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ABSTRACT

Suppressing clock-gating-induced noise ar the chip-pack-
age interface is one of the most challenging power distribu-
tion integrity issues. In this paper, accurate and efficient
assessment of the effectiveness of on-package decoupling is
facilitated by package macromodels which compactly repre-
sent packaging parasitics among multiple on-package de-
coupling and on-chip ports. Based on such assessment, a
simulated-annealing-based optimizarion procedure is devel-
oped with the goal of finding the most cost-effective on-pack-
age decoupling while meeting the noise budget.

I Introduction

As on-chip switching current and power consumption
skyrockets due to the increasing speed and density of VLSI
chips, it has become increasingly important to accurately
model and analyze the combined chip-package interfaces of
power/ground distribution for the following reasons. Firstly,
aggressive clock gating schemes, which have been widely
adopted to reduce chip power, generate large current tran-
sients. Due to the wide spectral distributions of those cur-
rent transients, it is imperative to maintain a low target
impedance throughout the mid-frequency spectrum at the
chip-package interface to meet the noise budget. To achieve
this objective, on-package decoupling optimization has
proven to be an effective approach [2]. However, accurate
assessment of the effects of the on-package decoupling
capacitors must be based on accurate package models. Sec-
ondly, the increase in signal pin requirements is outpacing
the relatively slow advances in packaging technologies such
that relatively fewer pin and wiring resources are available
for on-package power/ground distribution. It has come to a
point where the package-to-decoupling-capacitor parasitics
are becoming comparable to those of the decoupling capaci-
tors themselves. Thus, there is an increasing need to replace
the traditional simple models [1] -- which ignore or crudely
model the packaging parasitics -- with multiport models that
accurately represent the parasitics for the chip-package
interface.

In this paper, a methodclogy that we have developed
for accurately modeling packages is briefly described in
Section 2, This methodology tackles the modeling and anal-
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ysis complexities for on-package power/ground distribution
via window-based susceptance (inverse of inductance)
extraction [4, 5] and subsequent model order reduction
(MOR) [6, 7]. The resulting macromodels, derived from the
detailed extracted RCS (S representing susceptance) cir-
cuits, provide not only the accurate multiport representation
but also the efficiency that is necessary for design optimiza-
tion [3]. Using these package macromodels, we can then
study how combinations of on-package decoupling capaci-
tors can affect the frequency-domain behavior at the chip-
package interface, which is reported in Section 3. Further-
more, the package macromodels with multiple on-chip
ports allow us to address the impact of on-chip non-uniform
switching on clock-gating-induced noise. A simple metric
for assessing these effects is given in Section 4. In Section
5, with the ability to quickly evaluate different deployments
of on-package decoupling capacitors, a simulated- anneal-
ing-based optimization procedure is developed with the
goal of reducing decoupling capacitor cost while achieving
the target impedance. Throughout sections 2, 3, 4 and 5, a
C4-technology-based industrial package example is mod-
eled and analyzed for demonstration purposes.

2 Package Macromodeling

The main difficulty in efficient modeling of on-pack-
age power/ground distributions lies in the complexity of
modeling and analyzing massive 3D magnetic couplings
among hundreds of thousands of conductors. In our meth-
odology which is described fully in [3], the complexity
problem is tackled in the following two-step procedure.
Firstly, we adopt the susceptance concept (inverse of induc-
tance) which enables more robust sparsification of the mag-
netic couplings than the inductance [4, 5). This concept,
coupled with several advanced implementation techniques,
has made it tractable to build detailed RCS (S representing
susceptance) circuit models for some ASIC packages in a
reasonable amount of time. For example, the statistics of
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Fig. 1: Package Macromaodel tor Chip-Package interface
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Fig. 2: Top view: package to chip and decap pins

applying our package extractor to the power/ground distribu-
tion in the testhench package is tabulated In Table 1 (Per-

No. of No. of Circuit | Extraction
Caonducters  |Ne. of Mutuals Nodes Runtime
79.770 536,953 125,722 102 minutes

Table 1: Extraction Statistics
formed on an IBM RS/6000 44p Model 270 Machine).

However, in an optimization scenario where multiple
evaluations are needed, it becomes cumbersome to apply
detailed RCS circuits in a simulation engine. For example, it
consumes about 1 Gigabyte memory and 20 minutes to do a
transient simulation of 404 time steps on the extracted circuit
from this package. An AC sweep analysis of this package is
expected to take more time and space since it involves com-
plex matrix computations. Therefore, we take the second step
to make the detailed models compact through some model
order reduction (MOR) techniques which have been extended
1o handle RCS circuits with high efficiency and accuracy {6,
7]. The resulting package macromodels can significantly
reduce the simulation complexity. More importantly, the mul-
tiport nature of these macromodels allows accurate character-
ization of the parasitics among muitiple on-package
decoupling capacitors and different on-chip regions, as shown
in Fig. 1. In the testbench package, the top view of which is
shown ir Fig. 2, there are 16 decoupling positions and the
chip is partitioned into 4 switching regions. Adding the bot-
tom port, a 21-port 105th-order macromodel was constructed
through our MOR program. The MOR statistics is shown in
Table 2 (Performed on an IBM 7017-s85 AIX system). We

3 Effectiveness of Mixing Decoupling Capacitors

To reduce the power supply noise caused by current
surges, it has been a common practice to place decoupling
capacitors at all packaging levels to serve as charge reservoirs
and suppliers, as shown in Fig. 1. However, the inherent
inductance in the power/ground distribution, combined with
those decoupling capacitors and associated parasitics, can
generate resonance peaks in the frequency-domain character-
istics. This phenomenon can magnify the noise problem espe-
cially when some clock-gating-induced current transients
contain some considerable components at frequencies close o
the resonant frequencies. Therefore, a good package design
must ensure that those resonance peaks be suppressed below a
certain target impedance.

Due to its inherent parasitics, a realistic on-package
decoupling capacitor is modeled as a series conneclion of
three components: an equivalent series capacitor (ESC), an
equivalent series resistor (ESR) and an equivalent series
inductor (ESL). Generally, for the same amount of ESC, a
decoupling capacitor with a lower ESL is more expensive.
The 4 types of decoupling capacitors used in our experiments
are characterized in Table 3. All of them have the same ESR
and ESC except different ESL. The actual price information is
not available, so some numbers correlated with quality are

No C Cid Cle Cib Cla
ESC - 50 nF 100 nF 30 nF 100 nF
ESR - 0.060 ohm|0.060 ohm]0.030 0hm|0.030 ohm
ESL - 100 pH | 100 pH 40 pH 40 pH
Price [4] 1 2 2 4

No. of State
No. of State Variables in
Variablesin Original ] Reduced-Order
System System MOR Runtime
205,492 105 664 seconds

Table 2: MOR Statistics

choose the order of the reduced system to be 105 since our
experiments show that there is no significant accuracy
improvement for orders above 103.

Table 3: Decoupling Capacitors

used instead. Since we also have the choice of not populating
a decoupling port, a fifth choice, “No C", is listed in the table
with zero cost.

To study the efficacy of the decoupling capacitor in the
context of packaging parasitics, we conduct the following
experiment. First, a 18-port 90th-order macromode! is built to
represent the testbench package. The 18 ports include one on-
chip port, 16 on-package decoupling ports and 1 bottom port.
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Fig. 3: Comparison of Decoupling Effectiveness
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We use one on-chip port since uniform switching across the
chip is assumed (The impact of non-uniform switching will be
discussed in the next section). Again, the order of 90 is chosen
by experiment. Then for each deployment of decoupling

Peak Z | Decap
NeC | Cid Cle | Cl1b Cla [(mohm){ Cost
No All 293 0
Decaps
Priciest All 153 64
Mixed |G03.FO2.|GO6, FO7, [GO5,E02, | GO, [CO2, 007} 157 7
EO07,B04| BO6 BOS |DO2, DY) BO3

Table 4: Experiment with three deployments

capacitors in Table 4 at the 16 ports, an AC sweep analysis
with the package macromodel is performed to determine the
impedance seen by the chip port as shown in Fig. 3. It can be
seen that placing the priciest capacitor at all the decoupling
ports does not always lead to the lowest peak impedance. In
this case, the most cost-effective way to achieve a target
impedance of 14 mohm is to use a mixed combination of
capacitors and missing capacitors. This observation motivates
our optimization approach in Section 5, the goal of which is
find the right deployment of decoupling capacitors while
striving for the minimum cost.

4 Addressing On-Chip Non-uniform Switching

The discussion in Section 5 is based on the assumption
that all circuit blocks on a chip have the same switching den-
sity. However, this does not hold true in modern modular
VLSI designs, i.e., some parts of a chip are always hotter.
Therefore, to accurately capture the noise behaviors and inter-
actions between different parts of a chip, multiple on-chip
ports should be included in the package macromodel.

Now, suppose there are # on-chip ports. With the pack-
age macromodel, an ¥x # impedance matrix Z{jw)can be
easily calculated at a certain frequency. Given the clock-gat-
ing-induced currents at on-chip port, the frequency-domain
response at port 1 is:

N
Vo) = 5 2, (jo) T (jo)
J=1

Since the phases of the currents are nearly arbitrary due to the
decentralized nature of aggressive clock gating, it is very likely
that the noise magnitude takes the upper bound:

N N

T 2 oy (Je) < 5 |Z; Lw)|| 7 (Jw)| (2)
J=1 Jj=1

(0

|F ()| =

Suppose the current at port  is a portion of the total cur-

rent: /.= Fo 7., where F, represents the relative

switching intensity of partition j, we can define an effective
impedance for port 7 as:
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Fig. 4: Effects of Non-uniform Switching
N
|Z00) ope = Z |Zi LTONF,
J=1
Due to the symmetry of the impedance matrix, finding all the
peak effective impedances at & on-chip ports only requires ¥
AC sweep analyses. The biggest peak effective impedance

among them should be below a target impedance in order to
meet the noise budget.

3

To demonstrate the non-uniform switching effects, we
divide the testbench chip into 4 parts (as shown in Fig. 2), and
perform AC analyses with two switching scenarios: [) uni-
form: Fio=F=F=F=025 2) non-uniform:

F, =05, /=202, #F =02,and ¥, = 0.1. In both cases,

all decoupling ports use Cld. As shown in Fig. 4, the worst-
case port peak impedance (23.2 mohm) with non-uniform
switching is 47% higher than that (15.7 mohm} with uniform
switching.

5 On-Package Decoupling Optimization

Based on the discussion in section 3 and 4, we can formu-
late the following on-package decoupling optimization prob-
lem: given a set of candidate decoupling capacitors and a user-
defined target impedance, find the set of capacitors with the
lowest possible cost that ensures the impedance peak is below
the target impedance. Expressed mathematically, it is:

n
ain TP {4
I=1
subject to

.n:'.aur(ZJ‘Deak)SZta‘r‘aer

where =z is the number of decoupling capacitor ports and 7, is

the price of the decoupling capacitor placed at port 7. ZJ;DE ak

is the peak of the effective impedance at on-chip port ; as de-
fined in (3).

To solve this optimization problem, we use simulated
annealing, a stochastic optimization procedure which accom-
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Fig. 5: Optimization Results
modates open cost functions. For our problem, the cost func-
tion is:
" .
Foo 5 Pt Fp(max(Z poqap)- 2
i=1

(5)

targe c)

where Fj, and ¥, are the adjusting weights for decap cost and

target impedance. In order to enforce the target impedance re-
quirement, during the annealing process, F, increases dynam-

jcally when the maximum port effective impedance is greater
than the target impedance and becomes zero when the imped-
ance requirement is satisfied. A drawback of simulated anneal-
ing is that it has to explore a large solution space -- more
simulation points -- in order to avoid local optimum points.
However, with fast analyses facilitated by our package macro-
models, it becomes feasible to solve this optimization problem
in a reasonable amount of time, as can be demonstrated in the
following experiment.

Starting with the testbench package with 16 deccupling
ports, we partition the chip into 4 switching regions as shown
in Fig. 2. Assume that the chip non-uniformly switches with
the weights in section 4. The decoupling capacitors are chosen
from Table 3. The target impedance is set to be 22.0 mohm.
The runtime for the optimization procedure is 48.6 minutes on
1 GHz Linux-Pentium III system, which includes 1920 AC
sweep analyses. The impedance response for the optimized
decoupling capacitor deployment is shown and compared to
the responses from the “no decap”, “all C1d”, and “all Cla”
deployments in Fig. 5. From the optimized deployment shown
in Table 5, it can be seen that there are more decoupling

Peak Z | Decap
NoC | Cud Cle C1b Cla |(mohm)} Cost
No All 321 0
Decaps
All Cld All 232 6
AllCla All 50 64
Opti- | BO% BOS. [BO3.EOZ, [ CO7 FAN) 6
izt |35 (005,58
EO7. FO2,
F07, GO3,
G4

Table 5: Optimization Comparison

capacitors around Al, which is the hottest region. Also, to
achieve the target impedance, the optimized solution only
requires five decoupling ports be populated, leaving eleven
ports unused.

6 Summary

One of the biggest concerns in power distribution design
is the transient noise injected by aggressive on-chip clock gat-
ing at the chip-package interface. With slow development in
package design, there is an increasing need to evaluate with
accurate package models the effectiveness of on-package
decoupling capacitors for suppressing the noise. An efficient
methodology that we have developed is able to produce pack-
age models that require little effort to analyze while retaining
the information of packaging parasitics among multiple on-
package decoupling and on-chip ports. Equipped with these
package models, we develop a simple metric addressing the
impact of non-uniform on-chip switching and further devise a
decoupling optimization strategy that is demonstrated to be
able to effectively prevent expensive overdesigns while meet-
ing the noise budget.
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