSanchez
16] para evitar costosas simulaciones electromagnéticas. El elemento principal qudalimita
eficiencia de un capacitor de desacoplo es la inductancia parasita asociada con la ubicacién del
capacitor, la orientacion, la distancia del capacitor a los planos de la PDN, y la distancia del
capacitor al dispositivo. Por esta razon, seleccionauademente los capacitores de depax
implica no solo considerar la impedancia maxima deseada y la variabilidad de fabricacion de los
capacitores, sino también considerar el espacio disponible y la ubicacién de los capacitores en la
PCB. Las simulaciones de onda completa electromagnéticas proporcionan una forma precisa de
simular el efecto de la ubicacion de los capacitores de desacoplo, sin embargo, el tiempo requerido
para ejecutar este tipo de simulaciones puede ser prohibitivo cuandaliga un proceso de
optimizacién. Se pueden realizar procesos de optimizacibn menos costosos y mas eficientes
utilizando técnicas de mapeo espacial, donde un modelo equivalente burdo se optimiza y se mapea
al modelo mas fino y costoso.

Ademas, las metinlogias propuestas en esta tesis se pueden aplicar para optimizar la
ubicacion de los capacitores de desacoplo en los planox&idilerando tanto el dominio de la
frecuencia como el dominio del tiemp¥endo mas lejos en el futuro, se podealizar una
optimizacion del rendimiento utilizando técnicas de mapeo de espacio nejlBandler02],

[RayasSanche6] u otras similares basadas en modelos sustitutaprendizaje automatico
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[Leal-Romo20], [RayasSanchez0], en la ubicacién de los capacitores nominalmente

optimizada considerando la variabiliddel procesale fabricacion de los capacitores
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VRs, 2, 67

W
WEF, xv, 95, 97, 100, 102, 104, 106, 107, 111,
115
worstcase, 1, 41
Y
yield, ix, 3, 21, 53, 67, 69, 71, 72, 73, 75, 76, 77,
78, 110, 112, 122, 127, 128
Z

Z-score 72
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