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The power delivery network is made up of passive elements in the
distribution network, as well as the active transistor loads. A chip
typically has three types of power supplies that require attention:
core, 1/0, and analog. Core circuits consist of digital circuits and
have the largest current demand. In addition to all of the system
issues/models for the core, modeling the I/O subsystem has the
additional requirement of modeling return paths and discontinuities.
The analog circuits present yet a different challenge to the macro-
modeling of the supply network because they place a tight demand
on supply variations. This paper presents a design methodology on
how to generate macro-models of the entire chip electrical interface.
This methodology can be used by the chip, package, and system
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designers and is being used to design high-reliability servers. Figure 1. The Power Delivery System
C . d Subi D . ples will be presented that illustrate the impact of the various com-
ategories ana Subject Descriptors ponents of the core, I/0, and analog supply models.

C.5.3[Computer System Implementation} VLSI Systems.
2. CORE POWER MODELING

General Terms _ A microprocessor power delivery system is illustrated in Fig. 1.
Performance, Design, Reliability. The major components include the voltage regulator, PCB stack-up,
Keywords capacitor (type, quantity, and placement), the package type/stack-

up, package capacitors, and on-die capacitance. These major issues
are resolved by creating a system-level model of the core power dis-
tribution. For low/mid-frequencies, one can model this complex net-
1. INTRODUCTION work as shown in Fig. 2. In Fig. 2 the parasitic inductance comes
Delivering power to VLSI chips is an increasingly difficult chal- from: bumps, package and board vias, planes and perforated planes,
lenge as voltage scaling decelerates, the supply current and poweF€coupling capacitor parasitics, and the voltage regulator. The
dissipation accelerate, and the device count increases. As voltag&apacitance comes from on-chip capacitance (non-switching gates
scales, the tolerances on the power supply get tighter, while theand degoupllng capgutance) and discrete off-chip capamtors. The
noise sources actually increase in magnitude. Processor power tranModel is accurate in the 1 to 200MHz range and will serve to
sients can be large in magnitude and occur at arbitrary frequenciesd€velop the system, package, and on-chip capacitor requirements.
though the largest power transients occur at relatively low frequen- 1 hiS type of model is not meant to see the effects of localized, very
cies, necessitating a model of the entire system. 1/0s do not escapdigh-frequency on-chip noise, however it can be expanded into
this challenge as I/O counts and frequencies increase. The high-fre-zD/3D models to extend the effective frequency range upwards.
quency signal return current associated with each of these 1/O cir- The off-chip inductance (L) and on-chip capacitance (C) form a
cuits must travel through the entire network from chip to package to LC tank circuit whose impedance peaks at a the chip/package reso-
board. nant frequency (between 10MHz-100MHz in most systems).
A potential road-block to meeting this objective is the fact that Pepending on system configuration the peak can be quite large. The
most of the data required for design verification is available only "€Sonance can be excited by instruction patterns that cause large
when the design is completed, and the system is ready to ship. Also,iransients in power. However, the excitation is not limited to a sine

when the data becomes available, the simulation problem can beCr Square wave, as any large power transient will contain energy at
intractable, owing to the amount of elements and information the frequencies of interest. If this resonance is not removed, then

present. large power transients will degrade the supply significantly over
Power-delivery models for core, 10, and analog supplies requires Multiple cycles, thereby reducing performance and reliability. The
modeling of the entire system (typically circuit-board/package/die) MOt substantial voltage droop in a microprocessor power delivery
to capture the basic first order effects. This paper will address the SyStem is associated with this frequency band. The following sec-
modeling constructs required to understand these effects early in thellons addresses how to estimate the various parasitics in Fig. 2, and

design cycle in such a way that the design can be influenced. Exam-formulate a methodology for designing core power distribution net-
works using a macro-model of the chip electrical interface.

VLSI Power Distribution, Inductance, High Speed Microprocessor
Design, Analog and I/O Power Delivery.
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2.1 Decoupling Capacitors WO, B 20 [0 se? O sel
Voltage regulators contain a feedback mechanism that allows M = ﬁ'%n'%—gp’f \/EH——Q%_ J%+Tp E+ T’E )
them to respond to changes at the load. However the bandwidth of o Sep ! o
these regulators are typically limited to the 10-kHz to 1-MHz range Wherel is the via length andepis the separation distance between
[1], above which they behave like inductors. The inductor value can the center of the vias. To obtain the self inductance, we repiege
be obtained from the voltage regulator vendor and is highly depen- by the radius of the wire (or half the diametdy,and add the inter-
dent on the design of the connector. Therefore, a hierarchy of nal inductance of the wire {4) we obtain the self inductandg)(
decoupling is used to provide power at higher frequencies. u 00 0 2 ; 2 ul

Discrete capacitors are far from ideal as each capacitor contains L= Zilan %{'—i + Dl.+% — oL+ 0'2? o+ 0.5? + zr% 2
an equivalent series resistance (ESR) and an equivalent series induc- . E| Jod . " U . .
tance (ESL). Each capacitor is a series resonant circuit that is most Itis O.f note thaj[ at hlgher frequencies, where the skin effect is
effective at its resonant frequendys| where it appears resistive. ~Predominant, the internal inductance term drops out.
Below fq the response is capacitive and beydgdhe inductance Using EQ 2, the self inductance of each via/pin in the package
dominates. Capacitor effectiveness is limited by the capacitor's ESL ¢&n be calculated along with the mutual inductance, using EQ 1,
and the inductance of the path to the capacitor [2]. The ESL can be PEtween all pairs of vias/pins in the package. Once the inductive
reduced by using many capacitors is parallel. In order to explore the {€rms of the package vias/pins are computed the network is col-

reduction of the path inductance, a model of the package and PCB!@Psed into & two-port network as illustrated in Fig. 3(a) by placing
power planes must be derived. all power inductors in parallel and then in series with the parallel

combination of ground inductors. The network can be excited with

2.2 Package and Circuit Board Power Planes a 1-Aac current source, and by measuring voltage at a given fre-

A typical system contains both non-perforated and highly perfo- guency.w we can solve for the equivalence inductance by applying
rated power planes. The non-perforated sections of power planes aréhms law. Using this result, an equivalent single inductor and resis-
the sections between capacitors and the package. Perforated powdpr can be found for arbitrary patterns such as the ones shown in
planes are those that lie under the package where hundreds or thouFig- 3(b) [5]. This methodology can be applied to the several alter-
sands of vias cut through the planes. The loss of metal increases théatives for socketing the microprocessor including LGA, BGA, or
inductance and resistance, which can be represented using a dera{PGA. From a modeling perspective, the major difference is
ing factor based on the amount of metal lost. Power planes have R,brought about by the pin/ball lengths and the pin/ball pattern used.
L, and C components, however for low/mid-frequencies the C can .
typically be ignored as this distributed capacitance will be relatively 2.4 Ch'p Model . . .
small compared to explicate capacitance. Different approaches to,_ | N€ Processor determines the power transient behavior and con-
finding the spreading inductance can be found in [3] and [4]. tains a substantial amount qf on_-dle capacitance. The on-dle capaci-

Multiple planes in parallel can be treated as resistors in parallel, t2nce comes from non-switching logic, switching logic, bypass
given an alternating power-ground stack-up. For example, two pairs c@Pacitance that is local to the logic, and global (in the channels)
of power planes have one third the inductance of a single pair c@Pacitance (as illustrated in Fig. 2). The local capacitance can be
because of the addition of a dielectric layer between the pairs of €Presented as a capacitor with a low ESR. Inductance is usually
planes. Therefore, the key to managing inductance lies in using i9n0red on-chip in this analysis as off-chip inductances and on-chip
multiple pairs of planes, with thin spacing. A very important pack- 'esistance dominate at low/mid frequencies. The ESR for local
age consideration is the use of capacitors which will require a low @pacitance is usually dominated by the channel resistance and
impedance path through the horizontal package power planes.increases as the channel length increases. Global capacitance
These planes are modeled just like perforated and unperforated©Sides in the channels, often far away from the logic. At this dis-
planes on the PCB. With the use of package capacitors, it is possibletace; the ESR is dominated by the power grid, and the capacitor is

to eliminate a high-Q chip/package resonance modeled with a much higher ESR than its local counterpart.
' Digital logic is represented by a series pair of parallel capacitor
2.3 Vias, Pins, & Bumps and resistor. For non-switching logic, one of the two resistors is set

Hundreds or thousands of vias are used to bring the core powert0 & very high value and the other is set to give a RC time constant
from the PCB power planes to the pads connecting to the packageequal to a fanout-of-four (FO4) inverter. Switching logic (including
and between different layers in the package. The inductance is pro-leakage and crow-bar current) can be represented by either switch-
portional to the via height and inversely proportional to the total Lp1
number of vias. Typically core power is brought in through the mid- . LerF
dle section of the package pin array (to alleviate 1/O routing issues).

The layer location of PCB power planes controls the via lengths.

In general packages are a series of vertical via layers and pins that @ 1-Axc Q)
connect the PCB to the chip along with some horizontal planes of
metal connecting the vias inside of the package. For the model
shown in Fig. 2, the package planes can be ignored in the vertical
path from chip to PCB. Along the way the via dimensions change to
reflect the connection dimensions at the package ends. The total
minimum thickness of the package is dominated by the number of
routing layers needed to route the 10 signals or by mechanical rea- (b)
sons. It often takes several layers for the IO signals to escape
towards the edge of the package.

The vertical bump/via/pin inductances can be derived from Good Poor Excellent

approximations which relate the self and mutual inductance of a Figure 3. (a) The pattern can be simulated in the AC domain
pair of parallel filaments [4]. The mutual inductandé)(of two by mapping the L's, M’s to a passive circuit. (b) Effective
equal parallel straight filaments is given by: inductance is strong function of placement.
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ing the resistors in another copy or copies of the circuit used for than that of the core because they include off-chip parasitics result-
non-switching logic. Leakage current is modeled by making the ing in Vdd/Gnd bounces independent of each other across different
higher “off” value resistor just large enough to still draw the correct chips. Therefore, careful attention must be paid to make sure return
amount of leakage. Crow-bar current is modeled by having both currents are modeled correctly. It is the flow of these return currents
resistors in a low resistance state for a short amount of time. Finally that causes large Vdd/Gnd bounces from either an overly inductive
by using multiple copies of the circuit, an expected current profile, supply network or discontinuities in the signal return path.
from an architectural power model, can be modeled. In the presence of Vdd and Gnd bounces, the resulting timing and
. . .. voltage margins will be reduced because the waveform will have
2.5 Capacitor Selection & Sizing Methodology increased jitter and reduced signal swing. In some cases the
~ We have assembled all the pieces required for the sizing of capac-hounces, themselves, can be transmitted across a channel as noise.
itors at the various hierarchies. Several different types of capacitors|n addition, if the links are single-ended, the reference voltage may
are available, each with a different cost, area, and frequency pe inaccurate as well since it is often referenced to a different Gnd
response (due to ESR and ESL). The goal is to find a combination than the receiver.
of the board, package and chip capacitors that reduces the overall To model these return currents correctly, signal traces must be
impedance of the distribution network to within a tolerable limit, referenced to the correct Vdd and/or Gnd nodes. This is done by
while ﬁttlng within the allotted area and for a reasonable total cost. using a 2D field solver, such as Ansoft, to extract the traces and ref-
A model of the system similar to Fig. 2 is first constructed, with - erence planes. In addition the use of ideal ground (SPICE node 0)
the parasitic inductance and resistance calculated based on physicadhould be avoided in all locations except for one spot as this node is
geometry using the methodology described in the previous sections.an infinite source/sink for current. This special node can allow cur-
The chip load is excited using an AC waveform with its frequency rent to avoid discontinuities in the system and jump from one point
as the sweeping parameter. Using this model, the optimal capacitorto another, masking important effects.
size for each hierarchy can be found with a greedy approach. For  An example model that illustrates the major power supply effects
board capacitors, the frequencies of interest range from 1-MHz to that must be captured is shown in Fig. 5. The model represents two
10-MHz, while the package capacitors are responsible for frequen-yoltage mode drivers whose output signals are referenced to both
cies from 10-MHz to 200-MHz. _ Vdd and Gnd planes in the package, but in the PCB they are
~ Using the greedy approach, a unit quantity of the cheapest capac-hetween Gnd planes only. PCB traces are typically only referenced
itor is added into the model. The impedance of the network acrossto Gnd planes since Vdd is not routed through connectors. Note the
the frequency spectrum of interest is obtained by sweeping the fre-signal being between Vdd and Gnd planes in the package is
quency of the AC load using a circuit simulator. If the network refiected in the model by the capacitors to Vdd and Gnd. Also, the
impedance is above the target, another capacitor is added. Eackxtraction contains important capacitors between Vdd and Gnd,
additional capacitor lowers the impedance peak while possibly representing where signal traces are not present between reference
shifting its frequency. If the impedance is still above the target when pjanes.
the allotted decap area is full with the cheapest capacitor, then  while Fig. 5 is all that is required to accurately model the IO sup-
replace one capacitor with the next-most expensive type, assumingply, it raises some possible issues that must be resolved. The first is
that the higher cost capacitor is more effective in lowering the over- the Vdd and Gnd bounce from the large supply inductance. The
all impedance at higher frequencies. The search stops when theyounces from the supply network can be reduced by increasing the
desired impedance is met. Algorithms for proper placement of the on-chip capacitance or by lowering the inductance to other decou-
on-chip decoupling capacitance can be found in [6]. pling capacitors (e.g., through thinner spaced planes and more pins).
Fig. 4 shows the transient response to a step excitation. The  The second issue is the discontinuity in the signal return when the
absence of ringing in the design that meets the target impedancesignal travels from the package to the PCB. In the package, approx-
prevents even larger excitations from a repetitive source. The use ofimately half the return current flows in Vdd, and half through Gnd.
the methodology leads to a substantial increase in Vdd which would However, in the PCB, all the return current flows through Gnd.
allow for higher frequency operation at a relatively low cost to the Therefore half the return current must cross the discontinuity
overall system. through the capacitance between Vdd and Gnd in the package,

3. I/O POWER MACRO'MODEL Supply Impedance:

. . . Complete 2-Bit Use core power methodology
I/0 power modeling is an extension of the core power problem, Macro-Level -
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Figure 7. Analog Supply Macro-Model
result in a large portion of the signal being lost across these imped-
ances as power supply bounce, a slowing of the signal rise/fall
times, duty-cycle distortion, and jitter in the signal. Therefore the
Gnd domains should be shorted in metal as metal results in a very
small and controlled impedance.

The other critical issue with system level supply isolation is
determining the amount of on-chip decoupling capacitance needed
for the analog supply. This can be done by exciting the input to the
macro-model in Fig. 7 with a noise source and finding the minimum
amount of on-chip decap required for the circuits to meet required
specifications. Decoupling capacitance and jitter performance can
typically be traded for each other. As a final check a model should
be simulated to make sure the decoupling capacitance is sufficient
to limit supply noise from the return currents flowing through the
supply decoupling capacitance when crossing power domains.
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which will collapse the supply voltage in the package and on-chip. 5. SUMMARY
The effect, illustrated in Fig. 6a, can be avoided by placing low ESR  Scaling trends in VLSI have created significant challenges for
and ESL capacitance between Vdd and Gnd near the return currenglesigners including chip power delivery and distribution as supply
discontinuity either on the PCB or on the package (illustrated in Vvoltages have decreased, while transistor counts, frequency, and
Fig. 6b). In contrast to Fig. 6a, which shows the data eye without the current have increased. A good model includes information about
package capacitors, the eye opening in Fig. 6b is noticeably larger. the entire distribution network, including the passive elements in the
This example model can be extended to reflect different numbers of distribution network (decoupling capacitor hierarchies, board and
signals by extracting more traces, scaling the non-package ele-package power planes, vias, and bumps), as well as the active tran-
ments, and adding additional on-chip elements. Different configura- Sistor loads (core, /O, and analog). This paper presented a method-
tions of capacitances, vias, and power planes, can be evaluated. Thelogy on how to construct the macro-models of the chip electrical
I/0 macro-model allows us to quickly investigate all of the trade- interface, discussed the trade-offs involved in the design of various
offs associated with the design. components, and provided some design solutions.
For 1/O power, the same macro-models were used, however the

4. ANALOG POWER MACRO-MODEL model was extended to address signal return currents and potential

Typically microprocessors have some analog circuits such as adiscontinuities. Solutions to typical problems were presented within
PLL or DLL whose effectiveness is related to the stability of the the context of the I/O macro-model. Finally, a macro-model for ana-
power supply. PLL and DLL jitter is dominated by power supply log power was presented to address the major issues when analog
noise [7]. The issues addressed by the analog supply macro-modehnd digital circuits reside on the same chip. Issues brought up by the
include supply isolation, signal return current strategy, and decou- model included the need for a supply isolation approach, decou-
pling capacitor methodology. The digital circuits on a microproces- pling capacitor methodology, and the interface issues associated
sor often cause significant supply fluctuation due to large switching with inter-power-domain communication. These models are cur-
current. Often the fluctuation is too large for analog circuits and itis rently being used to design high-reliability servers in industry.
advantageous to isolate the supply of the analog circuits. The sys-
tem level approach to providing supply isolation is to route a sepa- 6. ACKNOWLEDGMENTS
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