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Abstract

This pand will feature software users presenting company "wish ligs," features of smulatorsthat are
consdered necessary or useful, but elther are not available today, or not in afully functiond manner.
The purpose is to orient software companies to focus on features, which are the most important to many
of the end users. To support the wish ligts, the panel memberswill submit smple chalenges for the
software vendors, for which the answer is either obvious (can be found by smple speculation) or
repestable measured data exist, and these chdlenges, representing the sought-after features, can be
handed over to the software vendors after the panel discussion.
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Part I. Modeling/Simulation of Power Distribution
Networks (suggestions for incremental advances)

Ravi Kaw

Agilent Technologies Inc.
5301 Stevens Creek Blvd., MS: 51L/GO,
Santa Clara, CA 95051

|. Introduction

Modeling tools for power digtribution networks are ardatively recent offering [1]. These tools did not
exist a decade ago and their debut is congtantly chalenged by arapid increase in clock frequencies
coupled with tremendous increases in power demands &t ever reducing voltages[2]. Inthe past, IC
systems used inter-chip Sgnals that had much lower frequency than the on-chip signds. Thistrend is
changing and even reverang itsdf. The advent of mixing digita and RF sgnds has complicated the
issue further. Digitd systems are adso supposed to dlow the use of severd voltages that have different
noi sefimpedance characterigtics. Fortunately there has been a great surge in the development of tools
that can address some of these issues [3,4], but more needs to be done. The old tools depended on a
methodology of quas-gtatic modeling of various physical components of packages/boards. These sub-
circuits are then connected together for smulation. Unfortunately this methodology islimited to low
bandwidths. Today's designs demand switching less than one volt in about 50psec, which trandates to
bandwidths of 7 GHz and a very smdl noise margin. Any tool that is being developed in 2004 must
addressissues for severa years down the line. This means handling systems that clock at 5GHz in 2005
to 12 GHz in 2010, according to 2001 ITRS roadmap. This aso means that the tool should create broad-
band model s rather than single frequency models. These broad-band models must be spice-compatible,
S0 one can connect active circuits to them seamlesdy. This demands use of EM-CAD that is
computationally complex, yet leverages advancesin fast solver technology, fast processor speed, and
pardld digtributed computing. All these tools could use Model Order Reduction (MOR) to enhance
their computationa efficiency.

Il. Suggested approach
For the short term, existing tools could be enhanced to support incremental upgradesthat are
summarized below.

1. Standalone moddling toal for P/G structure of PC Boards should have the granularity of the package
balls (pins). The modeling tools for packages are generally more advanced than the ones for PC Board
Power Ddivery Networks. One can define each power and ground pin of the package as a node but the
corresponding pads on the board are not defined individualy. Thus one isforced to short al power
bals/pins together. Thisis an obvious over-amplification.

2. Package P/IG modeling tool that yields peec models of reasonable/usable size, usng MOR techniques.
Most commercid tools provide peec modds of the P/G network but these are often large and
cumbersometo use. A lot of research has been done in the area of MOR that needs to trickle to the
commercid tool leve.



3. Package/PCB moddling tools that modd vias of various complexities accurately. Thisistrue of power
and ground vias aswell. Smply tresting vias a cylindersis no longer acceptable because their
broadband behavior depends on the various couplings at each layer.

4. Package/PCB moddling tools that yield broad-band models of reasonable/usable size. Thisisa
universal MUST for dl tools.

5. Package modeling tools that include models for a portion of the PC Board stack-up that extendsacm
or two beyond the package. Thisis acompromise for systems that are Smply too large to handle.
Chopping off a section of the PC Board is a convenient "divide & conquer” technique. Nodes should be
defined at the reasonable intervals at the edge of this board for P/G, so one can add noise sources to
mimic an actud full-board operation.

6. "On-chip P/G grid" modeling toal that is reasonable in Sze and complexity. Thismay cal for
datistica methods for assessing dectricad performance. It is no longer acceptable to define an entire
ASIC asacurrent snk. The on-chip power grid hasits own granularity and current snking
characterigtics. Severa attempts have been made to modd this, but none have been trandated into
commercid tools.

7. Combined package modeling and on-chip PIG mesh modeling tool.

8. On-chip loading schemes with hierarchica representation of circuit blocks to reduce complexity. This
would be a method to reduce the complexity that one encounters with such full-system problems. This
could be handled mathematicaly or as equivaent circuits representation.

9. Toolsto model 3D E& M effects (delay and radiation) for reasonably complex structures with greater
computationd efficiency.

10. Easy-to-learn/use hook- up to smulation tool(s).

11. Toolsthat ‘teach’ rather than just modd. These should have visud aids for current flow.
Thereisagreat need to help users visudize what they model. Thisis especidly true of return currents.
Smart engineers use intuition to accomplish this and that often means dependence on highly qudified
individuas to do modding.

12. Willingness to accept the latest R& D work done a Univergitiesin awin-win manner.

13. Tools should have the capability to clip-off OR add-on lines and planes and passves
to give the user a better handle at "what-if".

14. Toals should include sengitivity andyss as arule, consdering that most packaging/PCB structures
have geometrical tolerances of 5 to 10%.

15. Ability to mode planes that have holes, cuts, and are occasionaly meshed.
16. Ability to trest the actual cross-section of atrace rather than gpproximate it with arectangle.

The list can go on and on, but most suggestions are Smple extensons of the sate of the art. These
changes are needed now and should be implemented without delay.
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Part Il. HP Discussion of a Wish List for Power Integrity
Tools

JP Miller, Hewlett-Packard

I. Introduction

Hewlett-Packard is a company of diverse businesses encompassing printers, servers, consumer products,
and PCs among others. | have elected here to concentrate on server applications because designers of
servers seem to be at the forefront of signd integrity and power integrity investigation. Even sdecting
from among servers as | have for this discussion there are severa kinds of servers, which demand
differing design methodologies. In addition due to mergers and geographic separation diverse cultures
have led development teams to take differing approaches to power integrity design. So | have attempted
to look for themes that recur rather than list every desire.

Users of power integrity toolsin servers range from speciaists who sometimes have advanced degrees
in engineering and do research to explore the boundaries of our understanding of sgna and power
integrity. They often write and develop custom tools to serve their needs and have the sophistication to
fully understand the capabilities and limitations of such tools. At the other end of the range are engineers
who primarily develop the schematics and supervise the layout of printed wiring boards.  They arelittle
interested in the technica subtleties and would utilize power integrity toolsto provide answers that will
get them quickly from ablock diagram to ardiably functioning PWB.

There are two basic types of organization in need of tools. Oneincludes specidists as part of asignd
integrity service organization that provides most of the sgnd integrity input to adesign team. The
second type is the stland done design team organized around a specific product development. This
second organization congsts primarily of the schematic and PWB layout engineers. Such ateam may or
may not have an engineer on the team who is somewhat specidized in Sgnd integrity. Since the two
types of organization are in different business units the communication between them has so far been ad
hoc.

In generd the specidized sgnd integrity organizations have done more forma evaluations of tools.

The other organizations tend to use atool when it is clearly needed immediately and it is clear it will
provide immediate results. Toolsthat | know have been investigated by one group or another include
Sigrity Speed 2000, Ansoft HFSS and Cadence Spectraguest. One group has used Speed 2000 for a
couple of years and portions of Spectraquest have been used aswell. Severa planned in-depth
evauations of each of these tools have floundered for various reasons. Severd other tools including
Flo/EMC have been looked a. None have found widespread use. The most heavily used tools have
been internaly developed. Many designers depend on spreadsheets, hand calculations, expert
recommendations, gut guesses and over design.

Onefind indudry factor loomslarge. It isthe trend toward multiple power domains for each
semiconductor device in a system with those domains often not shared with neighbor devices. Thishas
greatly increased the complexity, cost and delay in power system design by forcing additiond layers and
gplit layersinto our designs. Power system design has become much harder.



Il. The Panel Charter

Areasnot covered by tools

Exigting tools are very week in three areas. The first isin modding of noise sources. When asked what
should be put into their tool to represent the noise sources some vendors reply “that’sup to you.” Well
that is just not good enough. Many more experienced engineers can come up with aguess as to the di/dt
of a package knowing the number of switching outputs. But he has less information about the
inductance or capacitance of the package or on-die which will limit that di/dt. Nor does he have good
information about what the core transient currents will be. Nor does he have agood idea how long a
current step may be maintained from the semiconductor by design. Nor does he know how often such
steps of current will take place so he can explore lower frequency power resonances. The experienced
sgnd integrity engineer knows to get this information but then needs a good way to incorporate the
information for package Smulation and to later make amore smplified modd for syslem smulation.

One engineer suggests. Tools should adequately model the semiconductor chip and package so the
interna behavior of the package can be explored for resonances in the C-L-C loops involving on-chip
bypass and package inductance. Both transent and AC analysis can be useful. AC sweeps can be
utilized to uncover package resonances and to generate impedances to synthesize a smplified modd of
the package. This can usualy be done with fewer than 20 dements. Provide tools which can generate,
from the complex detailed modd of a semiconductor chip on amulti-layer package substrate, a
amplified modd more suitable for supporting PWB simulation with many devices inddled.

The board design engineer on atight schedule does not have the ability and time to construct such
models and needs assstance. This could bein the form of prompts for the right information and how it
can be estimated if it isnot vendor supplied. Entry into atool of the current vs. time profile of the
semiconductor or the packaged device with the ability to convert it to a periodic form and then sweep
the period over alarge frequency range would alow exploration of the system design for resonances.

The second area of mgor shortcoming isin helping to decide what is good enough. Again the tool
vendorsindicate thisisup toyou. True, itis. Ultimately you must decide how much noise you want to
tolerate in your system. But one methodology, for example, isto set a uniform low impedance target
across the whole frequency spectrum. Thisis clearly not necessary when viewed at the board or system
level. The semiconductor device package attenuates the noise from the device before it getsto the
board. The harmonic content of any switching taking place in the device is down tens of dB at high
frequencies. And evenif the noiseis present on the board it gets attenuated going into a victim package
where it might have done harm. All this suggests agod of much higher power plane impedance may be
acceptable at higher frequencies. The users of thistool would benefit from drawing amore redistic
impedance vs. frequency goal. The board power distribution system will not need to be so good as
otherwise predicted. But again the engineer needs help. What he redlly wantsto achieveisalow
enough noise leve that no harm ensues. The tools need to accept vendor supplied frequency dependent
noise budgets as input.

In designit is very important to do rapid what-if prototyping. Quick recongtruction to modify one or a
very few parameters one a atime is subsequently needed. One of our specidists has produced his own
tool that converts sketches from a standard drawing tool into meshed 3-D SPICE models. It dlowsvery
fast investigations that can be turned around and smulated in a couple of hours.  The vendor supplied
tools require alot more time and a higher leve of expertise on the part of either the sgnd integrity
engineer or the board design engineer on aPWB CAD tool. Such tools are often used by highly skilled
operators working for sub-contractors. Such ascenarioisanill fit for the highly interactive what-if



process. If the CAD operator follows his usud process he will get too far dong to incorporate
conclusions from the what-if process. Tools should incorporate rapid construction of geometric models
for these exercises. Vendors usudly claim to have this ability but the people | have interviewed do not
agree with thisdam.

Another area of need for the system designer isin understanding the role of the power supply. Some
tools incorporate a smple power supply model of aVoltage source, inductance and capacitance. But
agan it isup to you to define the modd. The power supply is afeedback control system with atransfer
function. Many power converters now can respond in the microsecond range to massive current
changes. They need large amounts of low inductance low ESR capacitance to respond to the fastest of
changes. Slower changes are handled by the feedback control system. Thetools allow one to attach a
model to asmulation (athough it isnot clear dl can provide for remote sense lines))

Again thisis an area where the power integrity tools are not the only help needed. | have been told
many power supply designs are never modded and ssimulated because good models for the control
devices are not available until yearslater. But what | think would be hdpful is abehaviora mode of
capacitance, inductance and the closed |oop response of the power supply. The tools need only provide
the atach point including remote sense, the ability to run a SPICE like modd and the ability to smulate
al theway to DC for Voltage drop. Tool vendors could aso help standardize the behaviora modd and
its connection.

There are lesser shortcomings in the design process. One tool provides apart by part means of
estimating the layout dependent inductance associated with a bypass capacitor which can then be gpplied
to a collection of cagpacitors. This tedious aspect of entering datain the pre-layout desgn could be
overcome in the post layout smulation where the pads, nets and connection to the plane of bypass
capacitors could be captured automaticaly and the associated placement inductance caculated
automatically.

Almogt dl designs have multiple power/ground plane pairs to support multiple Voltages but now many
designs dso have multiple power/ground pairs of the same Voltage to support very high currents.
Sometimes two or three layers of 2 0z copper are needed for current. Modding capability to determine
the interaction of these multiple layersis needed.

In addition many systems designs employ multiple boards.  Some systemns may be racks of uniform
boards plugged into abackplane. Many a HP are irregular boards plugged into irregular placesin a
mother board often drawing power through a connector as well as supporting high speed sgndls. There
are two problems associated with multiple boards that tools could address. Thefird isjudt the logitica
one of smoothly integrating a complete power andyssin amulti-board system. The tools can not do
this consastently now. The more difficult problem isto smulate the effect of connector impedance and
the high currents on the ground potential across such connectors.

The theme running through this discussion is that power integrity anaysstools should be an integrated
part of acomprehensve design methodology. Thereis aneed to cover both pre-layout design with easy
to use what-if andyss and post layout design verification with automated capture and smulation of
layout dependent aspects such as capacitor footprints. There isthe need to explore the fine geometric
detalls of a multi-GHz package and to smplify the mode s for quicker andysis of boards and power
suppliesdown to DC. Thereis need for complexity and accuracy to satisfy the Sl expert and the speed
and agility while dill giving meaningful results for the PWB design engineer. And findly thereisa



need for smplified sandardized moddling of semiconductor devices and power supplies as part of a
system power Smulation tool.

I1l. Features needed in tools
Thefallowing isaligt of some of the features needed in tools:

1.
2.

3.

0N Ok

Tools should be modular in congtruction so the design can be easily debugged.

Clearly defined portions of tools can be used by beginning desgnersto get feet wet and
incorporated into previoudy established methodologies.

We need quick entry capability because we can not rely on CAD tools to do the what-if andyss
By the time arespectable CAD design isdone it is often too late to make power design changes.
The gtructure of a comprehensive design methodology should be built into the todl.

Substantid salf-guided tutorias should be utilized to beef up on-line help.

Tools need to extend DC to caculate Voltage drop and current handling.

Voltage drop and ground effects should cross board and device package boundaries.

Tools need to handle multi- GHz frequency ranges to cover package resonances as dimensions
approach Yavavelength.

Provide amechaniam to include the tolerance of semiconductorsto system noise as godsinto the

power integrity tool.

IV. Services needed of tool vendors
Tool vendors can help make their tools more attractive by providing some of the following services.

1.

2.

3.

4.

Work with other tool vendors to standardize interfaces especidly between package and board
and board and Voltage regulator. Any vendor’s modd should be an easlly induded filein any
tool vendor’s power integrity Smulation.

Make it easy for users to incorporate modes of current vs. time of semiconductor chip into the
system smulation in the case where the vendor does not supply the package mode!.

Work with semiconductor vendors and power converter vendors to establish models to standard
interfaces and encourage them to provide models to users.

Encourage semiconductor vendors to establish standard representations of noise tolerance.

V. Services needed from others
At the risk of redundancy | would like to list what people other than the tool vendors can provide to

help.

1.

2.

3.

Semiconductor vendors need to deliver detailed standardized current vs time data and package
characterigicsin asmplified format to be included in amulation.

They dso need to provide susceptibility of their devicesto system noise as a function of
frequency.

We need to get across to semiconductor vendors just how much cost they are adding with
multiple power domains and they need to respond in their designs.

Power supply behavioral models should be provided by the power supply vendors that reflect
samplified versions of the closed loop response, the output impedance and the load line of the

power supply



V1. What we need to add to the mix

We need to help oursalves.

We should ingst that our semiconductor suppliers provide current vs. time profiles for the power
sections of their devices as they now provide IBIS or SPICE models and multi- pin coupled package
models as they do now with their IBIS and SPICE models so we can explore the power distribution in
the package and develop meaningful models to use to design power distribution at the board leve. In
lieu of the last we should ask that our semiconductor suppliers provide smplified currert vs. time
models with package modd s suitable for use at the board level. We should encourage them to
participate in standards setting so these models fit easily into the tools provided in the marketplace.

Likewise we should induce power supply vendors to provide behaviora models that adequately
represent smplified versons of the closed loop response, the output impedance and the load line of the
power supply. They should provide inputs to their models for remote sense lines.

We need to take active steps to drive more of the work associated with power ddiver to early stages of
the design process. It isextremely hard to change stackup, plane cuts and splits and to insert additiona
bypass without disturbing routing which may aready bein place. We should be more anaytic about it
to reduce codts by using power integrity tools

VIIl. Final words

Asaresult we view the solutions to the power integrity design process as having many dimensions one
of which isthe power integrity tools. | have tried to present materid pertinent to the theme of the pand
but have brought in more to set the context. The increased power levels, faster logic and the
proliferation of power domains have conspired to make the systems design task more onerous. Any
reief from this ondaught would be welcome.



Part I1l. NCR’s View on Board-Level Power Distribution
Network Modeling

Jun Fan, James L. Knighten, Norman W. Smith

NCR Corporation
17095 Viadel Campo, San Diego, CA 92127
jun.fan@ncr.com

I. The PDN is an integral system including both chip-level and
board-level components

The power digtribution network (PDN) is a chalenging while critical design aspect in high-speed printed
circuit boards. It isacomplex system comprised of components with mixed geometrica scales, such as
on-chip power grid/on-chip decoupling, chip package, board-level power/ground planes, and board-leve
decoupling. This presents a chdlenge, epecidly for afull wave modeling. Although it is possible to
andyze chip-level and board-level components separately, modeling the power distribution network as
an integra system is more important and more beneficid for circuit designs. The focus of this pand
discussion is board-level PDN design. But, to achieve a good board-level design, knowledge of the IC
chipsis aso necessary. For example, the concept of PDN target impedance provides a basis for a board-
level PDN design. To determine the target impedance, current requirements for |Cs (drawn from the
board) need to be analyzed. A common practice assumes the currents are constant over frequency, which
can result in sgnificant over-design. If actud current requirements in frequency domain can be modeed

in the chip-level with package and board effects included, a more precise god for board-level PDN
design can be obtained.

Il. A tool for generating design rules

Printed circuit boards are getting more and more complicated and difficult to lay out with the increesing
data rates and decreasing component sizes. In addition, product cycle is becoming shorter and shorter.
All these make it impracticd to completely modd al detalls and pieces of the board during layout.
Desgn rules ill play an important role. Correctly designed rules can help layout technicians do a quick
and reatively good job in certain dtuaions. Therefore, such a modding tool is dedrable for generating
rules that can precisdy model the details of some PDN geometries, not necessarily being super fast and
capable of modding dl the geometries. But the modeling should be accurate and robust. Even in the
board leve, the PDN geometries may have mixed scaes, for example, a smdl via versus a large solid
plane.

1. A tool for post-layot evaluation

A modding tool is needed after board layout complete, to evauate the performance of the designed
PDN as a whole. The tool should be fad, and capable of modeing mog, if not dl, of the PDN
geometries smultaneoudy with acceptable accuracy. If desgn objectives are not achieved, the tool
should be adle to identify the areas for improvements. Again, this tool should be fast snce a few
iterations may be needed to achieve dl the design gods.



IV. Transition is also a source of power noise

Simultaneous Switch Noise (SSN) is wdl known as a mgor source of power bus noise. The spectrum of
the generated noise voltage due to SSN has both odd and even harmonics of the fundamental clock
frequency. There's another mechanism that can cause power bus noise but often neglected in PDN
modding. In multi-layer printed circuit boards, there are intentiond sgnas, such as dock, bus sgnds,
or other fast switching sgnds, often trangtioning from one sgnd layer to the other through vias. If
these vias tregpass the power/ground plane pair (power bus), the signals can be coupled to the power
bus, and thus resulting in power bus noise. A unique characterigtic of this noise is tha it only has odd
harmonics if the duty cycle of the trangtioning sgna is close to 50%. Reference capacitors and ground
vias help mitigate this noise, but a tool is needed to identify these hot spots on a post route basis then
determine how many reference capacitors and ground vias are needed. In addition to power bus noise
and resultant EMI, sgnd integrity can be an issue as well resulting in ardiability problem.

V. Location, location, location

When an IC device switches dtate, it draws current from the PDN. We know that dthough some charge
is stored in the power/ground plane par (at low frequencies it is a pardld-plate capacitor), most is
available from decoupling capacitors. Every decoupling cepacitor has a paradtic inductance. From a
time-domain point of view, inductance adways impedes the change of current. Therefore, it takes time
for the charge that is stored in the decoupling capacitor to be available. The larger the inductance vaue
is, the dower the delivery of charge. Intuitively, decoupling capecitors should be placed close to IC
devices, since the capacitor that is close to the IC forms a smaller loop, thus a smdler inductance in the
loop. In the red world, things are more complicated than that. The inductance of the loop not only is a
function of the distance between the capacitor and the device, but dso depends on the layer stackup,
capacitor pad designs, and capacitor package size. In some cases, such as a thin power/ground plane
par, the effects of the digance to the inductance vaue may be negligible compared to those of the
others parameters. Therefore, in these cases, capacitor locations are not critical. By knowing this, they
can be placed where room may be available and criticad space can be saved for sgnd routing. In other
cases, such as a thick power/ground plane pair, locations are important, and capacitors shal be placed as
closdly to the ICs as possble. A good modeling tool shdl be able to analyze the effects of the capacitor
locations with dl factors conddered, and quantify the benefits of local decoupling (placing a decoupling
capacitor closdy to an IC device) to provide adequate information for a board designer to make correct
choices between decoupling benefits and routing flexibility.

VI. Time-limited analysis

When an IC device switches date, it draws current only within a short period of time. As we discussed
earlier, not dl decoupling capacitors on the board will participate as current sources within the limited
riseffal times. Only those that are placed close to the switching device can make charge available within
the riseffdl time are effective for this particular switching device. Furthermore, athough charge is stored
in the entire power/ground plane pair, not dl the charge is available during the logic trandtion as well,
gnce it takes time for charge to travel from where it is stored to where it is needed. To andyze whether
there's enough charge available for a devicegs switching, a time-limited andyss is preferred in the time
domain. By focusng on only a limited period of time (on the order of the riseffdl time), the dements
that participate the trangtion can be essly identified, and it is clear whether thereé's enough trangent
current available by monitoring the displacement currents both on the power/ground planes and through
the decoupling capacitors.



VIIl. Choice of individual capacitor values

In regarding the individua capecitance vadues for surface mount technology (SMT) decoupling
capacitors used in the PDN design, there are two common “conflicting” approaches. one promotes using
the maximum available capacitance vaues within the sdected package Szes to achieve a low power bus
impedance at the high frequencies and a high overal capacitance a the low frequencies, the other
promotes usng an assortment of capacitance values to obtain a wide and flat impedance response over
frequency. The modeling tool should be able to analyze the two approaches under the same conditions
(and others, if appropriate), and provide advice as to which gpproach is more effective for the particular
gtuation. The tool should alow the designer to make a decison as to which approach he wants to use, or
to decide on its own what values and placement to consder. The tool shal consder dl factors such as
capacitor package parasitics (ESL and ESR vaues), board stackup, board dimensions, vias and pads, etc.

Lossesin PDN designs:

Losses are everywhere in a power digtribution network: there are paradtic resstive loss associated
with the decoupling capacitor (ESR); didectric loss associated with the dielectric layers between the
power and ground planes, skin-effect loss of the copper planes (power/ground); and, lumped dement
resdive loss dements that may be placed in series with the decoupling capacitor. Various
measurements and modding have demondrated that losses are beneficiad for PDN designs, since they
usualy damp resonant peeks otherwise shown in the impedance profile of a PDN. It is well known that
the lower the impedance of a PDN, the better its performance in reducing power bus noise and in
mitigating radiated emissons. There could be both lumped and digributed resonant pesks in the
impedance vs. frequency curve of a PDN. The lumped pesks are due to the series resonances of
capacitances with inductances, while the digtributed ones are due to the geometrical parameters of the
power and ground planes. Any pesks are undesirable for a PDN since they indicate a potentidly larger
noise voltage generated by the same amount of noise current a each pesk frequency. By adding losses to
the PDN designs, the unwanted peaks can be reduced. For example, the “embedded capacitance’ has
been found to be dectricdly superb for power bus noise mitigation. An embedded capacitance layer
actudly is a very thin power/ground plane pair, usudly with a thickness of a few mils to a few microns.
By decreasing the layer thickness between the power and ground planes, skin-effect bsses are increased
on the surfaces of both copper planes. The increased skin-effect losses cause the resonances completdly
dissppear and the overdl impedance magnitudes are very low. The modding tool needs to include dl
loss dements into condderations, and shal be able to handle ultra-thin power/ground plane pairs with
thickness as thin as afew microns.

Densepin fied in power bus:.

Most modeling tools that have been developed in the past for power integrity of high-speed printed
circuit boards have focused on solid reference planes (power/ground planes), and treated the injection
point of the noise as a dngle point in an otherwise solid power/ground plane parr. However, the noise
sources are often high pin-count packages with footprints spanning several square centimeters.  Because
of the dendty of the solder bals, eg., for BGA parts, the power/ground layers beneath the package
footprint are not solid, but rather a mesh pattern that conforms to the spacing of the solder bdls on the
BGA part. Further, the power network on the package subdtrate is a amilar type of mesh geometry.
The impact that the mesh geometry has on the impedance seen looking into the power network & the
dlicon, and the limitations in trangent current draw associated with it is presently unknown. Modding
shdl be able to determine the impedance and trandfer functions associated with the PCB mesh geometry,
as wdl as the package substrate. In particular, the impact of the conductor mesh on the power/ground
planes on the PCB shal be determined. The trandfer function associated with the package itsdf adso
needs to be determined.
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I. Introduction

Thedesgn of Power Distribution Network (PDN) is becoming increasingly difficult with the ever
higher number of different supply voltages, higher operating frequencies and faster Sgnd edges. The
design chdlenges embrace the entire system, starting on the silicon, and ending at the power entry point
of chasss. Good design practices, resulting in good power delivery without unnecessary over design,
require adequate S mulation tools to predict the behavior of PDN. While each part and section of the
PDN may be equdly important, here we focus on the smulation tools for package and board power-
digiribution networks: silicon power distribution and detailed Smulation tools for power-conversion
circuits (DC-DC and AC-DC converters) are beyond the scope of this summary.

The power-distribution network should provide the active devices with clean power, where the transent
voltage fluctuations are within specified limits. The excitation of the PDN is coming from the sgna
currents and active devices core currents. In acomplex, software-driven system, the trandent
excitation current is hard to predict. To circumvent this problem, the PDN can be designed in the
frequency domain, to meet a pecified sdf and transfer impedance profile. This requires the proper
accounting of al mgor frequency-dependent effects aong the PDN.

Besdes providing clean power to the active devices, alarge portion of the PDN usualy servesdso as
return path for various digital (and possibly dso andog) sgnds. Single-ended Sgnding is directly
vulnerable to the fluctuation of the reference path, while differentia sgnaing offers some degree of
isolation. Voltage drops and fluctuations dong the return path may get transformed into common-mode
and differentia- mode noise components, directly superimposed on signals. Correct accounting for

S multaneous Switching Noise (SSN) contributions requires a proper modeling of the return path of
sgnds, which may be different at different frequencies.

Because the PDN physicaly encompasses a big part of the system, noise appearing on the PDN may
cregte not only signd-integrity issues, but dso Electromagnetic Compatibility (EMC) problems.
Capturing the near-field and/or the far-field radiation from a PDN with complex geometry isavery
chdlenging task. Asafirst step in preventing EMC issues, the key requirement is the proper capturing
of potential structural resonances.



Il. List of required features in power distribution simulation tools

for packages and PCBs:

I1.1. Handle irregular plane outlines and large internal cutouts

The chdlenge in this feature is to properly capture the structura resonance frequencies due to irregular
outlines and interna cutout shapes of PDN planes. Some tools use transmission-line gridsto smulate
PDN [1]. If thetool usesacrude approximation of the plane shapes, the discrepancy between measured
and smulated moda resonance frequencies can be dgnificant. One example was described in detail in
[2]. Ontheleft, Figure 1 showsthe outline of one of two plane shapes sharing the same layer, having a
non-rectangular outline and alarge cutout. A uniform rectangular-outline grid gpproximetion is
superimposed. On theright, the measured self impedance versus frequency is shown, with the

smulation result from the rectangular-outline uniform grid. The rectangular uniform grid

goproximation has an impedance minimum at a frequency, where the measured impedance has a peak.

Sef-impedance magnitude [ohrm]
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Figure 1. Topology and measured/s mulated impedance of anon-rectangular plane shape.

11.2. Handle multiple paralleled plane pairs of possible different
shapes/sizes, including vertical via connections

State- of-the-art packages often have multiple plane pairs supporting the power distribution and serving
as reference planes. Printed-circuit boards of medium and large computers dso tend to have multiple
plane pairs for the same reason. Multiple plane pairs may be needed smply to provide sufficiently low
DC resstance. Inthiscase, the digtribution of voltage drop adong the paraleled planes connected
through vias may be of primary interest. At high frequencies, the structural resonances of different-
shaped pardlded plane pairs will interact, and thisinteraction has to be correctly smulated. The
challengeisto properly capture the PDN’s behavior from DC up to the highest frequency of interet,
including DC drop and complex modal resonances.

11.3. Handle various degrees of plane perforations due to antipads, thermal
connections, and other small holes in the self and transfer impedance

calculations of PDN

The PDN planes are very seldom full planes: there are severa reasons why the planes may be sprinkled
with smdler and bigger voids. Vias and through holes not connecting to the particular plane require
clearance holes (also caled antipads) on the planes. For manufacturing reasons, some vertical viaand
through holes, which do connect to the particular planes, may have a set of smdll voids a the connection



point, called thermd rdief, connecting the viabarrd through a number of spokesto the plane. Findly,

the board may have smaler and bigger holes on the planes, or through the entire board, for mechanical
reasons. Dictated by the construction technology, some packages and some printed circuit boards may
require meshed planes or planes with various szes of vent holes.

Asillustrated for various geometriesin [3], depending on the relative location of meta voids with

respect to the potentia standing wave pattern on the planes, ardatively smal missng area of the plane

may result in sgnificant shift of moda resonances and distortion of impedance profiles. A typicd
scenario is under large packages, aso in connector areas, where the vertical connections can

ggnificantly perforate the planes. Sometimes the smal perforation holes tend to blend together to form

cuts and dots on the planes. Plane perforation aso increases the plane' s resistance and inductance.

There are multiple chalenges here. Simpler isthe transfer impedance ca culation, where the connection

points are outside the perforated area. In this case the challenge is to properly capture the shift of

dructurd resonances. Figure 2 isan illugration of possible shiftsin the transfer-impedance profile due

to various sizes of narrow rectangular dots on a board.
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Figure 2: Measured transfer impedance dong the shorter sde of a 152mm x 102mm
(6"x4") test board, with various length of a rectangular 0.8mm (0.03") wide dot from the
dde. On theright, the frequency shift of the first moda resonance peak is shown under

the same conditions.
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A bigger chdlenge isto capture the salf impedance of the perforated area with reasonable accuracy. The
sef impedance can be defined at connection points on the surface of package or the PCB, but in this
case the sdlf impedance contains the series impedance of the connecting vias. The PDN impedance

presented by the PCB planes and connected bypass capacitors may create amuch smaller impedance,

which might be overwhemed by the series viaimpedance. Thisisillugtraied in Figure 3 (on the left),
where athin laminate' s sdf impedance is measured in different configurations (Figure 35 of [4]). The

board had an 8um thin PDN laminate closer to the top surface. The three curves of the graph refer to

measured self impedance taken on the top pads of vias (label: Near side), on the bottom pads of vias
(labd: Far sde) and by measuring with one probe on the top and the other probe on the bottom pads

(label: Oppodte sdes). Thisthird trace represents the actud salf impedance of PDN with no seriesvia

impedance.
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Self-impedance magnitude of bare board Self-impedance magnitude, measured [ohm]

with 8-um laminate [ohm]
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Figure 4: Measured sdif-impedance plotsof PDNs. On the | eft, self impedance of abare
board, measured with and without vertical via connections. On the right, self impedance
of abare board, with three different local perforation patterns.

Theright-hand graph in Figure 4 shows the measured sdif impedance of a bare test board, smilar to
described in [5], where the three traces on the graph represent various degrees of local perforations. The
lowest-running trace had only the one pair of test-connection vias, with no nearby perforation. The
middle trace had two additiond antipads 2.54mm (100 mil) away. The topmost trace had three
additiond antipads nearby.

I1.4. Handle the coupling and resonance-pulling effect among adjacent

plane-pair cavities through splits and openings

Density requirements often force designers to split metal layers into separate power-plane shapes. These
power-plane cavities may or may not share acommon ground plane, but in ether case, the didectric gap
of the split creates a small coupling between the cavities. Similarly, in avertica stackup of a

multiplayer board, otherwise eectrically independent power nets may be coupled through the vertical
dielectric separation and/or splitsin the planes. The chalenge hereisto capture and properly account

for the coupling among the various nearby cavities. Figure 5 illugtrates this coupling (from [3]).

Impedance measured, simulated [ohm] Impedance magnitude [ohm]
1.E+01 - 1.E+01
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Figure 5: lllustration of coupling between adjacent plane-pair cavities. Measured and
smulated saf impedance with adjacent cavity present (on the left) and with adjacent cavity
physicaly removed (on the right). Note the double peak of measured impedance with the

adjacent cavity present



I1.5. Seamless integration of large package and board files, extracting PDN
contribution to signal-return path bump-to-bump, extracting frequency-

dependent return path geometry
The chdlenge is to integrate separate large board and package files with minimum user interaction, and
to properly account for the return path through the PDN aong the entire length of connections.

11.6. Include frequency-dependent bypass capacitor and plane models
Upon closer ingpection, basicaly al components used in PDN exhibit some degree of frequency
dependence in their capacitance and/or inductance. The chdlenge hereisto properly modd the
frequency dependent effects (see eg., [6]) and to incorporate the suitable modd in the smulation tools.
Obtaining the accurate data for the PDN components may rely on measurements. Figure 6 shows afew
illugtrations of frequency dependent capacitance and inductance values of bypass capacitors and

power/ground planes ([4], [7], [8]).
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Figure 6: lllustration of frequency dependency of PDN components. On top left: comparison of
percentage change of static capacitance of thirteen different thin power/ground laminates (from [8]). On
top right: measured and estimated frequency dependent inductance of a 1-mil polyimide laminate with
two-ounce copper on ether side (from [8]). Lower left: measured impedance magnitude and phase plot
of a4.7uF 0508 ceramic bypass capacitor. Lower right: the extracted capacitance and inductance versus
frequency curves for the same part (from [7]).
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1. Considerations for PDN Design - Time-Domain (Sl) and
Frequency Domain (EMI)

An adequately designed power distribution network serves different functions, depending upon the
direction from which the design is gpproached. In one case, the function is to supply sufficient current
a araetha alowsfor proper functioning of the IC devices, while maintaining adequate noise margins
for signal integrity. In this case, the nontided effects are dominated by time-limited artifactsinduding
the impact on rise time, overshoot/undershoot, and ringing. These design issues are time-domain
condderations. From another perspective, the switching IC devices are sources that result in noise over
awide frequency range, which is distributed throughout the digital system as a consequence of the
power distribution network. The noise can be coupled off the PCB by various paths resulting in EMI.
The design objective is to mitigate this noise by reducing the noise voltage over frequency on the PDN,
which might be achieved through a low-impedance network as seen from the |C device power pins. In
this case, the design issues are frequency-domain consderations. Both sets of design objectives must be
met, and an ided design tool would have good functiondity in the time- and frequency-domain.

The ggnificant design issuesfor the PDN are relatively sraight-forward to enumerate. In this
perspective, only multi-layer PCB designs that use entire layers, or large areafills for power and ground
are conddered. Specificdly, the design choicesinclude:

layer spacing and stackup,

surface-mount capacitor locations,

surface-mount capacitor vaue(s),

power/ground layer materias— high e, materids, loss

noise isolation/segmentation of power aress

signd routing and noise coupling to/from the power areas

total capacitance vaue required — power areas, components
By and large, these design choices are currently determined using a combination of Smulation and sudy
on problems of limited complexity, and previous desgn experience in a*“best engineering design
practice’ gpproach, i.e., establishing design guiddines. The shortcoming of this state of affairsisthat as
the data rates and design dengity increase, and logic levels decrease, a quantitative evauation of adesign



is needed to meet increasingly stringent specifications. In the absence of mature, and robugt tools for
PDN design, the consequence is over-design. It isworth noting at this juncture that the above list can be
divided into two groups. The first six items are PCB/package related. The saventh, however, isIC
devicerelated, i.e., requires an adequate IC mode at the power pins to assess the required total
capacitance needed in the design.

2. PDN Tools for Design

Ideally, suitable design tools would be available for design discovery and development of guidelines, as
well as pre- and post-layout andyss. The objectives, functiondity, modeing accuracy, speed, and user
might be different in each case; however, anecessity for engineering is a sophisticated graphica user
interface that facilitates mode development in the eesiest manner possible. In the case of design
guiddlines, the concern isto include in as complete a fashion as possible al aspects and geometry
associated with awell-defined geometry. Specific examples of problems might include noise coupling
resulting from a via trangition through the power layers, or extracting the impedance of the package/PCB
interface. These geometries aretruly 3D, and for fast devices can require full-wave (formulated from
Maxwd|’ s equations) numericd modeling usng FEM, MOM, or FDTD. The solutionswill be very
good for awell-defined geometry of minimal to moderate complexity. Careisrequired to modd al the
essentia features and physics at hand, including non-idedl geometry effects such as conductor cross-
section, or interconnect non-uniformity at sufficdently high detarates. A single smulation can be quite
time-consuming, and many smulations may be needed to understand the relevant physics and develop a
design guideline, or extract adesired circuit modd. Thesetoolstypicaly require users with expertisein
EM, numericd modding, and the intricacies and nuances of the particular tool being used. In addition,
the set-up, and modd development time is Sgnificant. There are a number of very good, and mature
tools commercidly available for the various numerica €ectromagnetic modding methods— MOM,
FDTD, and FEM.

An objective of a pre-layout todl isto provide guidance, preferably quantitative, for first pass design and
for choices that may be difficult or cumbersome to change, once the board isfully laid out. Examples
include layer stack-up, plane splits and segmentation, 1C placement, SMT capacitor location and value,
and routing of signas that might trangtion through the planes and couple noise to/from them. In
addition, a pre-layout tool should help provide insight, and be alearning resource for PDN design. The
level of complexity of the modeling would be moderate, and include the power areas, multiple planes,
arbitrary plane geometries, plane solits, cutouts, mesh fabric resulting from device pin and BGA fidds,
and models for the power draw from ICs. Thistype of pre-layout tool would quantitetively make A/B
comparisons for PDN design, even though the un-certainty resulting from the reduced complexity would
not provide absolute information for the S impact on any given net or specific EMI leves. The output
would be time-domain waveforms at a device terminas or open-circuit voltages on the planes, aswell as
frequency domain noise on the PDN. The users of such atool might be designersand S engineers that
have aknowledge of circuits and the physics at hand, but not necessarily expertsin computationa
eectromagnetics. The mode development time would be minimd, and the run time would be very fad,
on the order of minutes, or afew tens of minutes. 1dedly, it would be compatible with industry standard
SPICE tools so that additional model complexity beyond the PDN could be included. At least one tool
iscommercidly avalable that fits some of these agpects. However, a serious “fly in the cintment”, with
regard to PDN design in generd, isthe lack of 1C device models &t the power pins, which impacts al
tool development. With thislast exception, a good pre-layout tool is very achievable.



Findly, there are post layout tools. A post-layout tool would read in the board design files, peform a
quantitative andyss with known uncertainty, sufficient for predicting the S impact on critical sgnd

nets at adevice, and noise on the planes, both in the time- and frequency domains. The tool would be
usable by designersand Sl engineers. The mode development time would be negligible, since the board
filesareread in from the design tool. Findly, the run time should be relatively fast, and the tool should
provide feedback and guidance on problem areas, or optimization. Presently, there are no such tools,
and the chadlenges in developing it are Sgnificant.

3. Models, Modeling, and Measurements

Suitable pre- and post-layout tools for PDN design require good models for circuit simulation, including
interconnect models, models for non-ideal planes and materials, and IC device models. Thetypes of
interconnect modds include chip-to- package, package-to-PCB, SMT components to the PCB, and via
trangtions through the planes. Nortided plane effects include arbitrary shapes, cutouts, splits, and other
segmentations, as well as the mesh left by adevice pin or BGA fidd. Also included should be materid
effects. Severd different models for the planes, including the nortided effects and materia properties
have been developed that can be fast, and some suitable for a SPICE environment — both transent and
swept- frequency response. Modelsfor circuit Smulation of the interconnects at al levels can be
extracted from full-wave modeling, though the process may be tedious and time-consuming. Thesngle
greatest piece missing for the PDN simulation being consdered here is adequate, or even rudimentary

|C device moddls at the power pins. In the absence of device models, only A/B comparisons between
two iterations of adesign are possible, and no absolute assessment of the PDN design impact on sgndl
integrity, or EMI ispossble. Determining the total value of capacitance isthen a*“best guess’ that often
leads to over-design. Further, thereis no quantifiable stopping point for the PDN design.

Modeling has to do with putting it al together — complexity, aswell as determining accuracy, and
uncertainty. For example, aviatrangtioning through the power/ground planeswill require an
interconnect modd that includes amode for the Sgna path, as well as the coupling to the planes. The
complete smulation must be put together from the component models to reflect the physics of the
problem. The accuracy required of individual component models will be limited by the uncertaintiesin
the design, including manufacturing tolerances and lumped dement component vaues, eg., the
cagpacitors. Circuit modd extraction for component models using full-wave numericd toolsisaso an
“art form” itsdf, and will contribute to uncertainties in the overal PDN modding.

A critica aspect of model development, and modeling, whether for interconnects, PCB planes, or
devices, is making good measurements along the way to guide the mode devel opment, and modeling
process. Critica types of measurements include swept-frequency measurements (frequency domain),
eg., avector network anayzer, time-domain measurements, e.g., Sgnals and eye patterns, and trangent
current measurements at device sgna and power pins, in particular for large pin-count devices. With
effort (often agreat ded) and the right fixturing, measurements for verifying component modds for
interconnects and discontinuities can be made for mode validation. However, a suitable method for
measuring trandent currents at the power pins of large pin-count ICs (for example with BGA packages)
is currently unavailable, which is a sgnificant impediment to mode development for the IC ina PDN
desgn toal.



5. The Ideal Tool and Challenges

Mesting the chalenges associated with increasing data rates and design densities, aswell as decreasing
logic levels demands a sophisticated PDN post-layout tool. Such atool would read board design files,
and be able to include multiple boards within the smulation. Idedlly, such atool would be SPICE
based, or SPICE compdtible. In addition to performing design andysis, the ideal tool would dso
provide design guidance for improvements, or even optimization.

The challenges for developing such atool are primarily the overadl complexity of the resulting PDN
smulation, i.e., the sheer number nets, components, and power areas that might need to be considered,
even for alimited portion of adesign, aswell as a proven and well-developed moded library. The
proven aspect of the library relates to adequately representing the physics and connecting the congtituent
component models back to measurements. The well-developed portion of the library relates to spanning
the parametric space of common geometry variations of the library condtituent models, aswell asthe IC
device models. These chdlenges are not smdl, and thisidea may not be achievable any time soon.
However, developing agood pre-layout tool specificdly for PDN design is very achievable.



