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Advances in VLSI design and fabrication technologies have led to a dramatic
increase in the on-chip performance of integrated circuits. The transistor delay in an
integrated circuit is no longer the bottleneck to system performance as it has historically
been in past decades. System performance is now limited by the electrical parasitics of
the packaging interconnect. Noise sources such as supply bounce, signal coupling, and
reflections all result in reduced performance. These factors arise due to the parasitic
inductance and capacitance of the packaging interconnect. While advanced packaging
can aid in reducing the parasitics, the cost and time associated with the design of a
new package is often not suited for the majority of VLSI designs. This work presents
techniques to model and improve performance the performance of VLSI designs with-
out moving toward advanced packaging. A single, unified mathematical framework is
presented that predicts the performance of a given package depending on the package
parasitics and bus configuration used. The performance model is shown to be accurate
to within 10% of analog simulator results which are much more computationally expen-
sive. Using information about the package, a methodology is presented to select the
most cost-effective bus width for a given package. In addition, techniques are presented
to encode off-chip data so as to avoid the switching patterns that lead to increased
noise. The reduced noise level that results from encoding the off-chip data translates
into increased bus performance even after accounting for the encoder overhead. Perfor-
mance improvements of up to 225% are reported using the encoding techniques. Finally,
a compensation technique is presented that matches the impedance of the package in-

terconnect to the impedance of the system, resulting in reduced reflected noise. The



iv
compensation technique is shown to reduce reflected noise as much as 400% for broad-
band frequencies up to 3GHz. The techniques presented in this work are described in

general terms so as not to limit the approach to any particular technology. At the same

time, the techniques are validated using existing technologies to prove their effectiveness.
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Chapter 1

Introduction

Integrated circuit (IC) performance has increased at an exponential rate since
the first patent was issued to Robert Noyce of Fairchild Semiconductor in 1961 [88].
Since the advent of the IC, the number of transistors on an integrated circuit has
roughly doubled every 18 months. This trend, also known as Moore’s Law [63], has
been consistently met over the past 45 years. This increase in system performance
on the IC is predicted by the International Technology Roadmap for Semiconductors
(ITRS) [89] to continue to follow Moore’s Law into the foreseeable future. Historically,
the gate delay of the digital circuitry has limited IC performance [67]; however, over the
past decade the bottleneck of system performance has shifted from the gate delay of the
integrated circuit to the package parasitics [63]. While package performance has steadily
improved, it has not kept pace with the increases in integrated circuit performance.
Package performance is predicted by the ITRS to only double over the next decade.
This imbalance in performance expectations between the IC and the package is a major
concern for system designers and for the continuation of Moore’s Law.

The limitation in package performance comes from the parasitic inductance and
capacitance in the electrical interconnect [63, 64, 66]. Package interconnect has histori-
cally been designed to meet mechanical, thermal, and cost objectives. In the past, the
electrical performance of the interconnect was not an issue since it caused a relatively

small performance degradation relative to the gate delay of the IC transistors [67]; how-



ever, with the dramatic improvement in transistor gate delay, package performance is

now the leading determinant of the overall system performance.

1.1 The Role of IC Packaging

The purpose of an IC package is to electrically and mechanically connect the
integrated circuit substrate to the system substrate. The most common substrate used
in Very Large Scale Integrated (VLSI) circuitry is silicon [67]. Silicon offers a host of
electrical advantages that allow the implementation of large numbers of transistors in a
cost-effective and easy-to-manufacture manner. In VLSI silicon designs, conductors are
most commonly implemented using Polysilicon (p — S%), Aluminum (Al), and Copper
(Cu). Insulating layers in VLSI designs are typically implemented using Silicon Oxide
(Si09) and Silicon Nitride (Si3N4). The photolithography and deposition processes
used in IC fabrication allow extremely small feature sizes to be printed on the substrate.
Currently, feature sizes as small as 65nm are being successfully implemented using VLSI
processes [27].

System level interconnect in digital systems is typically constructed using printed
circuit board (PCB) technology [64]. PCBs typically use Copper as their conducting
layer. Insulating layers are implemented using dielectric materials such as FR4, Nelco-
13, GETEK ®, and Teflon. PCBs are constructed using a lamination process. Modern
lamination processes are capable of producing minimum feature sizes between 4um and
100pm.

An IC package serves many purposes. The first is to electrically connect the leads
on the IC to the corresponding leads on the system PCB. Since the feature sizes on
the IC are much smaller than the feature sizes on the PCB, the IC cannot be mounted
directly to the system PCB. The package serves as a density translator for the electrical
signals that will connect extremely fine-pitch signals on the IC to coarser-pitched signals

on the PCB.



The second purpose of the package is to protect the substrate of the IC. The IC
substrate consists of a very thin crystal of silicon that has transistors and interconnect
deposited on it. This substrate is brittle and can be easily fractured, leading to circuit
failure [63]. The package serves as a mechanical barrier and hermetic seal between the
silicon substrate and the outside environment. In this manner the substrate is isolated
from contamination and humidity, which can also lead to IC failures. In addition,
the package absorbs thermal expansion mismatches between the silicon substrate and
the system PCB. If the thermal mismatches were completely absorbed by the silicon
substrate, it would lead to stress fractures and circuit failure.

The third major purpose of [C packaging is to remove heat from the IC substrate.
Modern ICs consist of millions of transistors that each consume current and dissipate
power. The cumulative power dissipation of the transistors lead to the generation of
extreme amounts of heat in a relatively small area. This high thermal density adversely
effects circuit performance by increasing the gate delay and shortening the life of the
devices on the IC [67]. The typical range of operating junction temperatures for modern
VLSI designs is between 80°C and 120°C on the silicon substrate [67, 92]; however,
modern microprocessors are projected by the ITRS to surpass the 100 Watt power
dissipation mark within the next couple of years [92]. All this power is dissipated by
substrates that range from 5mm? to 20mm? in size [20, 82]. The package serves as a
heat transfer system that removes the heat from the IC substrate. The heat is delivered
to a package surface from which it can ultimately be absorbed by ambient air. By
doing this, the package can keep the circuitry on the IC within the acceptable range
of junction temperatures. This leads to consistent and predictable performance of the
devices on the IC substrate.

Historically, the thermal and mechanical aspects of the package were the main
focus of the package design [63]. Since the gate delay of the devices on the IC were the

largest source of performance limitation, the electrical interconnect in the package was



optimized for mechanical and thermal purposes. This approach has been successful for
the past 40 years. Only recently has the electrical interconnect in the package become
the bottleneck to system performance. This has occurred due to the dramatic advances
in integrated circuit technology that has reduced the gate delay of the on-chip devices
to the point where they no longer limit system performance. This shift as resulted in
the package (which was originally optimized for mechanical and thermal rather than
electrical consideration) becoming the major limiting factor in system level electrical
performance.

The electrical interconnect limits performance due to the parasitic resistance,
inductance and capacitance that is present in the interconnect structure [64, 65, 66].
Since the interconnect structures were originally created for mechanical properties, their
parasitic inductance and capacitance can be considerable relative to the datarates that
are currently being transmitted through the package. Package design is a slow and
expensive process that has not been able to keep pace with the performance increase in
core IC technology. This makes the task of altering the interconnect structures within
the package (to increase electrical performance) very difficult. The majority of VLSI
designs today cannot afford the cost and time associated with re-engineering a package
[92]. This means that in most cases designers must live with the performance limitations
in the package. Any technique that can increase system performance without changing

the package design is of tremendous value to the VLSI community.

1.2 Noise Sources in Packaging

Electrically the package has two objectives. The first is to deliver power to the
devices on the integrated circuit. The power resides on the system PCB and must
be conducted through the package to the devices on-chip. The second objective is to
connect signals on the IC to the signal paths on the system PCB. In both of these

cases electrical current and voltage are carried using interconnect structures within the



package that were not originally optimized for electrical performance. The parasitic
resistance, inductance and capacitance of these structures limits how efliciently the

power can be delivered and how fast the signals can be transmitted.

1.2.1 Inductive Supply Bounce

When inductance is present in the path that carries power to the devices on the

IC, a voltage will form across this inductance based on the relationship:

di

VLZL‘(a)

(1.1)

In the case of power delivery, the inductance in Equation 1.1 is the parasitic
inductance in the interconnect structure that carries current to and from the devices
on-chip. (%) is the rate of change of the current that is carried through the interconnect.
As more and more transistors are integrated on-chip, the total amount of current. that is
being carried through the interconnect increases. In addition, as the operating frequency
of the digital circuits increase, the time in which this current is delivered is reduced. This
results in significant increases in the rate of change of current (%) through the package
interconnect. These two trends are being driven by the increase in IC technology;
however, the inductance (L) present in the interconnect is driven by package technology,
which is not improving at a rate which would keep % unchanged [89].

When a voltage is induced across the power supply interconnect, the voltage on
the chip will be different from the voltage on the system PCB. When delivering a power
supply voltage (Vpp) to a Complimentary Metal Oxide Semiconductor (CMOS) device,
there will be a voltage drop between the system PCB and the integrated circuit. This
phenomenon is called supply bounce. Similarly, when the ground return current for a
CMOS device traverses an inductive interconnect, a voltage will be induced across the

inductive interconnect (causing the voltage at the ground pin of the device (Vsg) to

be different from the system PCB). This phenomenon is called ground bounce. Supply
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Vin Vout
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Figure 1.1: Ideal CMOS Inverter Circuit

and ground bounce directly effect the performance of the digital device by increasing
its gate delay and causing inadvertent switching [67]. Figure 1.1 shows an ideal CMOS
inverter. In this circuit, the on-chip power supplies Vpp and Vgs are assumed to be
the same as on the system PCB. Figure 1.2 shows a CMOS inverter but models the
inductance in the supply and ground path. In this case, the voltage from Equation 1.1
(induced across the inductive interconnect) results in a voltage difference between the
supply nodes of the device (Vpp_sc, Vss—rc) and the supply voltages on the system
PCB (Vbp—-system, VsS—System)-

In modern VLSI designs, between 25% to 50% of the total (%) can be consumed
in the off-chip driver circuitry and constitutes the largest single source of current con-
sumption [89, 92]; however, Vpp and Vgg pins are often shared across multiple signal
pins that are drawing and returning current for their off-chip driver circuitry. Supply
pins are shared to reduce the cost of the package since cost is proportional to the size of
the package. Therefore, in order to accurately compute the magnitude of the supply and
ground bounce we must modify Equation 1.1 to consider all of the signal pins that are
sharing a supply pin to source or return current. For supply bounce the total number
of signals (which share a given Vpp pin) that are switching from a 0 to a 1 must be
considered. Equation 1.2 expresses the total amount of power supply bounce consider-

ing all signals that are drawing current through the supply pin inductance. For ground
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Figure 1.2: CMOS Inverter Circuit with Supply Inductance

bounce, the total number of signals that are switching from a 1 to a 0 and are shar-
ing a particular Vgg interconnect to return current must be considered. Equation 1.3
expresses the total amount of ground bounce considering all signals that are returning

current through the ground pin inductance.

n(0—1) de
VSupply—Bounce = L(VDD) : Z (E) (1'2)
k=0
n(1-0) .
dig,
VGround—Bounce = L(VSS) : Z (E) (13)

k=0

1.2.2 Inductive Signal Coupling

When a signal traverses an inductive interconnect in a package it inductively cou-
ples to neighboring signals. This is due to the mutual inductive coupling of the magnetic
fields for any two current carrying conductors. The magnitude of the mutual inductive
coupling voltage between inductive interconnects is governed by the expression:

dig

Vip= M- () (1.4)

M}, is the mutual inductance between conductor j and conductor k. This re-

lationship can also be expressed in terms of the mutual inductive coupling coefficient



K. Ky, is a dimensionless quantity. Equation 1.5 describes the relationship between
My and K. In this expression, L; and Lj, are the inductances of the two inductively

coupled conductors.

My

[V/Lj - L]

For this work we use the term wictim for the signal of interest (on which the

Ky, = (1.5)

mutual inductive voltage is induced). We use the term aggressor for any neighboring
signal that switches and causes a voltage to be induced on the victim. Mutual inductive
coupling has a cumulative effect in IC packaging. The mutually induced voltage is also
dependent on the polarity of the (%) in the aggressor’s signal path. This means that
the total mutual inductive voltage on the victim is the sum of all aggressors’ mutually
coupled voltage. This unique circumstance creates a situation in which the switching
patterns of neighboring signals heavily influence the behavior of the coupled noise on
the victim signal. In an extreme case, the aggressors’ mutually coupled voltage (of equal
and opposite magnitudes) can cancel out and have no effect on the victim. Equation
1.6 describes the total contribution of mutually coupled voltages on a victim signal.
diy,

Vj:nM-— 1.6
Mk;m(dt) (1.6)

We define the term Glitch to describe the situation in which the victim signal is
not transitioning and neighboring signal pins are coupling voltage onto it. The Glitch
voltage caused by switching aggressor signals creates an unwatched voltage on the victim
signal. This unwanted voltage can lead to inadvertent switching of digital circuitry that
use the victim line as an input.

When the victim signal is transitioning, we use the term FEdge Degradation to
describe the effect of voltage that is coupled from neighboring aggressor signals. Since

mutual inductive coupling is cumulative, coupled voltage from neighboring signals can
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Figure 1.3: Circuit Description of Inductive Signal Coupling

have the effect of aiding, hindering, or not affecting the transition on the victim signal.

Figure 1.3 shows the circuit for inductively coupled signal lines in a VLSI package.

1.2.3 Capacitive Bandwidth Limiting

When capacitance is present along the path that carries signals to and from the
devices on the IC, the frequency at which the signal can switch will be reduced. This
capacitance will form a low pass RC filter that will prevent frequency components that
are above the filters roll-off frequency from passing through the interconnect. This
filtering effect will limit the risetime that the package will allow to pass and in turn
reduce the overall datarate and performance of the system. The filter that the package
creates in the signal path has a standard RC low pass response. The capacitance in
the filter comes from the parasitic capacitance present in the package interconnect. The
impedance in the filter comes from the characteristic impedance of the system in which
the package is placed. Equation 1.7 gives the 10% to 90% risetime of a single-pole RC

filter.

trise = 2.2+ RC =22 Zy - Cims (1.7)

In this expression Zj is the characteristic impedance of the system in which the
package is placed. Cj,: represents the total capacitance that the package interconnect
presents. Cj,; will depend on the parasitic capacitance of the interconnect to ground

(Co) in addition to the parasitic capacitance to neighboring signals (C1;). The total
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number of neighboring signals that contribute capacitance to Cj,; must be accounted
for. Equation 1.8 gives the total amount of capacitance that an individual package

interconnect possesses.

n
Cgotal =Coh+ Z Chk (18)
k=1

The logic level of neighboring signals will affect the amount of capacitance that
a victim signal will have to charge or discharge (C1). Ciy is defined as the capacitance
between two conductors when one conductor is held at zero potential. Capacitance is
defined as C = /V. This means that the variable voltage that is present on neighboring
signals will change the effective capacitance of the victim signal. When a neighboring
signal has the same voltage change as the victim signal (i.e., they are transitioning),
then the total coupling capacitance between signals will be zero because there is no
net charge difference between the two conductors. When a neighboring signal has a
static voltage value while transitioning, then the total coupling capacitance between
the signals will be C. When a neighboring signal transitions in the opposite direction
as the victim signal, then the total effective coupling capacitance will be 2 C because
the voltage excursion that the capacitor undergoes is 2- Vpp ! . This situation means
that the risetime of a signal will change depending on the logic levels and transitions
present on neighboring signals. Figure 1.4 shows the circuit diagram for a signal with

capacitive bandwidth limitation.

1.2.4 Capacitive Signal Coupling

When a signal traverses a capacitive interconnect in a package, it is electrically
modified due to coupling from neighboring signals. This is due to the mutual capacitive

coupling of the electric fields for any two charge bearing surfaces. The magnitude of the

! the voltage across the capacitor is -Vnp before the transition and +Vnp after the transition (or
vice versa).
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Figure 1.4: Circuit Description of Capacitive Bandwidth Limiting

mutual capacitive coupling voltage between capacitive interconnects will depend on the
coupling capacitance between the conductors (C1x) in addition to the self-capacitance
(Co) of the victim line. The sum of the coupling capacitance, along with the self-
capacitance of the victim line will form a capacitive voltage divider between the victim
and aggressor lines. Equation 1.9 describes the voltage magnitude that will be coupled

onto a victim line (V) from a voltage change on an aggressor line (V,q4r).

Cik

m) (AVE ) (1.9)

Vivie = ( aggr

Capacitive coupling can cause unwanted switching of digital circuitry, which limits
system performance. Asin the case of mutual inductive coupling, the capacitive coupling
has a cumulative effect. Glitches on a victim line that occur due to the transitions
on neighboring signals can cause unwanted switching of digital circuitry. Also, the
cumulative nature of the coupling will lead to an effect that can either aid, hinder, or
not effect the victim signal’s risetime. Equation 1.10 models the cumulative nature of
the capacitive coupling betweens signals. Figure 1.5 shows the circuit for capacitively
coupled signal lines in a VLSI package.

- Cix

vie = Y (=———) - (AVE 1.10
V ];(Olk+co) ( CngT‘) ( )
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Figure 1.5: Circuit Description of Capacitive Signal Coupling

1.2.5 Impedance Discontinuities

Another source of noise in the package interconnect is reflected energy due to
impedance discontinuities. As the risetimes of off-chip driver circuits increase, conduc-
tors must be considered as distributed elements. Typically when the interconnect being
driven has an electrical length 2 that is longer than 20% of the risetime of the source,
then the conductor must be treated as a distributed element and modeled as a trans-
mission line [66]. Current off-chip risetimes are entering into the sub 100ps era. For
standard packaging technology this means that a structure longer than 1 to 2 cm must
be treated as a distributed element. For these electrical lengths almost all modern pack-
ages require the use of transmission line theory for accurate modeling of the package
interconnect.

When IC packaging interconnect is treated as a distributed element, impedance
matching becomes critical. When impedance mismatches are present in the package,
reflections and risetime degradation will occur. The reflections can lead to unwanted
switching of digital circuitry and intersymbol interference (ISI). In addition, risetime

degradation will significantly limit system performance. The characteristic impedance

Zy = \/g (1.11)

of a loss-less structure is given by:

2 propagation delay of the structure.
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In this expression the L. and C are the inductance and capacitance of a given
structure. When considering the impedance of the package, the switching patterns of
neighboring signals will alter the inductance and capacitance in Equation 1.12. Switch-
ing signal pins will add or subtract additional amounts of mutual inductance and ca-
pacitance to the victim signal. These additional parasitics must be considered in the
evaluation of characteristic impedance. This changes the impedance within the package

to:

(1.12)

When a wave front is traveling on a conductor with a particular characteristic
impedance (Zy) and encounters a region with a different characteristic impedance (Z},),
reflections will occur. Figure 1.6 shows the circuit diagram for a distributed transmission
line.

T" is the reflection coefficient which represents the magnitude of the reflected

voltage (as a fraction of the incident voltage) and is defined as:

r==--_=-" (1.13)

I' can be used to find the reflected and transmitted voltage of an incident wave

front. Equation 1.14 defines the amount of reflected voltage due to an impedance

(= (=0
)

& I

\Y4

Figure 1.6: Circuit Description of a Distributed Transmission Line
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mismatch. This Equation illustrates the relationship between an impedance mismatch
and the magnitude of the reflected voltage. Note that the reflected voltage can have
either a positive or negative amplitude depending on whether Z;, is greater than or less

than Zj.

Vreflected = V;ncident - (1.14)

Equation 1.15 defines the amount of transmitted voltage when encountering an
impedance mismatch. In this case the magnitude of the reflected voltage will be sub-
tracted from the forward going wave front. This translates into a slower risetime that is
propagated through the impedance mismatch. Since risetimes are directly proportional
to the datarate that a package can achieve, any reduction in the risetime due to reflected

energy will directly effect system performance.

V;fransmitted = V;ncident : (1 - F) (115)

In digital systems typically the system PCB uses a characteristic impedance close
to 50Q2. The interconnect structures within the IC package typically do not match to the
system PCB impedance and will lead to reflections. When the impedance of a package
structure is higher than the characteristic impedance of the system (5012), it is consid-
ered an inductive interconnect. It is considered to be inductive because in Equation
1.12 a higher than optimal inductance will lead to a higher impedance. In the same
manner, when the impedance of a package structure is lower than the characteristic im-
pedance of the system, it is considered a capacitive interconnect. Since current packages
were originally designed for mechanical considerations, getting a desired impedance is
difficult without using expensive and non-standard processes.

As in the case with capacitive bandwidth limitation, switching neighboring pins

will alter the net coupling inductance and capacitance that the victim pin experiences.
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The polarity and quantity of switching signals will alter the effective L. and C quantities

in Equation 1.12 and in turn the magnitude of I'.

1.3 Performance Modeling and Proposed Techniques

All of the noise sources described in Section 1.2 can be reduced through aggressive
package design. We have seen success in Ball Grid Array (BGA) [80] and Flip-chip
packaging [81] technologies that have been able to reduce the electrical parasitics of
the interconnect structures within the IC package; however, aggressive package design
is often too expensive and unpractical for the majority of VLSI designs. In addition,
package design is a slow, evolutionary process that is not predicted to keep pace with the
performance increases on the IC. As such, any techniques that can assist in improving
performance without moving toward advanced packaging are of considerable value to the
VLSI community. In addition, such techniques that model the general RLC parasitics
of the package can be used to increase the performance of the package, and extend the

useful lifetime of the package.

1.3.1 Performance Modeling

In all the noise sources in Section 1.2, the amount of noise is ultimately propor-
tional to the rate of change of the current or voltage (% or %) The rate of change of
current or voltage can be translated to system performance using standard equations
for robust high-speed digital design [66]. Since all of the noise sources are expressed in
terms that relate the amount of noise to the rate of change in current or voltage, the
acceptable rate of change of voltage or current can be calculated. Using this approach
the maximum system performance can be predicted using the electrical package para-
meters and user-defined noise limits as the two inputs into the model. In this work an

analytical model is proposed for system performance which considers each noise source.

From this model the maximum rate of change of voltage or current can be found for
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any given package and set of noise limits. This directly predicts the per-pin datarate
and ultimate bus throughput for a given package. This analytical model is also used
to predict the performance increase for the various solutions that are presented. The
performance model presented in this work is shown to be accurate to within 10% of

analog simulator results which are much more computationally expensive.

1.3.2 Optimal Bus Sizing

One of the biggest challenges for VLSI designers is selecting the size and config-
uration for their off-chip busses [92]. The main problem is that simply adding pins to
an off-chip bus does not necessarily increase the throughput in a linear manner [87]. As
pins are added to a package to increase the bus size and throughput, the noise induced
by the signals that are simultaneously switching leads to a significant increase in noise.
This means that as signals are added, the per-pin datarate of each pin needs to be
decreased to meet the system noise limits. As a result, the overall throughput of an
off-chip bus approaches an asymptotic limit as signals are added. As a consequence,
multiple bus configurations can meet the same throughput objective. In order to aid in
the selection of the optimal bus configuration, the cost of the bus is considered in the
model. By including the cost of the signal, power, and ground pins that are needed to
expand the size of a bus, the most cost-efficient bus configuration can be found. This
allows designers to quickly compare two bus configurations of equal throughput and
choose the least expensive solution. The model considers the electrical parameters of
the package in addition to the per-pin cost, which allows the model to compare config-
urations in different packages. The metric of Bandwidth per Cost is defined as a means
to find the most cost-effective bus configuration. The results presented in this work are
supported by the industry trend of moving toward faster narrower busses over slower

wider busses to achieve the same throughput at a lower cost.
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1.3.3 Bus Encoding

When determining the maximum performance of a bus the worst-case noise limits
must be considered. In all of the noise sources listed in Section 1.2, a worst-case bus
pattern is assumed to be present on the bus. In the case of supply bounce all of the
signals in the bus are assumed to be switching in the same direction. In the case
of bandwidth limitation and signal coupling, the middle signal in the bus is either
switching in one direction while all of the other signals on the bus are switching in
the opposite direction, (Edge Degradation) or the middle signal is static while all other
signals are switching in the same direction (Glitch). This work presents two bus encoding
techniques that encode the off-chip data prior to leaving the IC. The encoding ensures
that all patterns that result in noise of a magnitude greater than a user-specified limit
are eliminated. By doing this a lower level of noise in the system is achieved which
translates into increased performance. The techniques presented in this work show that
the performance of the bus is increased dramatically even after considering the overhead
of the encoder algorithm.

The first encoding technique is called Bus Fzpansion which maps the original set
of logic vectors on the IC into an expanded set of vectors prior to leaving the IC. This
expanded set of vectors ensures that noise patterns of a magnitude greater than the
user-specified limit are never present on the data that is traversing the package.

The second encoding technique is called Bus Stuttering, which uses the original
number of package pins but avoids the worst-case noise patterns by inserting intermedi-
ate logic vectors between outgoing pairs of vectors that induce noise with a magnitude
greater than the user-specified limit. This approach allows the algorithm to be tailored
for packages that are dominated by interconnect that is inductive, capacitive, or both.
Experimental results show that the encoder circuits can be integrated into a modern

CMOS process and achieve a minimal delay and area impact on the design. The en-
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coders are shown to improve performance of off-chip busses up to 225% by avoiding

data patterns which result in noise violations.

1.3.4 Impedance Compensation

Impedance discontinuities are caused by excess inductance or capacitance that
is present in the package interconnect. The term ezcess refers to any inductance or
capacitance that causes the interconnect impedance to be different from the system
impedance. If the interconnect has a higher impedance than the system (Z; > Zj),
then the interconnect is said to have excess inductance. If the interconnect has a lower
impedance than the system (Z; < Zj), then the interconnect is said to have excess
capacitance. When this occurs, the impedance discontinuities cause reflections which
limit the performance of the system. To address this problem a compensation tech-
nique is presented that adds capacitance or inductance near the interconnect to match
its impedance to the system impedance. If the spatial location of the compensation
inductance/capacitance is near the interconnect, then the interconnect and compensa-
tion will be seen as a lumped element and will be governed by Equation 1.12. By using
this compensation technique, a forward traveling wave front will see the compensated
package interconnect as a matched impedance and reflections will be avoided.

Two compensation techniques are presented in this work. The first technique
is a static compensation approach in which the pre-defined compensation elements are
placed on the package and IC substrate. This technique surrounds the interconnect
with the appropriate inductance or capacitance to achieve the impedance match.

The second technique is a dynamic compensation approach in which program-
mable compensation elements are placed on-chip. By placing the compensation on-
chip, the interconnect impedance can be adjusted after the IC is packaged. This has the
advantage of being able to accommodate any design or manufacturing tolerances that

may vary the interconnect’s original impedance. Both techniques are shown to be able
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to compensate for all reasonable ranges of package interconnect impedance and signif-
icantly reduce reflections. The compensation techniques are shown to reduce reflected
noise as much as 400% for broadband frequencies up to 3GHz.

Figure 1.7 show a summary of the improvement in bus performance that can be
achieved using the techniques proposed in this work. The original performance is based
on a bus size of 4 bits with one Vpp and one Vgg pin where supply bounce is the failure
mechanism. The performance is improved by encoding the data to avoid data patterns
which result in noise limit violations and in turn limit the maximum throughput that
can be achieved. The performance improvement considers the overhead of the encoder.
For all package technologies studied in this work, the supply bounce due to the inductive
nature of the interconnect is the limiting factor. Moving toward advanced packaging
reduces the parasitic inductance present in the package which results in faster perfor-
mance. In addition, when the parasitics of the package are reduced, the improvement

techniques presented in this work will have more of a positive impact.
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Figure 1.7: Performance Improvement Using Proposed Techniques
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1.4 Advantages Over Prior Techniques

This section presents previous research and current techniques on the topic of
package performance modeling and noise reduction. In each area the contribution of

this work is compared and contrasted.

1.4.1 Performance Modeling

The most commonly used technique to predict the performance of an IC package
is through analog simulation tools such as SPICE [76, 77]. SPICE (Simulation Program
for the Integration Circuit Environment) is a general purpose circuit simulator. SPICE
simulates circuits by simultaneously solving the governing electrical equations for each
element in the circuit. By doing this the detailed analog behavior of each node within
the circuit can be monitored in either the time or frequency domain. While SPICE is a
powerful tool for relatively small circuits, it is typically too computationally expensive
to apply to entire VLSI designs [56].

The analytical model presented in this work forms a simple expression that relates
a given noise source magnitude to a rate of change in current or voltage (% or d—g) The
noise source magnitude is proportional to the electrical parasitics of the IC package in
addition to the rate of change in current or voltage. The rate of change of current or
voltage is related to overall system performance by applying a series of design rules
for a robust digital system. Using this framework the acceptable noise limits for any
noise source can be converted into predicted system performance metric for a given
package. This technique is linear resulting in a dramatically lower computation time
compared with SPICE with high accuracy. This enables the evaluation of more bus
configurations, packages, and noise limits which enhances the decision-making ability

of the VLSI designer. In addition, integration of this approach into digital Computer

Aided Design (CAD) tools becomes more practical.
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1.4.2 Optimal Bus Sizing

Traditionally, inter-chip communication is performed using wide parallel busses.
The standard approach to achieving the desired system bandwidth is to increase the
number of pins on the package until the desired throughput is attained. There are three

main problems with this approach:

e Cost of packaging. Package cost scales faster than linearly with the number of
I/O pins that are needed, and accounts for a large contribution to the overall

chip price [92].

e Performance. Wide parallel busses experience a host of signal integrity issues
associated with simultaneous switching of digital signals [56, 58, 61] as out-
lined in Section 1.2. The noise induced in the package is proportional to the
number of off-chip signals that are switching simultaneously. One solution to
this problem is to increase the number of power and ground pins in the bus
configuration. This reduces the inductance in the power supply current path
in addition to reducing the magnitude of the coupled noise between signals;
however this increases the cost of the package because the number of I/O pins
increases. Another solution to the package parasitic problem is to move toward
advanced packaging technologies such as flip-chip bumping to reduce the para-
sitic inductance and capacitance in the package [81]. While this solution does
reduce the noise in the package, advanced package technologies dramatically

increases the price of the IC.

e The increases in package bandwidth do not scale at the same rate as on-chip
core frequencies [56]. The traditional approach of widening parallel busses to
match the inner core’s datarate is impractical not only from a cost viewpoint,

but also because the signal integrity problems mentioned above limit how wide
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busses can be. The paradox of the wide parallel bus is — intuitively, adding
I/0 should produce a linear increase in system throughput but in reality suffers
an asymptotic limit due to additional noise sources that arise as more signals
switch. Parallel busses have to be ran at lower speeds as their width increases,

which inherently limits their throughput.

Recently we have seen the emergence of narrower busses that run at higher per-
pin datarates [56, 58]. These new busses include Rapid I/0 [83], PCI Express [84], and
Hyper Transport [85]. All of these busses take advantage of the fact that the same
bandwidth can be achieved by using less signals that run faster than a traditional wider
parallel bus that uses more signals at a reduced per-pin datarate. By using narrower
busses, the desired throughput of the bus is achieved at a lower cost on account of using
fewer package pins. Regardless of whether the inter-chip communication uses a slower,
parallel bus or a faster, narrow bus, the objective is the same: the inter-chip bus must
deliver the highest throughput in the most cost-effective manner. This is a challenging
problem due to the faster than linear increase in the cost of adding I/O pins that must
be balanced with the fact that there exists an asymptotic limit to how much bandwidth
can be attained by widening the bus.

Much work has also been done to increase the throughput of the 1C package by
moving toward advanced packaging. Research has been performed on both the level 1
(IC to Package Substrate) [53, 81] and level 2 (Package to System PCB) [54, 79, 80]
connections with the ultimate goal of reducing the parasitic inductance and capacitance
of the interconnect. While these approaches increases performance, they are typically
too expensive for the majority of VLSI designs.

Recently there has also been considerable research in the design and character-
ization of low signal count busses [59, 62]. This approach targets busses that use low

channel counts, which run at faster datarates than traditional IC package pins have
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historically been able to achieve. The main goal of this thread of research has been to
increase the performance of an individual off-chip channel.

The bus sizing technique presented in this work aims at finding the optimal config-
uration of signal, power, and ground pins that yields the most system bandwidth at the
least amount of cost. The metric of Bandwidth per Cost is introduced which gives VLSI

designers a quick method to compare different bus configurations for cost-effectiveness.

1.4.3 Bus Encoding

There has been work done in the area of reducing package noise by altering the
signals prior to leaving the IC. Pipeline Damping was presented in [1], with the aim of
reducing the total % by implementing a multi-valued output circuit. This work reduced
the average % in the output stage by limiting the output swing of the driver. While
this technique reported significant reduction in average off-chip noise, the peak noise
limit of the output stage was not reduced which resulted in the same off-chip datarate.

Other techniques aimed specifically at the design of the output stage to limit the
net ground bounce in the package [2]. These techniques were successful in reducing
ground bounce; however, other noise sources were not addressed.

On-chip bus coding techniques have been applied to avoid capacitive cross-talk
in long busses [3, 4, 5, 6]. These approaches encodes the data prior to driving it on the
bus and remove the worst-case capacitive cross-talk patterns. These techniques have
been shown to increase the performance of on-chip busses by reducing the interconnect
delay. The work in this thesis uses a similar approach but addresses the multiple noise
sources present in the inductive off-chip interconnect.

Statistical encoding techniques have been used in audio and video applications
to aid in relieving network congestion [28, 31]. These techniques have been successfully

applied to MPEG and DVD protocols [33, 34]. The main approach of these encoding al-

gorithms has been to eliminate similar or redundant data packets that occur sequentially
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on the network. This allows a comparable quality of audio/video (AV) without needing
to send each and every data packet associated with the data compression algorithm.
The contribution of the encoding techniques presented in this work differ from
previous techniques in that they specifically address the electrical noise sources in the
physical interconnect. This makes them ideal for reducing noise within IC packaging. It
also makes them suitable for any application in which the switching patterns directly ef-
fect performance such as on-chip capacitive busses, power minimization, or in statistical

A/V protocols.

1.4.4 Impedance Compensation

Much work has been done in the characterization of the electrical parameters of
package interconnect [15, 16, 17]. Previous work has demonstrated the severe impedance
mismatch that occurs due to the interconnect structures. Altering the impedance of an
electrical structure in the package has typically been difficult since adding additional
capacitance or inductance near the structure has been impractical due to the relatively
large size of the component. The standard approach has been to tolerate the resultant
reflections from the package. The magnitude of the reflections was one of the limiting
factors to a package’s performance. This approach is no longer practical as the rise-
times of digital signals continue to increase. Many improvements have been made in
integrating on-chip and on-package capacitors and inductors [35, 37, 40]. New materi-
als have allowed placing impedance altering components near the package interconnect,
which has enabled the possibility of matching the impedance of the interconnect to the
system impedance [38, 51, 52]|. This work uses the advances in on-chip and on-package
componentry to construct a technique that alters the impedance of the package inter-
connect [50]. This technique allows a better impedance match through the package,

which results in reduced reflections and higher system throughput.



1.5 Broader Impact Of This Thesis

This thesis presents techniques that specifically model and improve performance
in IC packages. Since all of the modeling and performance techniques are described
using a common mathematical framework, the work in this thesis can be easily applied
to a wide variety of electronic applications. The encoding techniques are formulated
to eliminate data sequences which result in unwanted noise, which makes them suited
for application in power reduction, audio/video compression, and internet fabric con-
gestion. In addition, since all the techniques presented in this work are constructed to
alleviate the detrimental effects of the inductance and capacitance of the interconnect,
this naturally makes them applicable to any noise-prone electrical interconnect in a dig-
ital system. These applications include connectors, backplanes, and cables. Since all of
the techniques are formulated independent of technology or process, they can be easily
implemented as intellectual property cores for use in a wide variety of VLSI designs and

implementation in Field Programmable Gate Arrays.

1.6 Thesis Organization

The rest of this thesis is organized as follows: Chapter 2 describes the package
technology that is studied in this work. The construction of three industry standard
packages are presented. The three packages are the Quad Flat Pack (QFP) with Wire
Bonding (WB); the Ball Grid Array (BGA) with Wire Bonding; and the BGA with
Flip-Chip Bumping (FC). In the past decade the QFP-WB package has been the most
popular style of packaging. The BGA-WB package is presently the most popular package
while the BGA-FC package is predicted to be the most common package in the next
decade. Packages construction as well as electrical parameters are presented for all
three packages. Chapter 3 presents the terminology and background information that

will be used throughout the rest of the thesis. Chapter 4 describes the analytical model
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for performance and noise level prediction. Chapter 5 presents the optimal bus sizing
technique to determine the most cost-effective bus configuration. Chapters 6 and 7
present the two bus encoding techniques that reduce package noise by avoiding switching
patterns that result in noise that is greater than a user-specified limit. Chapter 8
presents the impedance compensator methodology. Chapter 9 discusses future trends
in VLSI and how this research can be applied to increase digital system performance.

Finally, conclusions are drawn in Chapter 10.



Chapter 2

Package Construction and Electrical Modeling

The construction of an IC package must accomplish many tasks. The first is to
electrically connect the signals on the IC to the signal paths on the system PCB. The
second is to electrically conduct power from the system PCB to the devices on the IC. In
addition, the package must provide mechanical protection for the IC as well as thermal
dissipation. The package typically consists of two levels of interconnect. The first is the
connection from the IC to the package (level 1) and the second is from the package to

the system PCB (level 2).

2.1 Level 1 Interconnect

The level 1 interconnect electrically connects the signals and power on the IC to
the package. On the IC the transistors reside on the lowermost layers of the die, above
the substrate. The various metal layers contain the electrical interconnect which allows
the construction of complex digital circuitry and power distribution grids which supply
current to the transistors [20]. The highest metal layer contains the pads to which the
level 1 interconnect will contact. In a typical IC, the metal layers utilize Aluminum or
Copper [63]. For a modern VLSI IC, the typical sizes of the pads can range from 35um

x 3bum to 100um x 100um.
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2.1.1 Wire Bonding

One of the most common and proven level 1 interconnect structures is the Wire
Bond. A wire bond can be constructed with Gold, Aluminum, or Copper and is a thin
round conducting wire that bonds to the pads on the IC and on the package. The
wire bond can range in diameter from 7um to 1mm depending on the technology of
the automated bonding machine. The connection between the wire and the pad is
accomplished using thermosonic energy [63] which anneals the two metals into a robust
mechanical joint. The contact to the IC is accomplished using a ball bond connection.
A ball bond is formed when the automated bonding machine approaches the pad in a
perpendicular manner. This connection requires a square pad on the IC which minimizes
area on the die. Figure 2.1 shows a Scanning Electron Microscope (SEM) photograph

of a ball bond joint [86].

Figure 2.1: SEM Photograph of Ball Bond Connection
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The connection between the wire bond and the package pad can be formed using
either a ball bond or a wedge bond. A wedge bond is accomplished when the automated
bonding machine approaches the pad in a parallel sweeping manner. This type of
connection requires a rectangular pad on the package, typically on the order of 100um
x 400pm. The wedge bond is used as a way to increase the speed of the automated
bonding process; however, when the area on the package is a constraint, a ball bond can
also be used which reduces the package pad size by using a square shaped pad. Figure
2.2 shows an SEM photograph of a wedge bond joint [86].

The automated wire bonding process has been refined over the past decades
to increase joint strength and reduce process time. Modern wire bonding machines
are capable of making thousands of individual connections per minute. The increased
speed of the bonding process reduces the overall cost of the package. The low cost
and reliability of the wire bond has made it the most popular choice for the level 1
interconnect within an IC package. Figure 2.3 shows an SEM photograph of the entire
wire bond structure for an IC substrate with pads placed on the perimeter of the die
[63].

While the wire bond interconnect is the most popular level 1 interconnect due

to its low cost and mechanical robustness, its electrical parasitics can be considerable,

Figure 2.2: SEM Photograph of Wedge Bond Connection



Figure 2.3: SEM Photograph of a Wire Bonded System

especially when running at today’s datarates. The wire bond assembly process pro-
duces an interconnect structure that is separated from its return current path by a
relatively large distance. This has many electrical disadvantages. The first is that the
wire bond contains a significant amount of self-inductance (L11) due to the loop area
of the return current path. This leads to power supply bounce (Equations 1.2 and 1.3),
mutual inductive signal coupling (Equation 1.6), and inductive impedance discontinu-
ities (Equation 1.13). The second disadvantage is that since the wire bond is far from
its return path, its self capacitance (Cy) is reduced and has a similar value as the mag-
nitude as the mutual capacitance (Cyx) to other signal wires. This leads to increased
capacitive signal coupling (Equation 1.9) and capacitive bandwidth limiting (Equation
1.4). While these electrical factors limit the performance of wire bonded packages, wire
bonding is still used in more than 95% of all VLSI design starts due to its reliability

and cost-effectiveness [63, 89, 92].

2.1.2 Flip-Chip Bumping

To address the electrical performance limitations of wire bonding, Flip-Chip

bumping was introduced. In flip-chip bumping square pads are placed on the top-



Figure 2.4: SEM Photograph of Flip-Chip Bump Array

most metal layer of the IC substrate. Upon these pads, a soldering compound is placed
either through chemical vapor deposition (CVD) or plating. The solder material is then
heated to a temperature in which it melts or reflows. When the solder material becomes
molten, the surface tension of the solder attempts to reduce its surface area and forms a
spherical object. Since the bumping is accomplished through a chemical process instead
of a mechanical process (as in wire bonding), the IC substrate pads can be arranged
in an array pattern and can be much smaller. This allows the entire surface of the
IC to be used for bumping pads, which dramatically increases the number of level 1
interconnects that are possible for a given die size. Figure 2.4 shows an SEM photo of
flip-chip bumps after reflow [86].

The package substrate contains a complimentary array of pads that matches the
array pattern on the IC substrate. The IC substrate is then turned face-down and
placed on the package substrate. The IC and package substrates are then subjected
to a reflow process in which the solder bumps once again become molten and form an
electrical and mechanical connection between the IC and the package pads. The surface
tension of the solder bumps prevents the weight of the IC substrate from completely

collapsing the solder bump spheres. This leaves an air gap between the 1C substrate and
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the package substrate everywhere there is no flip-chip bump. This gap is then filled with
a non-conductive adhesive using an underfill process. The underfill process creates a
solid mechanical structure that absorbs the thermal expansion mismatches between the
IC substrate and package substrate. The underfill process also prevents moisture and
contaminants from getting into the bump array, which can cause local thermal expansion
mismatches. The underfill process is critical due to the extreme temperature range that
an 1C will cover during normal operation. A large thermal expansion mismatch can lead
to stress fractures in the flip-chip bumps which could sever the electrical connection from
the IC to the package.

Electrically, flip-chip bumping has many advantages. First, the flip-chip bumps
are significantly smaller than bonding wires due to the use of a chemical process instead
of a mechanical process to form the connection. Flip-chip pads can be as small as 35um
in diameter compared to 100um x 100um for a wire bond connection. The reduced size of
the interconnect leads to reduced parasitic inductance and capacitance associated with
the connection. The lower electrical parasitics reduce all of the noise sources described
in Section 1.2. The second electrical advantage of flip-chip bumping is that the pads
can be placed in an array pattern. This allows more pads to be placed for a given
substrate size compared to traditional perimeter placement used in wire bonding. The
increased pad count leads to higher signal density and the possibility of large amounts
of redundant power and ground connections. When redundant power and ground paths
are used it reduces the overall inductance in the power distribution path. This results
in less supply bounce (Equations 1.2 and 1.3).

The main disadvantage of flip-chip bumping is that it is more expensive than
wire bonding. The cost is higher due to the manufacturing process that is required for
flip-chip bumping. The bumping process must be carried out at the wafer level prior
to individual IC separation. This means that ICs that have been identified as failures

during electrical wafer test still receive the bumping process. As a result, more time
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is associated with the process, which results in greater cost. In addition, the bumping
equipment must be able to accommodate the entire wafer instead of just the individual
die as in wire bonding. As wafer sizes continue to increase, the bumping equipment
must be continually upgraded. These manufacturing factors have prevented the wide

spread adoption of flip-chip bumping despite its electrical advantages.

2.2 Level 2 Interconnect

The level 2 interconnect electrically connects the signals and power on the package
to the system PCB. The system PCB is constructed using a lamination process in
which the outermost layers contain surface mount (SMT) pads, to which the package is
soldered. Since a lamination process is used, the pads on the PCB are much larger than
that used in the level 1 connection. There are two main styles of level 2 interconnect;

lead frame and a ball grid array.

2.2.1 Lead Frame

A lead frame is a structure that forms the electrical and mechanical connection
between the package and the system PCB. The lead frame begins as a single piece of
copper-based alloy sheet metal that contains a die mounting paddle and lead fingers.
The features of the lead frame are formed by stamping or etching, which is then followed
by a plating finish to reduce oxidation. The die mounting paddle is used to support the
die during assembly. The lead fingers are used to form the connection to the system
PCB and extend outwards from the perimeter of the die paddle. Lead frames only
support wire bonding connections from the die. During assembly, the die resides on the
die paddle while the wire bonding takes place to the outward extending lead fingers. The
die paddle is then removed and the die is covered with a non-conductive encapsulant
that protects the IC substrate and helps dissipate heat. The lead fingers extend out of

the encapsulant and are then trimmed and formed to their final shape prior to mounting
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Figure 2.5: Lead Frame Connection to IC Substrate

to the system PCB. At this point the leads can be shaped into through-hole or SMT
connections. Figure 2.5 shows the wire bonding from the IC substrate to the fingers of
a lead frame [86].

The lead frame assembly process has been refined over the past decades to yield
an inexpensive solution to IC packaging; however, the lead frame suffers from the same
electrical disadvantages as the wire bond in that the interconnect is relatively long which
creates a large return current path. The large return current path increases the self-
inductance of the lead and the mutual coupling capacitive between leads, both of which
increase package noise that limits the lead frame’s performance. Another drawback of
the lead frame is that it limits signal from the package to a perimeter egress. This limits

the overall signal and power density that can be achieved by this style of interconnect.

2.2.2 Array Pattern

To improve upon the lead frame package interconnect, Ball Grid Array packag-
ing was introduced. BGA technology is very similar to flip-chip bumping except that
the solder balls reside between the package and the system PCB. Since the laminated

construction of the PCB limits the feature sizes that can be achieved, the density of the
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array pattern that can be achieved is much less than flip-chip bumping. Current BGA
packages range from 0.5mm to 1.27mm contact pitch [63]. Since the level 2 solder balls
are much larger than the flip-chip bumps, an underfill encapsulant is not needed since
the solder balls can absorb the majority of the thermal expansion mismatch between
the package and the system PCB. In addition, the BGA package substrate is typically
implemented using a PCB so the thermal expansion difference between the package and
the system PCB is minimized. As with the flip-chip bumping interconnect, the BGA in-
terconnect reduces the overall parasitic inductance and capacitance in the interconnect
by reducing the electrical length relative to the lead frame approach. Also, the array
configuration of the interconnect leads to the easy implementation of redundant power
and ground pins which decreases the self-inductance in the power supply path. Figure
2.6 shows an SEM photograph of the underside of a 1mm pitch BGA package [86].
Figure 2.7 shows a photograph of an entire BGA package highlighting the array

configuration of the interconnect [86].

2.3 Modern Packages

This work will focus on three of the most common packages used in modern

VLSI designs. These packages represent the past, present, and future technologies of 1C

Figure 2.6: SEM Photograph of the Bottom of a 1mm Pitch BGA Package



Figure 2.7: Photograph of a 1mm Pitch BGA Package

packaging and illustrate the electrical, mechanical, and cost trade-offs that have been

made by VLSI designers.

2.3.1 Quad Flat Pack with Wire Bonding

One of the most common packages over the past decade has been the Quad Flat
Pack with Wire Bonding (QFP-WB). The QFP-WB uses wire bonding as its level 1
interconnect with ball bonds on the IC substrate and wedge bonds on the lead frame.
The QFP lead frame extends from all four sides of the IC substrate, which allows pads to
be placed along the entire perimeter of the IC. The QFP has been extremely successful
due to its ability to use a common lead frame across many sizes of 1C substrates. The
flexibility of the wire bond interconnect allows multiple sizes of dies to be connected
to the frame. The standardization of the lead frame size allows for the optimization of
the plating, encapsulating, and trimming process which has driven the cost out of this
package. Figure 2.8 shows a cross-section and top view of a QFP-WB package.
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Figure 2.8: Cross-Section of Quad Flat Pack with Wire Bonding Package
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Figure 2.9: Cross-Section of System with QFP Wire Bond Package

The QFP-WB package is mounted to the system PCB using a pattern of perimeter
placed pads which align to the lead frame contacts of the package. This package is
mounted on the surface of the target PCB which allows placement on both the top and
bottom of the system PCB. Figure 2.9 shows a cross-section of the entire assembly of
a QFP-WB package to a system PCB. Signals and power make contact to the inner
layers of the system PCB using wvias. While the QFP-WB is a cost-effective package,
the electrical limitations in both the level 1 and level 2 interconnect has slowed the use

of the QFP-WB package.

2.3.2 Ball Grid Array with Wire Bonding

The most popular package in use today is the Ball Grid Array with Wire Bonding
(BGA-WB). This type of technology uses a PCB substrate within the package. The
level 1 interconnect is implemented with wire bonds that connect the ball bond pads
on the IC to the wedge bond pads on the package PCB. The level 2 interconnect is
implemented using an array of solder balls on the underside of the package PCB. The
construction of the BGA-WB allows either a partial or fully populated array of pads
on the bottom side of the package. Figure 2.10 shows the cross-section of a BGA-WB
package and the bottom side array of solder balls.

The BGA-WB package addresses the electrical parasitic problem in the level 2
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Figure 2.10: Cross-Section of Ball Grid Array with Wire Bonding Package

interconnect by moving away from the lead frame approach. This shift in technology
has allowed much higher performance in this style of package. In addition, the array
configuration of the solder balls allows much higher pin counts to be realized in the
same system PCB area. The BGA-WB is mounted to the system PCB using a reflow
process, which creates the bond between the package pads and the system PCB pads
through the solder ball. Signals and power of this package make contact to the inner
layers of the system PCB using vias. Figure 2.11 shows the cross-section of a BGA-WB
package that is mounted to a system PCB.

The BGA-WB has gained wide adoption due to its combination of the inexpen-
sive level 1 wire bonding interconnect with the advantages of an array style level 2
interconnect. The main drawback of the BGA-WB is that it still suffers the electrical
parasitics associated with the level 1 wire bond interconnect. The wire bond intercon-

nect also restricts the pad placement on the IC to a perimeter pattern which inherently
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Figure 2.11: Cross-Section of System with BGA Wire Bond Package
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limits the number of level 1 connections. This is the main limitation to the number of
signals and power contacts that can be brought out to the system PCB. Despite these
disadvantages, the BGA wire bond is the most widely used package for current VLSI
design starts due to its electrical advantages over the QFP-WB and its cost-effectiveness

relative to non-wire bonded packages.

2.3.3 Ball Grid Array with Flip-Chip Bumping

The next step in the evolution of VLSI packaging is the Ball Grid Array with Flip-
Chip bumping (BGA-FC). This package addresses the electrical parasitics of the wire
bond by implementing flip-chip technology as its level 1 connection. When combined
with the electrical improvements gained by using a level 2 BGA interconnect, the BGA-
FC promises to meet the needs of VLSI systems into the next decade. Figure 2.12 shows
the cross-section of a BGA-FC package and the bottom side array of solder balls.

The BGA-FC package can achieve very high signal counts due to its array style
pad pattern. In a BGA-WB package the total number of interconnects is limited by
the wire bond noise that exists in the level 1 interconnect and the perimeter pad place-
ment on the die. In the BGA-FC package this issue is addressed by implementing an
array style interconnect between the IC and the package substrate. This allows higher
signal counts and redundant power and ground connections which reduces the package
noise and increases system performance. Packages with up to 2000 contacts have been

successfully implemented using ball grid array with flip-chip bumping technology [92].
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Figure 2.12: Cross-Section of Ball Grid Array with Flip-Chip Package
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Figure 2.13: Cross-Section of System with BGA Flip-Chip Package

Figure 2.13 shows the cross-section of a BGA-FC package that is mounted to a system

PCB.

2.4 Electrical Modeling

This section presents the results of the electrical parameter extraction performed
to determine the inductance and capacitance magnitudes for the three packages studied
in this work. The three dimensional structures within the package were modeled and
simulated using electromagnetic field solvers. A combination of Raphael from Avant!
[93] and Advanced Design System from Agilent Technologies, Inc [75] were used to

accomplish the parameter extraction.

2.4.1 Quad Flat Pack with Wire Bonding

The QFP-WB package studied in this work uses a 100-pin lead frame with 25
leads per side on 0.8mm pitch. The lead frame is composed of a copper based alloy
with a tin plated finish. The IC is implemented on a dmm x Smm silicon die. The
die is connected to the lead frame with 2bum diameter gold wire bonds. The bonding
wires attach to the lead frame using wedge bonds onto 100um x 400um pads. The wire
connections to the IC are formed using ball bonds onto 100um x 100um pads. The wire

bonds range is length from 3mm to Smm.
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2.4.2 Ball Grid Array with Wire Bonding

The BGA-WB package studied in this work is a 20x20 array of 1mm pitch, fully
populated with solder balls. Each solder ball has an average diameter of 1mm and
an average collapsed height of 0.5mm. The package substrate uses a 1.27mm thick
GETEK© substrate with traces designed for an impedance of 502 using trace widths
of 0.1mm. The wire bond connections to the package substrate are formed using 25um
diameter gold wires to 100um x 400um wedge bond pads. The wire connections to the
IC are formed using ball bonds onto 100um x 100pum pads. The wire bonds range is

length from 1mm to bmm.

2.4.3 Ball Grid Array with Flip-Chip Bumping

The BGA-FC package studied in this work uses the same level 2 construction as
the BGA-WB described above. The level 1 interconnect is formed using a 100x100 array
of flip-chip bumps that have an average diameter of 125um and average collapsed height
of 75um. The flip-chip bumps connect complimentary arrays of pads on the package
substrate and on the IC. The pads on each substrate are 100um in diameter.

Table 2.1 lists the electrical parameter extraction results for the three packages
described above. For each extraction the worst-case interconnect paths are extracted.

These values represent the summation of all parasitic sources within the package.

[ [ QFP-WB [ BGA-WB | BGA-FC

Lq1 || 4.550 nH | 3.766 nH | 1.244 nH
Ko 0.744 0.537 0.330
Ki; 0.477 0.169 0.287
Ky 0.352 0.123 0.230
Kis 0.283 0.097 0.200
Co 300 fF 288 {F 197 fF
Cio 121 {F 115 {F 96 {F
Cis 17 {F 97 {F 9 {F

Table 2.1: Electrical Parasitic Magnitudes for Studied Packages
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The wire bond is the largest contributor of inductance in a bonded package. This
interconnect is the largest source of impedance discontinuity and, in turn, the largest
source of reflected noise. Chapter 8 presents an impedance compensation technique
for this inductive interconnect so the specific electrical parasitics of a reasonable range
of wire bond lengths were also extracted. Table 2.2 lists the specific inductance and
capacitance parameters for a reasonable range of wire bond lengths used in the QFP-WB

and BGA-WB packages.

| Length || Cub | Ly | Zy |
Tmm || 26 fF | 0.569 nH | 148 Q
2mm || 52 fF | 1.138 nH | 148 Q
3mm || 78 fF | 1.707 nH | 148 Q
4mm || 104 fF | 2.276 nH | 148 Q
5mm || 130 fF | 2845 nH | 148 Q

Table 2.2: Electrical Parasitics for Various Wire Bond Lengths



Chapter 3

Preliminaries and Terminology

This chapter describes the terminology and notation used throughout the rest of

this thesis.

3.1 Bus Construction

A bus is defined as a group of signals that transmits data from one circuit to
another. When designing a bus that traverses a package, the number of physical inter-
connect paths must be accounted for. This means that in addition to the total number
of signal pins that are needed, the number of power and ground pins associated with
the bus must also be considered. In VLSI design there are typically an equal number
of power supply pins (Vpp) as ground pins (Vsg) [67, 92] for a given bus. For an ar-
bitrarily large bus, individual bus segments can be defined that represent a subset of
signals within a bus that are associated with at least one Vpp and at least one Vg
pin. By introducing the notation of a segment, subsets of the bus can be evaluated for
performance instead of the entire bus, which leads to faster computation times without

any loss of electrical accuracy.

Definition : A bus segment consists of a group of contiguous signal pins, along with
at least one Vpp and at least one GN D pin. The Vpp (GN D) pins are also contiguous

in their placement.
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In practice, buses are implemented in the form of concatenated segments, with

each segment having their Vpp and GN D pins on either side of the signal pins.
Definition : Let Nyognent represent the total number of pins within the segment.

Definition : Let W;,, represent the number of signal pins within an individual seg-

ment.

Definition : Let N, represent the number of Vgg pins within the bus segment where

N, > 1.

Definition : Let N, represent the number of Vpp pins within the bus segment where

N, > 1.

Figure 3.1 shows an example segment. In this segment there are three signal pins
(Whus=3), one Vsg pin (Ny;=1), and one Vpp pin (N,=1).
The ratio of signal-to-supply pins are defined to give a quick estimate of the

quality of the power and ground distribution is for a given bus segment.
Definition : The Signal-to-Power-Ground (SPG) metric is defined as Wiy,,s:Np:N,.

Definition : The Signal-to-Power-Ground Ratio (SPGR) is defined as Wpys/Np. It

assumes that Ny=N,=1.

In practice, most packages use N,=N,=1. FIor the example segment in Figure

3.1, SPG=3:1:1 and SPGR=3.

l— segment —|
o] L]
1 |{—Wbus—)| 1

Np=1 Ng=1

Figure 3.1: Individual Bus Segment Construction
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The segment representation above corresponds to the commonly practiced bus
construction in the VLSI industry today. We refer to segments by their index j, to keep

trace of the relative location of a segment with respect to others.

Definition : Suppose a given bus has k segments. We represent an arbitrary segment
of interest by its index j. Segments to the left of the j** segment are assigned indices
§—1,5—2, ..., j—(k/2). Segments to the right of the j*" segment are assigned indices

J+Li+2, ..., 5+ (k/2).
Definition : Let N, represent the total number of pin in an off-chip bus.

Nypys includes all signal, power, and ground pins that are used in the package to
construct the off-chip bus. Figure 3.2 shows an example bus construction that consists
of 3 segments (k=3). In this bus each segment has the same number of signal (W}, s=3),

power (N,=1), and ground (N,=1) pins.
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Figure 3.2: Bus Construction Using Multiple Segments
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This notation allows a flexible framework that can represent arbitrarily large
busses. Further, this notation matches the practical implementation of buses in VLSI

designs. The number of pins within a segment is shown in Equation 3.1.

Nsegment = Whus + Np + Ng (3.1)

The number of a pins within the entire bus is defined in Equation 3.2.

Nbus = {Vsegment * k (3'2)

In order to specify the exact location within a bus and/or segment, an individual
pin notation is defined. Each pin within a bus segment is given the notation 5. Within

a given segment, ¢ is defined as the relative pin location.

Definition : The i** pin of the j* segment is denoted bz The indices ¢ and j start

with 0 and increase from left to right.

This framework allows the spatial location of any pin bg within a bus to be
described. Figure 3.3 shows an example bus using the spatial pin notation bg . The
arithmetic in the subscript of bg is performed modulo Ngegment- This allows a consistent
method to describe relative locations of pins across segment boundaries. For example,

. _ jo_ =1 _ g5+l
lf Nsegment — 5, then b2 — 2+5 — 25"

— -1 o e jo—W e et —
B OO EBRGEEEERQGQEEFBE

J-1 j-1 j-1 j-1 j-1 j J j j J j+1 J+1 j+1 J+1 j+1
bj" bi! b b b} bj bj bj bj bj b bi' bj bj b,

Figure 3.3: Pin Representation in a Bus
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3.2 Logic Values and Transitions

Definition : sg represents the logic state of pin bg For a signal pin, sg can take on a
value of 0 or 1 which represents the Boolean logic value for pin bz . For a Vgg pin, sg =0,

and for a Vpp pin, sgzl.

Definition : fug represents the transition on any pin bg . vzj =0 when no transition occurs
on pin bz . fug =1 when pin bg transitions from a logic 0 to a logic 1. fug =-1 when pin bg

transitions from a logic 1 to a logic 0. fug =0 for Vgs or Vpp pins.

Figure 3.4 shows an example bus, illustrating the notation for the state and

transition of each pin.

— e ] N e 1 ——
EDDENCDEODODENEEE®

Spatial Location  bj' b/’ bj' bj' bj! bj bj bj bj bj bj' bj" bj! b bj

Logic State s/’ s/ s’ sj" sf7 s si s) si sj sftt sil sjl sfl s

. P PR
Transition  vJ' v/ vyt vt vt oviov) o o) ov)o v v v v v v

2

Figure 3.4: STATE and Transition Notation
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3.3 Signal Coupling

3.3.1 Mutual Inductive Signal Coupling

The mutual inductive coupling between signals (M, or K;;) represents the in-
ductive coupling magnitude between an arbitrary pin bg to its adjacent neighboring
pins. The inductive coupling can span segment boundaries. Mutual inductive coupling
exists between any two current carrying interconnects; however, when the magnitude
of the coupling coeflicient is relatively small the coupling can be ignored. The term py,
represents the number of neighbors on either side of pin bg for which inductive coupling
is considered. By considering only py neighbors on either side of the signal of interest,
we simplify the analysis, without significantly compromising the quality of the results.

Figure 3.5 illustrates this idea. In this Figure, pp=4, which means that we con-
sider 4 neighbors’ mutual inductive coupling coeflicients (to the left and to the right),
and ignore the rest. Reducing p; decreases the computation time when evaluating

package noise, but results in larger error.

p. =4 p =4
/’ KV; \
' Y N

s
erYKfe\

w
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—— J=0 " e J=1 " e 22—

Figure 3.5: Mutual Inductive Coupling Notation
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3.3.2 Mutual Capacitive Signal Coupling

The mutual capacitive coupling between signals (Cji) represents the capacitive
coupling magnitude between an arbitrary pin bg to its adjacent neighboring pins. In
a similar manner to inductive coupling, mutual capacitive coupling can span segment
boundaries. The term pc is used to describe how many pins away from the pin of
interest that capacitive coupling is considered. Typically, pc=1 is adequate for an
accurate analysis, since mutual capacitances for subsequent neighbors are significantly
smaller on account of capacitive shielding.

Figure 3.6 illustrates this idea. In this figure, po=2, which means that we consider
2 neighbors’ mutual capacitive coupling (to the left and right), and ignore the rest.

P, 0:2 P c:2
—Ir—

C?3 CI3
A
CTE‘ C?E‘
ANAN
ECNEENONODERCEEE
e Jj=0 4 J=1 A j=2 —)

Figure 3.6: Mutual Capacitive Coupling Notation
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3.4 Return Current

When CMOS output drivers charge or discharge a signal line, return current will
flow through the Vgg or Vpp pins in the package to complete the closed loop circuit
path. When inductance is present in the Vgg or Vpp paths, then supply bounce will
result. In VLSI packaging the return current for multiple signal pins will typically share
a single supply pin. The return current will always seek the path of least resistance
when traversing the package. In the case of VLSI packaging, this means that the return
current will seek the supply or ground pin that is the spatially closest to the signal pin
that is switching (due to the reduced inductance and resistance in the return path).
This behavior may not appear to adhere to the segment notation described in Section
3.1. The actual return current for a pin may return current through another segment’s
supply pin; however, due to the symmetry of the segment notation, the total number of
signals that utilize a segment’s supply or ground pin is, in the worst-case, Wy,s. This
is due to the fact that even though signals within a particular segment may return
current through an adjacent segment’s supply pin (which is spatially closer), signals
from adjacent segments will return current through the supply pins of the segment of
interest (because its supply pin is spatially closer to those signals). This allows the
evaluation of an individual segment for supply bounce, considering only the signal pins
within that segment. This does not lead to a reduction in modeling accuracy. This
results in a much simpler analytical model for bus performance modeling and noise
evaluation.

Figure 3.7 shows how the return current for a signal can span segment boundaries
yet the total amount of return current within a segment will always be Wi, - I. We

assume that all the currents Iij are identical, and equal to 7.
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Figure 3.7: Return Current Description

3.5 Noise Limits

The maximum allowable noise for any of the noise sources described in Section 1.2
is expressed in terms of user-defined parameters. For supply bounce, signal coupling,
and reflected voltage, the noise limits are expressed as a percentage of Vpp. P, - Vpp
is the maximum allowable voltage noise defined by the user, where 0 < P, < 1. Figure

3.8 shows how the user-defined noise limits are expressed in terms of Vpp.

Definition : P4 represent the maximum allowable amount of ground bounce in the
system. Fy,q is defined as a fraction of Vpp such that the noise due to ground bounce

is < Pyuq- Vpp-

Definition : N_; represent the number of signal pins within a segment that are tran-
sitioning from a logic 1 to a logic 0. This number represents the number of signals that

are returning current through the Vgg pin and resulting in ground bounce.

Definition : Py, represent the maximum allowable amount of supply bounce in the
system. Py, is defined as a fraction of Vpp such that the noise due to supply bounce

is < Psupply -Vpp.
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Definition : Nj represent the number of signal pins within a segment that are transi-
tioning from a logic 0 to a logic 1. This number represents the number of signals that

are drawing current through the Vpp pin and resulting in supply bounce.

Definition : F, represent the maximum allowable amount of glitching noise in the
system. P is defined as a fraction of Vpp such that the absolute value of the glitching

noise 18 < Fy - Vpp.

A glitch occurs when a victim signal is static while neighboring signals transition

causing mutual inductive and capacitive coupling onto the victim line.

Definition : P; represent the maximum allowable amount of rising edge coupling noise
in the system. P; is defined as a fraction of Vpp such that the rising edge coupling

noise due to all neighboring signals is < Py - Vpp.

Rising edge coupling occurs when a victim signal is transitioning from a logic () to
a logic 1 at the same time that neighboring signals are transitioning and causing mutual
inductive and capacitive coupling onto the victim line. This coupling can either speed

up, slow down, or leave unaffected the rising edge on the victim line.
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Definition : P_; represent the maximum allowable amount of falling edge coupling
noise in the system. P_; is defined as a fraction of Vpp such that the falling edge

coupling noise due to all neighboring signals is < P_; - Vpp.

Falling edge coupling occurs when a victim signal is transitioning from a logic
1 to a logic 0 at the same time that neighboring signals are transitioning and causing
mutual inductive and capacitive coupling onto the victim line. This coupling can either

speed up, slow down, or leave unaffected the falling edge on the victim line.

Definition : Pr represent the maximum allowable amount of reflected noise in the
system. Pr is defined as a fraction of Vpp such that the absolute value of the reflected

noise is < Pr - Vpp.

When expressing the noise limit for capacitive bandwidth limiting, it is not ap-
plicable to use a fraction of Vpp; instead, the fraction by which the risetime of the

signal is increased due to switching neighboring pins is used.

Definition : Ppyy represent the maximum amount that the original risetime of a signal
is altered due to switching neighboring pins. The original risetime is defined as the time
it takes to switch from 10% of Vpp to 90% of Vpp while all other signal pins are held

at a logic 0.

When neighboring signal pins switch they change the effective capacitance that
the victim signal experiences. This can cause the victim signal risetime to speed up,
slow down, or remain the same. The fraction of risetime alteration is positive when
the original risetime is sped up due to neighboring signal pins that switch. The frac-
tion of risetime alteration is negative when the original risetime is slowed down due to
neighboring signal pins that switch. Equation 3.3 gives the expression for how Pgy is
defined. Figure 3.9 illustrates the mechanism of bandwidth limiting and how it relates

to Pgw.
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Chapter 4

Analytical Model for Off-Chip Bus Performance

The noise sources described in Section 1.2 limit the maximum performance that an
off-chip bus can achieve. This occurs because the package noise sources are proportional
to the rate of change in current or voltage (% and %). When any given noise source
exceeds the user-defined limits described in Section 3.3, the rate of change of current or

voltage must be reduced.

4.1 Package Performance Metrics

The performance of an off-chip bus depends on how fast the digital output drivers
can switch the output voltage levels. This switching speed relates to how much data that
one pin of the bus can transmit per second. The term Unit Interval (UI) represents
the shortest amount of time that data can be present on an individual pin and still
accurately transmit the logic value from the Transmitter (Tx) to the Receiver (Rx) in
the off-chip bus. The UI of a pin is directly related to the maximum switching speed
that the system can achieve. Figure 4.1 shows a graphical representation of the Unit
Interval metric.

The minimum Unit Interval can be translated into the maximum Dafarate (DR)

of an individual pin using Equation 4.1.

mar — 4.1
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Since the off-chip bus segment is constructed using multiple signal pins, the max-
imum Throughput (TP) of the bus segment can be found using Equation 4.2. Figure

4.2 shows a graphical representation of throughput.

TPma:L’ = DRmaa: : Wbus (42)

4.2 Converting Performance to Risetime

To express the package performance metrics Ul, DR, and TP in terms of rate of
change of current or voltage, they must first be converted into the metric of risetime.
The risetime (t,) is defined as the time it takes to switch a signal from 10% of Vpp to
90% of Vpp (a total excursion of 0.8 - Vpp). Figure 4.3 shows the risetime definition.

When a digital signal switches, the signal must be given adequate time to reach

its steady state value before the next switching event occurs. The amount of time that

Figure 4.2: Bus Throughput Description



57

v(t)

trise

Figure 4.3: Risetime Description

is required is Ul,,;, and can be expressed in terms of risetime (Equation 4.3). For a
robust digital system, the Unit Interval must be greater than or equal to 1.5 times the
risetime [64, 65]. Figure 4.4 shows the graphical representation of how risetime relates

to the minimum Unit Interval.

Ulnin = 1.5 - trise (4.3)
4.3 Converting Bus Performance to % and ‘fl—g

Once the package performance has been expressed in terms of risetime, it can
then be converted into the rate of change of current or voltage. The first step is to
convert risetime into slewrate. Slewrate is defined as the rate of change in voltage (%)

and typically is expressed in the units of % Slewrate can also be converted to the

di

g by dividing it by the characteristic impedance of the system in which

corresponding
the package resides. Equation 4.4 expresses slewrate in terms of the rate of change in

current or voltage. Figure 4.5 shows a graphical representation of slewrate.
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dv di
) te=—=—_ 4.4
slewrate = —- = — - Zy (4.4)

Using the definition of risetime as the time taken to switch from 10% of Vpp to
90% of Vpp (an excursion of 0.8 - Vpp), risetime can be expressed in terms of slewrate
by Equation 4.5.
0.8-Vpp

trise = —————— (4.5)
slewrate

This, in turn, can be converted to a relationship between the package performance

and the rate of change of current or voltage using Equations 4.6 and 4.7.

G _ (@)%
DR ox (1.5) - (0.8) - (Vpp)  (1.5)-(0.8) - (Vpp) 9
(d_g) Wbus o (%)ZO Wbus
Thmar = 15) . (08)- (Vo) ~ (15) - (0.8) - (Von) o
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V(t) dv Voo

dt

Figure 4.5: Slewrate Description

4.4 Translating Noise Limits to Performance

Now that the noise sources described in Section 1.2 and the package performance
metrics in Section 4.1 have been expressed in terms of the rate of change in current
or voltage, a relationship between the noise limits and package performance can be
constructed. For each noise source, the maximum datarate and throughput is found
that does not violate any user-defined noise limit parameter. The noise source that

approaches its user-defined limit first is the limiting source to performance.

4.4.1 Inductive Supply Bounce

When considering the performance limitation due to inductive supply bounce the
fastest rate of % is found that results in the user-defined noise limits Pyyppiy or Pypg
being violated. The first step is to find an expression for the total amount of supply
bounce that results as a consequence of signal switching. The total amount of supply
bounce is evaluated over one bus segment. The evaluation must include all signals
within the bus segment (Wp,,) that return current through the supply pin inductance
(L11). In addition, any mutual inductive and capacitive signal coupling onto the supply
pin must be accounted for. Supply bounce and mutual inductive coupling are already

di.

in terms of &4;

however, mutual capacitive coupling must first be converted into an
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expression that considers the rate of change of current or voltage. In order to do
this, Equation 1.9 is modified to include how the forcing function (¢,;s.) interacts with
the natural response (7g¢) of the capacitively coupled circuit [64, 74]. Performing the
inverse Laplace Transform on an exponential ramp forcing function and assuming an RC
natural response, the capacitive voltage divider is multiplied by (7rc/trise) to account
for the risetime of the input voltage source. Equation 4.8 expresses the magnitude of

the capacitively coupled voltage.

Cik

TRC
Clk + CO) AVG!]T‘ ( ) ( 8)

trise

‘/vic:(

The time constant of the capacitively coupled circuit is given by Equation 4.9.

TrRe = Zo - (Cix + Co) (4.9)

Using Equation 4.5 to express tpise in terms of z—qt’ (and %) and substituting Vpp
for AVgugr, the magnitude of the capacitively coupled signal can be expressed as in

Equation 4.10.

_Cu-Z- (%) _ Cu-Z3- (%)
vIC (08) (08)

(4.10)

Equation 4.11 ' expresses the total amount of supply bounce in an off-chip
segment. This expression represents the worst-case supply bounce pattern, which occurs
when all signals within the segment switch from a logic 0 to a logic 1. This bus pattern
means that all of the signal pins will charge their outputs from a 0 to a 1 by drawing
current through the Vpp pin. In addition, this pattern causes mutual inductive and
capacitive coupling to occur on the Vpp pin. This coupling adds to the total supply

bounce noise in the system.

! Note in this equation that when the subscript evaluates to M:1 or C11, these values are set equal
to zero.
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Ly Wous, di o di & Cir+y - 28 di
S ()4 Y Mgy - G+ Y S (2 @)
p

VSupply—Bnc = ( (0.8) dt

k=—pL k=—pc

We set Equation 4.11 to the user-defined maximum allowed supply bounce (which

is expressed as a fraction Pyyppy of Vpp), to get Equation 4.12.

Lll . Wbus

Psupply : VDD = ( N
p

di o di N Cuigran) - 28 di
)'(EH_ > M1(|k|+1)'(%)+ > W'(a) (4.12)
k=—pr k=—pc
By factoring % out of Equation 4.12 and substituting into Equation 4.6, the
maximum datarate that can be achieved without violating the user-defined noise limit

for supply bounce can be found (Equation 4.13).

Psupply . ZO

DRmaw—supply = C 72 (4'13)
(1.5) - (0.8) - [(F1gs) + 226, Myqegny + 275, — 452

This, in turn, can be translated into the maximum throughput of the segment by

multiplying it by the number of signals within the segment (Equation 4.14).

Psupply . ZO ‘ Wbus
. C .72
(1.5) - (0.8) - [(LllNV:bus) + Z{LpL M1(|k\+1) + Zzic];c l(ll(ctl)frgl)) 0]

TPma:n—supply = (4.14)

In a similar manner, the maximum datarate and throughput for a system (such
that the user-defined noise limit P, is not violated) can be derived. These expressions

are given in Equations 4.15 and 4.16.

P 7
DRmag-gna = Li-W, g:d : pe Cigrlan-Z8 (4.15)
(1.5) - (0.8) - [(FH ) + 2250, Mgy + 255 — w8 )
Poa-Zy- W,
TPma:n—gnd = gnd 0 bus (4.16)

. C .Z2
(1.5) - (0.8) - [(FH52e) + 322 Myayyny + X025 — s
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4.4.2 Capacitive Bandwidth Limiting

When considering the capacitive bandwidth limitation in the package, the slowest
RC time constant is found which corresponds to the worst-case switching pattern on
the bus. This time constant is then translated into risetime, which in turn is translated
into datarate and throughput as in the previous section. For capacitive bandwidth
limitation, the worst-case pattern on the bus occurs when the center pin within the
segment transitions from a logic 0 to a 1 while all other signals switch from a 1 to a 0
(or vice versa). This switching pattern results in the highest effective capacitance on
the victim signal. This capacitance will result in the slowest risetime since it results in
the largest RC time constant for the bus segment. This dictates the maximum datarate
and throughput that can be achieved in the package. Combining Equations 1.7 and
1.8 gives the maximum risetime that a given package can achieve when considering

capacitive bandwidth limitation.

pC
trise—pw =22 Zo- (Co+ Y. 2-Ciqe41)) (4.17)
k=—pc

This can be directly converted to datarate and throughput using Equation 4.3.
Equations 4.18 and 4.19 give the expressions for the maximum datarate and throughput

that a package can achieve when considering bandwidth limitation.

1
1.5)-(2:2) - Zo - (Co + 2P 2 - Cie+1)

DRoarnw = ¢ (4.18)

Wbus
1.5)-(2.2)- Zo - (Co+ 379, 2 Cikj+1))

TPma:lrfBW = ( (419)

4.4.3 Signal Coupling

The derivation of the signal coupling magnitude is performed exactly as in Section

4.4.1. Equation 4.20 expresses the maximum amount of noise voltage due to mutually
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inductive and capacitive signal coupling onto a victim line. This expression describes
the coupled noise when the victim signal is either static (Fy), rising (P;), or falling

(P-1).

d' & Cigry 45 di

Veoupling = Z Mgy - () + kzpc 08 (%) (4.20)

k=—pr

Equating this to the user-defined maximum allowed coupled noise (which is ex-

pressed as a fraction Py, P, or P_1 of Vpp), we get Equation 4.21.

Z2 i

(Jkl+1)

P11y Vpp = Z Mygr+ny - () + Z M () (4.21)
el dt ke dt

’L

By factoring & & out, of Equation 4.21 and substituting into Equation 4.6, the
maximum datarate that can be achieved without violating the nser-defined noise limits

for signal coupling can be found (Equation 4.22).

Po 1m0 Zo
DRmaw—coupling: oL (O/=L/L) oo Cl(|k|+1)'Z§ (4.22)
(1.5) - (0.8) - [, Migepny + 2205 — g

Equation 4.23 expresses the maximum throughput when considering the user-

defined noise limits for signal coupling.

P(o/,1/1) < Zo - Whys
C Z2
(1.5) - (0.8) - [£FL,, Miygpyyny + X705, —Uh5=0]

TPmax—coupling = (4.23)

4.4.4 Impedance Discontinuities

When evaluating a package for transmission line reflections due to impedance dis-
continuities, the forcing function and natural response of the circuit must be considered
in the evaluation of Equations 1.13 and 1.14. To accomplish this we assume that the

natural response of the package behaves as a low-pass RC filter. This allows the same
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derivations made in Section 4.4.1 to be applied to the evaluation of the transmission
line reflections. Equation 4.24 expresses the magnitude of the reflection, considering the

forcing function and the natural response of the package.

-
Vreflected = Vincident * (F) : ( RC) (4'24)

trise
Substituting the RC time constant given in Equation 4.9 and replacing Viyciden:
with Vpp, the reflected voltage can be expressed in terms of the user-defined noise limit

(which is expressed as a fraction Pr of Vpp).

Zo - (X%, Cigrl+1) + Co)

trise

Pr-Vpop=Vpp-(T)-(

) (4.25)

This can be substituted into Equation 4.6 to find the maximum datarate that does
not violate the user-defined noise limit FPr. Equations 4.26 and 4.27 give the datarate
and throughput when considering the maximum allowable noise due to impedance dis-

continuities.

Pr
DRumar T = 4.26
P 08) T Zo (579, Cugers) + Co) (4:26)
Pr-
TPpor_r = L Wous (4.27)

(1.5) - T+ Zy - (X5 Ci(ki+1) + Co)

4.5 Experimental Results

In order to verify the analytical model, SPICE [76] simulations were performed on
a test circuit. The test circuit includes a model for the package parasitics described in
Table 2.1. The test circuit is used to monitor noise limit violations due to the package as
the performance of the output driver is increased. By monitoring noise limit violations

the simulation can indicate the maximum datarate and throughput for a given package
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and bus configuration. These simulation results are compared to the analytical model

predictions to verify the model’s accuracy.

4.5.1 Test Circuit

The test circuit used in this analysis consists of a standard CMOS inverter as
the output driver. The CMOS inverter is implemented using the BPTM 0.1um [78]
technology using BSIM3 model cards [77]. The CMOS inverter is sized to have an equal
drive strength when outputting a logic 0 or a logic 1 by sizing the PMOS and NMOS
transistors such that (VV‘[;—]’\’/) = (Z—Z) = 3.25 [67]. The CMOS inverter drives through the
Tx package model onto a PCB. The PCB contains a series termination resistor (Rj)
followed by 2”7 of 5082 transmission line. The receiver load is modeled using the input
to a CMOS inverter that is sized to have a gate capacitance of 3pF. A package model
is also inserted in the signal and power path prior to the Rx inverter. Both the Tx
and Rx inverters have Vpp=1.5v and Vgs=0v. The output risetime of the transmitter
is altered by resizing the CMOS transistors in the inverter. Increasing the size of the
transistor will result in a smaller risetime. Figure 4.6 shows the test circuit topology.

For each of the three packages studied in this work (QFP-WB, BGA-WB, and
BGA-FC), the number of switching signal pins within a segment are varied from Wy, =
1 to Wpys = 16 in the simulation. In addition, three different SPG configurations are
used to observe the effect of adding power and ground pins to the segment. The three
SPG configurations used are SPG=8:1:1, SPG=4:1:1, and SPG=2:1:1. The user-defined
noise limits are set to 5% of Vpp so that Psyppy=Pjna=FPo=P1=P_1=-Ppw=Pr=0.05.
It was found that for the three packages studied, supply bounce (Psyppry, Pyna) was

always the limiting factor to performance.
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4.5.2 Quad Flat Pack with Wire Bonding Results

Figure 4.7 shows the per-pin datarate for the QFP-WB package as a function of
the number of signal pins within the segment. This plot shows the predicted datarate for
the analytical model versus the simulated results. These results illustrate that the per-
pin datarate needs to be reduced as channels are added to the bus segment in order to
keep the noise below the user-defined limits. This plot also shows the amount of ground
and power pins per segment influences the performance of the segment. Segments with
a lower SPR perform at higher datarates due to the reduction in the total % that is
drawn through each supply pin.

Figure 4.8 shows the bus throughput for the QFP-WB package as a function of
the number of signals pins within the segment. Due to the reduction in per-pin datarate
as channels are added to the segment, throughput does not increase linearly with the
addition of channels; instead, the throughput follows a less than linear increase as pins
are added to the segment.

Figure 4.9 shows the error percentage between the simulation results and analyt-
ical model prediction for each size of segment, evaluated in the QFP-WB package. This
plot illustrates the accuracy of the analytical model. In almost all cases the accuracy
of the model is within 10% of the simulated results. The analytical model exhibits the
largest error for a bus size of 1 channel due to the higher frequency components being
present in the forcing function; however, even with an error of 23% for 1 channel, the

correlation of the analytical model is still within an acceptable range.
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4.5.3 Ball Grid Array with Wire Bonding Results

Figure 4.10 shows the per-pin datarate results for the BGA-WB package. This
figure illustrates how the reduction in the electrical parasitics of the level 2 interconnect
translates into increased performance. By moving to the BGA-WB package with less
electrical parasitics, the per-pin datarate is increased as much as 25% over the QFP-
WB. As with the results for the QFP-WB, performance is also increased by using a
lower SPG Ratio. Also, the per-pin datarate decreases with more switching channels as
was observed for the QFP-WB package, for the same reasons.

Figure 4.11 shows the throughput for the BGA-WB package. Again, the through-
put experiences a less than linear increase in performance as channels are added to the
bus segment. In addition, the throughput suffers a plateau at low channel counts at
which the throughput is not increased as channels are added. This behavior leads to
multiple bus configurations having the same throughput. In these cases the narrowest

bus configuration can be chosen to reduce cost.
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Figure 4.12 shows the amount of error between the analytical model prediction
and the simulated results for the BGA-WB package. Again, the most error occurs for
segments containing only one signal pin. For channel counts greater than 1, the model

accuracy is consistently below 11%.
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Figure 4.12: Model Accuracy for a BGA-WB Package
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4.5.4 Ball Grid Array with Flip-Chip Bumping Results

Figure 4.13 shows the per-pin datarate results for the BGA-FC package. The
BGA-FC package is the most advanced package studied in this work. By implementing
flip-chip bumping in the level 1 interconnect in addition to a BGA in the level 2 in-
terconnect, this package is able to achieve much higher performance over the QFP-WB
and BGA-WB. The per-pin datarate achieves a 260% increase in performance over the
BGA-WB package and a 333% increase over the QFP-WB. Despite its much higher
performance, the BGA-FC still suffers a reduction in per-pin datarate as signals are
added to the segment. A lower SPG also results in a higher per-pin datarate, as with
the other packages studied.

Figure 4.14 shows the throughput for the BGA-FC package. Again, the through-
put increases at a less than linear rate as channels are added to the segment. In addition,
the BGA-FC package also exhibits the phenomenon where multiple bus configurations

achieve very similar throughputs.
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Figure 4.15 shows the accuracy of the analytical model for the BGA-FC package.
The worst-case model error occurs at a segment size of 1 while all other configurations

achieve less than a 10% error.
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Figure 4.15: Model Accuracy for a BGA-FC Package

4.5.5 Discussion

Since the framework of this model is constructed in a parameterized and scalable
fashion, it can be applied to differential as well as single ended signaling with minimal
alteration. In differential signaling, a portion of the return current for a given signal pin
will flow through its complementary pin within the differential pair. In this special case,
the amount of supply bounce noise due to current being drawn through the inductance
of the Vpp or Vgg pin is reduced by the amount of current that is inherently returned
within each differential pair of the segment. The advantage of differential signaling is
that since a portion of the return current is provided within the pair itself, this current
does not flow through the inductance of the supply pin and does not result in supply
bounce noise. All of the other noise sources that are predicted within this model do not
require modification when using differential signaling.

These experimental results illustrate how the electrical parasitics of the IC pack-

age limit the overall system performance. The effect of increasing the number of si-
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multaneously switching signals is that the per-pin performance is significantly reduced.
In most cases a desired bus throughput can be achieved using multiple package and
pin configurations, including different signal counts within a given segment. For these
cases we must factor in the cost of each package and pin configuration in order to se-
lect the most economical bus design for a required throughput. In the next chapter, a
methodology is provided to select the most cost-effective bus configuration for a given

throughput requirement.



Chapter 5

Optimal Bus Sizing

The package performance results reported in Chapter 4 revealed that simply
adding signals to a bus does not necessarily increase the throughput of the system.
As more channels are added to the bus, the noise caused by simultaneously switching
signals reduces the per-pin datarate. This behavior leads to a less than linear increase
in system performance as channels are added. In some cases, the system performance
actually decreases as more channels are added. In practice, multiple packages, config-
urations, and segment sizes are able to achieve the same throughput. In this chapter,
a method is described for choosing the package, bus size, and SPG in the most cost-

effective manner for a given throughput requirement.

5.1 Package Cost

The use of advanced packaging will reduce the electrical parasitics due to the
package. This reduces the package noise in the system which leads to increased perfor-
mance; however, moving toward advanced packaging is often more expensive and can
result in a cost prohibitive increase in the majority of modern VLSI designs.

Table 5.1 lists the average cost per-pin (Costper—pin) for the three packages that
have been studied in this work [92]. The QFP-WB package has the least cost per pin due
to its mature manufacturing process and scalable interconnect; however, this package

suffers the worst performance due to the relatively large inductance in the lead frame



77

| Package | Costper pin |
QFP-WB | $0.22
BGA-WB $0.34
BGA-FC $0.63

Table 5.1: Package I/O Cost (US Dollars, $)

and wire bond interconnect. The BGA-WB improves upon the lead frame connection
by moving toward a ball grid array. The BGA interconnect reduces the inductance in
the level 2 interconnect (Table 2.1) but increases the per pin cost over the QFP-WB
by 55%. The BGA-FC package experiences the best electrical performance by using
flip-chip bumping for its level 1 interconnect (instead of wire bonding). The inductance
in the BGA-FC package is significantly reduced over both the QFP-WB and BGA-WB
as shown in Chapter 2; however, the improvement in performance comes at an increase
in cost of 85% over the BGA-WB and 286% over the QFP-WB.

Table 5.2 lists the total number of pins that are needed to implement the various
SPG configurations used in this work. The number of pins needed to implement a bus
increases at a faster-than-linear rate as signals are added due to the need for a pair of
Vpp and Vgg within each segment.

The total cost of the bus configuration is given by Equation 5.1 where the cost
is simply the per-pin cost multiplied by the number of pins needed to implement the
bus segment. Table 5.3 shows the cost of the various bus configurations. The effect
of choosing a better grounding and power scheme (i.e., a lower SPGR) is that the
cost increases at a faster-than-linear rate as channels are added. This table shows the
relative expense of the different packages considered and illustrates how moving toward

advanced packaging can lead to a significant cost increase.

Costpys = (Npus) - (Costper—pin) (5.1)



Number of Channels
Bus Configuration || 1 | 2 ‘ 4 | 8 | 16
QFP-WB 8:1:1 31416]10| 20
QFP-WB 4:1:1 3141612 24
QFP-WB 2:1:1 3141816 | 32
BGA-WB 8:1:1 3141610 20
BGA-WB 4:1:1 3141612 24
BGA-WB 2:1:1 3148|116 32
BGA-FC 8:1:1 31416]10| 20
BGA-FC 4:1:1 3141612 24
BGA-FC 2:1:1 3148|116 32

Table 5.2: Number of Pins Needed Per Bus Configuration

Number of Channels
Bus Configuration 1 ‘ 2 | 4 ‘ 8 | 16

QFP-WB 8:1:1 0.66 | 0.88 | 1.32 | 2.20 | 4.40
QFP-WB 4:1:1 0.66 | 0.88 | 1.32 | 2.62 | 5.28
QFP-WB 2:1:1 0.66 | 0.88 | 1.76 | 3.52 | 7.04
BGA-WB 8:1:1 1.02 | 1.36 | 2.04 | 3.40 | 6.80
BGA-WB 4:1:1 1.02 | 1.36 | 2.04 | 4.08 | 8.16
BGA-WB 2:1:1 1.02 | 1.36 | 2.72 | 5.44 | 10.88
BGA-FC 8:1:1 1.89 |1 2,52 | 3.78 | 6.30 | 12.60
BGA-FC 4:1:1 1.89 | 2.52 | 3.78 | 7.56 | 15.12
BGA-FC 2:1:1 1.89 | 2.52 | 5.04 | 10.08 | 20.16

Table 5.3: Total Cost for Various Bus Configurations ($)
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5.2 Bandwidth per Cost

In order to compare the cost-effectiveness of a package configuration, the metric
Bandwidth-per-Cost (BPC) is introduced. This metric has units of (%) and takes
into account the total bus throughput as well as the cost to implement a given bus
configuration. Equation 5.2 gives the definition of the BPC metric. When comparing
two busses the configurations, the configuration with a higher BPC indicates that it is

able to transmit more data for less cost.

TP
Costpys

BPC = (
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5.2.1 Results for Quad Flat Pack with Wire Bonding

Figure 5.1 shows the Bandwidth-per-Cost for the QFP-WB package as signals are
added to the segment. This figure illustrates that it is more cost-effective to construct
a bus that is narrow (and fast) rather than the traditional wider (and slower) config-
uration. These results match closely with the current industrial trends for high-end
computer busses. Busses such as HyperTransport [85] and PCI Express [84] have taken
advantage of the fact that narrower busses avoid the noise problems due to simultane-
ously switching signals, thus enabling higher per-pin datarates. At the same time, these
busses use fewer pins which reduces the overall cost of the design. The value of the
BPC metric is that it can be used to select the most cost-effective bus configuration for

a particular application.
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Figure 5.1: Bandwidth-per-Cost for a QFP-WB Package (Mb/$)
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5.2.2 Results for Ball Grid Array with Wire Bonding

Figure 5.2 shows the Bandwidth-per-Cost for the BGA-WB package as signals
are added to the segment. This plot again indicates that narrower busses are more
cost-effective. This plot also illustrates that the BPC of the BGA-WB is actually less
than the QFP-WB package. This is due to the fact that the increase in performance
that results from using a BGA (instead of a lead frame) in the level 2 interconnect
does not outweigh the increase in cost of the advanced package. This gives rise to
the significant conclusion that for certain busses it may be more cost-effective to use a
QFP-WB package rather than the more advanced BGA-WB package.
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Figure 5.2: Bandwidth-per-Cost for a BGA-WB Package (Mb/$)
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5.2.3 Results for Ball Grid Array with Flip-Chip Bumping

Figure 5.3 shows the Bandwidth-per-Cost for the BGA-FC package as a function
of the number of signals in the bus segment. This plot again highlights that narrower
busses are more cost-effective. Also, the BPC for the BGA-FC is much greater than
for either the QFP-WB or the BGA-WB packages. This is due to the fact that the
dramatic increase in performance gained by utilizing flip-chip technology outweighs the
corresponding increase in cost.
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Figure 5.3: Bandwidth-per-Cost for a BGA-FC Package (Mb/$)
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For all the packages studied in this work, it was found that faster, narrower busses
were more cost-effective. This trend arises from the negative effects of simultaneously
switching signals as channels are added to a bus. These effects make it impractical to
simply add I/O pins until the desired throughput is reached. Faster and narrower busses
offer the advantage of reduced Simultaneous Switching Noise (SSN), which translates
into increased per-pin performance. In addition, since fewer package pins are used, the
overall cost of such configurations is lower than that of the wider configuration (which
has lower per-pin performance). This trend is being exhibited in industry as more
and more computer busses move toward faster, narrower busses. This trend is often
referred to as moving from parallel to serial busses. The unique contribution of this
chapter is that it provides a quantitative methodology to find the most cost-effective
bus configuration for a given application.

Suppose it is desired to find the most cost-effective package and configuration for
a given bus. The performance model of Chapter 4, as well as the BPC model of this
chapter can be used to determine if a particular configuration meets the desired per-
formance requirements. The DR and TP parameters can be used to test if a particular
configuration meets the desired performance requirements. When two or more configu-
rations meet the performance requirements, their BPC values can next be used to select
the most cost-effective configuration. Since these models avoid the use of SPICE, the
determination of the most cost-effective bus configuration can be done very quickly. In
addition, the BPC metric can provide a quick comparison of the cost-effectiveness of
the available packaging options. The analytical models and sizing techniques presented

can aid VLSI designers to quickly select the optimal off-chip bus configuration.
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5.3 Bus Sizing Example

In order to illustrate the use of the bus sizing technique, consider the example

below.

Example Consider an on-chip circuit that needs to transmit QOOOMTb through the pack-
age. Table 5.4 lists the modeled throughput results for the three packages studied in
this work. From this table, it is clear that multiple configurations can meet the QOOOMTb
throughput requirement. The bus configurations that meet the throughput requirement

are:

QFP-WB package with W,,=16 and SPG=2:1:1

BGA-WB package with Wy,,=1 and SPG=2:1:1

BGA-WB package with W;,,=16 and SPG=2:1:1

BGA-FC package with Wy, ,=16 and SPG=8:1:1

BGA-FC package with Wy, ,=1 through 16 and SPG=4:1:1

BGA-FC package with Wy, ,=1 through 16 and SPG=2:1:1

Using Table 5.3, it is quickly found that the BGA-WB with W, ;=1 and SPG=2:1:1
is the least expensive configuration that will meet the throughput requirement. This
is also apparent in Figures 5.1, 5.2, and 5.3 which shows that this configuration has a
higher BPC than the QFP-WB and BGA-WB configurations. The BGA-FC configura-
tions have higher BPC than the lowest cost BGA-WB configuration. Using the BGA-
FC solution has the added advantage that the resulting solution provides additional
throughput margin, which is useful in the event that the bus throughput requirement

would increase in future revisions of the design.



Number of Channels

Bus Configuration 1 | 2 ‘ 4 ‘ 8 | 16
QFP-WB 8:1:1 458 | 324 | 372 | 410 | 820
QFP-WB 4:1:1 916 | 569 | 677 | 777 | 1554
QFP-WB 2:1:1 1832 | 959 | 1182 | 1430 | 2860
BGA-WB 8:1:1 553 | 420 | 460 | 498 | 996
BGA-WB 4:1:1 1106 | 750 | 835 | 935 | 1871
BGA-WB 2:1:1 2213 | 1281 | 1437 | 1689 | 3378
BGA-FC 8:1:1 1675 | 1303 | 1386 | 1513 | 3025
BGA-FC 4:1:1 3349 | 2272 | 2446 | 2814 | 5628
BGA-FC 2:1:1 6699 | 3696 | 4011 | 4976 | 9952

Table 5.4: Modeled Throughput Results for Packages Studied (%)



Chapter 6

Bus Expansion Encoder

When determining the performance of an off-chip bus, the worst-case noise magni-
tude must be considered in order to ensure a robust digital system. Chapter 4 presented
an analytical model to predict the performance of an off-chip bus using the assumption
that each of the noise sources within the package contributes its worst-case noise. Each
source of noise within the package (Section 1.2) had a particular set of data sequences
that resulted in the worst-case noise. This set of sequences dictates the highest per-
formance that the package can achieve. The sequences that result in noise (from any
noise source) above a certain magnitude can be avoided by designing an encoder which
eliminates such sequences. This increases the performance of the package. By inserting
this encoder in the signal path on the IC, it ensures that the off-chip data is encoded
before traversing the package interconnect. In this way, data sequences which result in
noise above a specified limit can be avoided and the bus performance can be increased.

The encoder is constructed to remove any bus sequence which results in a noise
event (regardless of the noise source) above a user-specified value. Experimental results
demonstrate that this methodology improves the overall performance of the bus even
after considering the overhead of the encoder circuit.

The technique maps each element in the original set of on-chip data sequences
to an element in an alternate set of sequences (whose noise is bounded by the user-

specified limit). Since the alternate set of sequences has a width greater than the
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width of the original bus, we refer to the resulting circuit as a bus expansion encoder.
The construction of the encoder/decoder utilizes an implicit, Reduced Ordered Binary
Decision Diagram (ROBDD). If it is desired that the noise due to one or more noise
sources (described in Section 1.2) should be reduced, the bus expansion encoding method

can by employed.

6.1 Constraint Equations

The first step in creating the bus expansion encoder is to create a set of constraint
equations. The constraint equations are written so that arbitrary transitions can be
evaluated for noise limit violations. When a transition is evaluated using the constraint
equations and violates one of the user-defined noise limits, the transition is flagged
as illegal and is removed from the set of data sequences that are allowed to be driven
through the package interconnect. Each of the possible off-chip transitions are evaluated
against each of the constraint equations. The enumeration of the off-chip transitions is
done implicitly, so as to increase the applicability of the technique. After the evaluation
is complete, a subset of legal transitions remain which are used in the construction of

the encoder.

6.1.1 Supply Bounce Constraints

When a pin ¢ in segment j is a Vpp pin, it is required that the bounce magnitude
due to the electrical parasitics in the package must not exceed the user-defined noise
limit Psypp,- When the pin under evaluation is a Vpp pin, a constraint equation is
written to determine if any transitions that occur on the bus segment will result in a
violation of Pyypp,,. The constraint equation takes into account the voltage noise due
to the self-inductance of the Vpp pin in addition to any mutual inductive or capacitive
coupling that occurs due to switching signals in adjacent pins. By multiplying the

coupling magnitude by the transition value vzj (which can be 0, 1, or -1), the magnitude
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and sign of the induced noise value is accounted for. This handles the situation for a
static pin a static signal pin (vf =0) which has no effect on the noise on the supply pin.
The following constraint equation is written for any pin ¢ within a bus segment j that

is used as a Vpp pin, and is being evaluated for a supply bounce violation:

L] Zg =Vpp =

i e C . .z2 ;
Peuppity Vo 2 (5)-1(L10)- (N4 [(Maguy 1) (0] )l D07 (S0 (0] Y]]

k=—pc

When a pin ¢ in segment j is a Vgg pin it is required that the bounce magnitude
due to the electrical parasitics in the package must not exceed the user-defined noise
limit Py, 4. When the pin under evaluation is a Vsg pin, a constraint equation is written
to determine if any transitions that occur on the bus segment will result in a violation
of Pynq. The following constraint equation is written for any pin within a bus segment

j that is used for Vgg and is being evaluated for a ground bounce violation:

L] vgzz Vesg =

i ke C .z2 ;
Pyna-Vop > (45)-[(L11)-(N- +Zk__LpL (Mugri1)- ()20, 200 () ()]l

k=—pc

6.1.2 Signal Coupling Constraints
6.1.2.1 Glitch Magnitude Constraints

When a pin ¢ in segment j is a signal pin, it is required that the coupled voltage
onto that pin does not exceed any of the user-defined noise limits for signal coupling.
If the signal pin is static (v —0), then the glitch magnitude onto the victim pin must
not exceed Py. As in the constraint equations for supply bounce, the magnitude of
the coupling contribution of any neighboring pin is multiplied by the transition value
v (which can be 0, 1, or -1) of the neighboring pin. This account for the magnitude
and sign of the coupling due to the neighboring pin. The following constraint equation

j_

is written for any signal pin within a bus segment j that is static (v/=0) and being

evaluated for a glitch violation:
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L] vf:():>

—(PoVop) < (8)I55 2% (M) (o] )+ 3520 [(C0028). (0] )] < (Py-Vioo)

6.1.2.2 Risetime Degradation Constraints

When a signal pin 4 in segment j transitions from a logic 0 to a logic 1 (vf =1),
it is required that the coupled voltage onto that pin does not hinder its risetime. In
this situation the cumulative value of the mutual coupling can be exploited to actually
aid the transition on the victim signal pin. By requiring that the cumulative coupled
voltage on the victim pin either equals or exceeds the user-defined noise limit Py, it is
also possible to improve the risetime of the victim signal (i.e., it is possible to speed
up the victim signal). By setting P; to zero, it is guaranteed that the risetime for the
victim signal is not hindered. The following constraint equation is written for any signal
pin within a bus segment j that is undergoing a rising transition (vg =1) and is being

evaluated for a rising edge degradation violation:

o v =1=

)

i — . _ Cl L .72 .
P Voo < (99) - [SR275 [(Mygrpen) - (0], )] + Sp=PS [(SUE=0) - (of )]

6.1.2.3 Falltime Degradation Constraints

In a similar manner, when a signal pin ¢ in segment j transitions from a logic
1 to a logic 0 (vf =-1), it is required that the coupled voltage onto that pin does not
hinder its falltime. By requiring that the cumulative coupled voltage on the victim pin
either equals or exceeds the user-defined noise limit P_1, it is also possible to improve
the falltime of the victim signal (i.e., it is possible to speed up the victim signal). By
setting P_ to zero, it is guaranteed that the falltime for the victim signal is not hindered.

The following constraint equation is written for any signal pin within a bus segment

J_
=

J that is undergoing a falling transition (v;=-1) and being evaluated for a falling edge

degradation violation:
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oy =—1=

i — . _ Cl a1 .72 .
P_i-Vop > (9) - [S527% (M) - (0], )] + 55 (2020 - (o], )]

6.1.3 Capacitive Bandwidth Limiting Constraints

When a pin 7 in segment j is a signal pin, it is required that the capacitive
bandwidth limitation due to adjacent switching signal pins does not degrade the original
risetime by more than Pgy. As described in Section 1.2.3, the capacitance that a
victim signal will experience will depend on the self-capacitance (Cy) in addition to
mutual coupling capacitance to neighboring signal pins (Cir). The original risetime
is defined as the risetime achieved when all aggressing signals within the segment are
static. In this case, the mutual capacitance to all other signal ping will be 1-C7;. When
the neighboring aggressor pins switch, the resulting risetime of the victim can be either
improved, degraded, or unhindered (depending on the switching pattern of the aggressor
pins).

The worst-case transition on the bus (which causes the largest risetime degra-
dation on the victim) will be when all aggressor signal pins switch in the opposite
direction as the victim signal. This results in a doubling of the mutual capacitance to
all neighboring pins due to the doubling of the voltage excursion between signals. This
makes the capacitance to aggressing signal pins 2 - ;. The best-case transition on
the bus (which causes the largest risetime improvement on the victim) will be when all
signal pins switch in the same direction. In this case the coupling capacitance between
pins will be zero (0 - Cy;) because there is no net voltage difference across the pins.
Since Ppyy is described as a percentage of risetime degradation, the constraint equation
must account for the original risetime in addition to the risetime which results when
neighboring signals switch. The following constraint equation is written for any signal
pin within a bus segment j that is undergoing a positive transition (vj =1) and being

)

evaluated for a capacitive bandwidth limitation violation:



91

J
o v =1 =
A
k= k= :
[2-2'(Co+zk=if,c C1(|k|+1))'ZO]*[Z-Q'(COJer:]EC Cr(k+1)- (1)) Zo]
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In the above constraint, multiplying the aggressor coupling capacitance by (1 —
vf 1) handles the contribution of the mutual capacitance to the bandwidth limitation.
Since the aggressor signal pin can take on values of Ug & € {—1,0,1}, this evaluates to
(1— vngk) € {2,1,0}. This quantity is multiplied with C1j and then added to Cj to give

the total amount of capacitance that the victim pin charges.

In a similar manner, the bandwidth limitation constraint can be written for a

J

victim signal that undergoes a falling transition (v;=-1). In this case, the contribution
of the coupling capacitance is handled by multiplying the mutual capacitance by (] —1—
vlj |). Using this expression, the aggressor signal transition values (vf 1 €1{-1,0,1})
evaluate to (| — 1 — vg+k|) € {0,1,2}. The following constraint equation is written for
any signal pin ¢ within a bus segment j that undergoes a falling transition (vf =-1) and

is being evaluated for a capacitive bandwidth limitation violation:

° vg =-1=
k= i k=
[2.2:(Co+>, "¢ C1(|k|+1)'(|*1*vi+k|))'ZO]*[2-2'(00+Z,C=IEC C1(k)+1)) Zo)

S
k=
[2~2'(00+Zk=fcpc Ci(ik+1y) Zo]

Ppw >

6.1.4 Impedance Discontinuity Constraints

When a pin 4 in segment j is a signal pin it is required that the magnitude of the
reflected voltage due to impedance discontinuities within the package must not exceed
Pr. As described in Section 1.2.5, the impedance of a given signal path will depend on
its self-inductance (L11) and self-capacitance (Cp) in addition to any mutual inductance
(My},) and mutual capacitance (Cx). This means that the data sequences present on
neighboring signal pins will alter the effective inductance and capacitance of the victim
signal. This directly effects the characteristic impedance of the victim pin, which is

used in the evaluation of reflected noise. This must be accounted for in the constraint
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equation. By multiplying this additional mutual inductance and capacitance values
by the transition values of the aggressor neighbors (vf 1), the polarity and cumulative
effect of the coupling can be handled. The following constraint equation is written for
any signal pin ¢ within a bus segment j that undergoes a positive transition (vilzl) and

is being evaluated for an impedance discontinuity violation:

k=p i
L“Jer:—LpL (M1(|k\+1)'(ﬂg+k)

k=pc ) J
CO+2k=_pO O+ )

Zo

k=p ;
L11+Zk:—léL (Ml(lk’\-&-l)'(”?Jrk)

k=pc i
co+2k:—pc Cr(nr+1) )

In a similar manner, when a pin 7 in segment j is a signal pin and undergoes

Zj =-1), it is required that the magnitude of the reflected voltage

a falling transition (v
due to impedance discontinuities within the package must not exceed Pr. In this case
the contribution of the mutually coupled inductance and capacitance must be inverted
to properly represent its cumulative nature. This is accomplished by multiplying the
mutual inductance and capacitance values by the negative of the transition value (-
vf 1), thereby accounting for the polarity of the mutually coupled voltage. Note that
the polarity of T' is reversed when the forcing function is a falling edge [70]. The
following constraint equation is written for any signal pin ¢ within a bus segment j
j_

that undergoes a falling transition (v;j=-1) and is being evaluated for an impedance

discontinuity violation:

oyl =—-1=

k= i
DD 20 () )

k=pc j 0
CO+Zk=_pC(01(|k|+1)'(*vi+k)
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k=p ;
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6.1.5 Number of Constraint Equations

For each Vpp pin within a segment, one equation is written that represents the
supply bounce constraint (Pgyppiy). For each Vgg pin within a segment, one equation
is written that represents the ground bounce constraint (P,,q). For each signal pin,
constraint equations are written for the three transition values that the pin can have
(vzj € {—1,0,1}). When a signal pin is static (vﬁ = 0), one equation must be written
to constrain the glitching noise due to switching neighbor pins (Fy). When a signal pin
transitions high (vg = 1), three equations must be written that account for rising edge
degradation (Py), capacitive bandwidth limitation (Pgyw ), and impedance discontinu-
ities (Pr). When a signal pin transitions low (vg = —1), three more equations must be
written that account for falling edge degradation (P_1), capacitive bandwidth limitation
(Pgw ), and impedance discontinuities (Ppr). This gives the total number of constraint

equations that are written as:

Nconstraints = Np + Ng + (7 : Wbus) (61)

The number of constraints can be reduced for particular applications. For a
particular package, some noise sources may be negligible and can be ignored in the
constraint evaluation. For the three packages studied in this work, it was found that
in all cases the supply bounce and inductive signal coupling were the dominant noise
sources. This is a consequence of noise being dominated by the inductance within the
package interconnect. If only the inductive noise components are considered, then each
signal pin needs only three constraint equations: Fy, P, and P_;. This reduces the

number of constraint equations to:

Nindfconstraints = Np + Ng + (3 : Wbus) (62)
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6.1.6 Number of Constraint Evaluations

Each of the constraint equations must be evaluated against each of the possible
transitions that are to be transmitted through the package. Since each signal pin can
take on three unique transition values (vf € {—1,0,1}), then the total number of possible

transitions for a given bus segment is bounded by:

Ntrcmsitions = (Wbus +2- mam(PLpr))g (63)

In practice, however, some of the signals in the neighborhood of the signal of
interest may be supply pins, resulting in fewer constraints. This gives the total number

of constraint equation evaluations as:

Nevaluations = (Nconstramts) . (Ntransitions) (6-4)

Again, the number of evaluations can be reduced by limiting the noise sources
that are considered. It should be noted that due to the symmetry of the bus segment
representation (which mimics the regular manner in which the busses are implemented
in practice), the evaluations need only be performed on the signals within a single bus
segment and not on the entire bus. This symmetry allows a dramatic reduction in

computation time compared to the case where the entire bus is analyzed monolithically.

6.2 Encoder Construction

Once the transitions have been tested against all of the constraining equations, a
subset of legal transitions remain from the original set of possible transitions. Assume
that the original set of constraints were written for a bus segment with n signals. Using
the legal transitions remaining, we next find the maximum effective bus size m, such
that the transitions on this bus can be encoded using the remaining legal transitions on

the physical n bit bus.



6.2.1 Encoder Algorithm

From the set of legal vector sequences, we next create a ROBDD [11, 12] G, to
encode legal bus transitions. We then find the effective size m of the bus that can be
encoded using the transitions in G, using a ROBDD based algorithm. Note that the
ROBDD G has 2n variables. The first n variables refer to the from vertices and the
next n variables refer to the to vertices of the vector transition. There is a legal edge
between vertices v1 and vo iff G(vy,v9) = 1.

Note that for a vector sequence v/, we can construct minterms in G to encode

transitions between vectors w and w?o The end-points of this edge (wfcr om and w?o)

J
from

can be constructed given v/, as follows:

) wjf‘mm,i =0if fug = 1 (i.e. the signal is rising) or if fui‘ = 0 (i.e. the signal is
static).

. wjf‘mm,i =1if vf = —1 (i.e. the signal is falling) or if vi‘ =0 (i.e. the signal is
static).

Similarly, we can write

Joo_ 1.0 e J o
owto’i—llfvi—lorlfvi—o.

I ifad — e J o
owtovi—()lfvi——10r1fvi—0.

G (wfcmm, w{o) = 1 indicates the legality (from an inductive cross-talk viewpoint)
of the transition from vector wch om 10 w{n. Therefore, given a set of vector sequences
{v7} which are legal, we can construct a ROBDD G whose minterms (wrom : Wto)
are vectors in B%", such that they indicate a legal transition (from an inductive cross-
talk viewpoint) between the source (wfyopm,) and sink (wy,) vertices. Note that the ”:”
symbol above refers to the concatenation operator.

If an m-bit bus can be encoded using the legal transitions in G, then there must

exist a set of vertices V, C B"™ such that:
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e Each vs; € V. has at least 2™ outgoing edges e(vs,vq) (including the self edge),

such that the destination vertex vg € V.

e The cardinality of V. is at least 2.

The resulting encoder is memory based. Note that the physical size of the bus n
is obviously greater than or equal to m.

Given G, we find m using Algorithm 1. The input to the algorithm is m and G.
We first find the out-degrees (self-edges are counted) of each v, € B™. This is done by
logically ANDing the ROBDD of the vertex v, with G. We find the cardinality of the
resulting ROBDD — it represents the out-degree of v;. If the number of out-edges of
any v, is greater than 2™, we add v, (and its out-degree) into a hash table V.

For each vy, € V, we next check if each of its destination nodes vy are in V. If
vg € V, we decrement the out-degree of vy by 1. If the out-degree of v, becomes less
than 2™, we remove v, from V. These operations are performed until convergence.
If at this point, the number of surviving vertices in V is 2™ or more, then an m-bit
memoryless CODEC can be constructed from G.

We initially call the algorithm with m = n — 1 (where n is the physical bus size).
If an m bit bus cannot be encoded using G, then we decrement m. We repeat this until

we find a value of m such that the m-bit bus can be encoded by G.
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Algorithm 1 Testing if G can encode an m-bit bus

test_encoder(m, G)
find out — degree{vs) of each node vs, insert (vs, out — degree(vs)) in V if out — degree(vs) > 2™
degrees_changed = 1
while degrees_changed do
degrees_changed = 0
for each vs € V do
for each vy S.T. G(us,vqs) =1 do
if va ¢ V then
decrement out — degree(v,) in V
degrees_changed = 1
end if
if out — degree(vs) < 2™ then
V Vv
break
end if

end for

end for
end while
if |[V| > 2™ then

print(m bit bus may be encoded using G)
else

print(m bit bus cannot be encoded using G)
end if

For a memory-less encoder, the subgraph induced by the edges in V. should be
a clique. Memory-based encoders are explored in this work, due to the fact that they
allow effective widths which are higher than memory-less encoders.

Note that this entire analysis needs to be performed for a representative bus
segment. In other words, even if the bus is very wide, the analysis is performed for a
single segment, which is typically very small. This segment could be part of a much

larger bus, and the analysis would be valid for all segments of the bus.

6.2.2 Encoder Overhead

The end result of the encoder construction is a mapping between transitions on an
m-bit on-chip bus to transitions on an n-bit off-chip bus. The transitions on the n-bit off-
chip bus are selected so that the worst-case noise resulting from any of these transitions
is less than or equal to the user-specified noise limit. Since the transitions on the n-bit
bus avoid any noise greater than the user-specified limit, they can be transmitted at a

higher datarate The net improvement must also account for the overhead in the number
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of bits utilized for the bus (which is n — m). The computation of the overhead for the

bus expansion encoding technique is shown in Equation 6.5.

n—m

Overheadyys—ezpansion = ( ) - 100 (6.5)

n

6.3 Decoder Construction

The decoder construction is identical to the encoder construction however the
process is performed in reverse. The combinational logic for the decoder is simply a
reverse permutation of the logic for the encoder. In the case of the memory-less decoder,
the logic is induced by that of the encoder. This is also the case for the memory-based

decoders.

6.4 Experimental Results

This section presents the experimental results that were performed to verify the

effectiveness of the bus expansion encoder.

6.4.1  3-Bit Fixed % Example

The first example is a 3-bit bus that is evaluated for a fixed %. This example
illustrates how the encoding technique directly reduces noise within the package. A %
of 33 MTA was chosen that corresponds to a datarate of 550 MTb in a 50 Q system using
Equation 4.6. The electrical parameters for the BGA-WB package are used from Table
2.1. The bus configuration has three signal pins (Wy,s=3), one Vpp pin (N,=1), and
one Vgg pin (Ny=1) for a total of 5 pins within the bus segment (Nsegment=>5). This
configuration yields a Signal-to-Power-Ground metric of SPG=3:1:1 and a Signal-to-

Power-Ground Ratio of SPGR=3. The mutual inductive and capacitive coupling is

considered to the 2 most adjacent pins (py = pc = 2). This simplifies the analysis by
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Figure 6.1: 3-Bit Bus Example

ignoring inductive coupling less than 15% and capacitive coupling less than 50fF. The
bus configuration is shown in Figure 6.1.

This bus was encoded using two sets of constraints: aggressive (Psuppiy, Pond,
Py, Pi, P_1, Pgw, and Pr set to 5%) and non-aggressive (Psyppiy, Pynd, Po. P1, P-1,
Py, and Pr set to 10%). The first step in the bus expansion technique is to write the
constraint equations. Equation 6.1 indicates that 24 constraint equations need to be
written for this package; however, from the results in Chapter 4, it is known that the
BGA-WB performance is dominated by the inductive nature of its interconnect. This
allows the number of constraint equations to be reduced to 11 using Equation 6.2. The
following lists the 11 constraint equations for this example. These constraints have been
simplified by removing terms with vi‘ =
v} =Vpp = Pouppty - Voo < % - [(Liy - N1) + (Mus - v 1) + (Mya - v]) + (Mys - v))]
v] =1= P, -Vpp < 8- [(Mys-v]) + (M3 - v})]

vl =0= —(Py-Vpp) < & - [(Mis-v]) + (M3 - v3)] < (Po - Vpp)

)
)
3)vi =—1= Py Vpp > % [(My-v]) + (Miz - v])]
)
Jvi=1= Py -Vpp < % -[(Mig-v]) + (Mis - v})]
)

U% =—-1=P_1-Vpp> %'[(Mlg'U{)-{-(Mm“Ug)]
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vy =0= —(P-Vpp) < & [(Myy-v]) + (Myz - v})] < (Po - Vpp)

8)vi=1= P -Vpp < & [(My3-v]) + (M3 -v})]

9) vi =—1= Py -Vpp > % - [(Myz-v])+ (Miz-v3)]

10) v = 0= —(Py- Vpp) < L -[(Myz - v]) + (M2 - v3)] < (P - Vpp)

11) v] = Vos = Pypa-Von < % - [(L1y - N_y) + (Mys - v)) + (Mya - v]) + (Mg -] ™)]

All possible transitions on the bus are then evaluated using the 11 constraint
equations. From this evaluation, transitions that violate any of the constraints are
flagged as illegal and removed from subset of legal transitions used in the encoder
construction. Table 6.1 shows the results of the constraint evaluations. In this table,
if one of the original transitions violates a constraint equation, the number(s) of the
constraint equation is listed.

After all transitions have been evaluated against the constraints, the remaining
legal transitions are used to create a directed graph. Figure 6.2 shows the directed
graph that was created from the non-aggressive constraint evaluation. This figure does
not show the self-edges for simplicity.

From the directed graphs for both the non-aggressive and aggressive constraints,
the largest effective bus width m was constructed, such that the noise for this bus is
within the user-defined limits. From the mapping between the transitions in the m-
bit bus to those in the legal transitions in the n-bit bus, the encoder state machine is
constructed. Figure 6.3 shows the overhead for the bus expansion encoder (Equation
6.5) for both the aggressive and non-aggressive constraints. This figure suggests that

the overhead of the encoder approaches an asymptotic limit as the number of channels

are added to the bus segment.



| Original Transition |  Aggressive | Non-Aggressive |
000 000 000
001 001 001
00-1 00-1 00-1
010 010 010
011 Violates 1,4 011
01-1 01-1 01-1
0-10 0-10 0-10
0-11 0-11 0-11
0-1-1 Violates 4,11 0-1-1
100 100 100
101 Violates 1,7 101
10-1 10-1 10-1
110 Violates 1,10 110
111 Violates 1,2,5,8 Violates 11
11-1 Violates 1 11-1
1-10 1-10 1-10
1-11 Violates 1 1-11
1-1-1 Violates 11 1-1-1
-100 -100 -100
-101 -101 -101
-10-1 Violates 7,11 -10-1
-110 -110 -110
-111 Violates 1 -111
-11-1 Violates 11 -11-1
-1-10 Violates 10,11 -1-10
-1-11 Violates 11 -1-11
-1-1-1 Violates 3,6,9,11 Violates 1

Table 6.1: Constraint Evaluations for 3-Bit, Fixed % Bus Expansion Example
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Figure 6.2: Directed Graph for the 3-Bit, Fixed % Bus Expansion Example
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SPICE simulations were performed to quantify the noise reductions achieved by
the encoder. Figure 6.4 shows the ground bounce reduction achieved by the encoder for
both the aggressive and non-aggressive constraints. This figure shows that the ground
bounce was reduced as much as 50% for the non-aggressive encoder and 89% for the
aggressive encoder (over the original non-encoded bus). Also, the worst-case noise in
the encoded bus is just within the user-specified (aggressive and non-aggressive) noise
limits.

Figure 6.5 shows the glitch magnitude reduction achieved by the encoder for both
the aggressive and non-aggressive constraints. In this figure the glitch magnitude was
reduced 44% for the non-aggressive encoder and 68% for the aggressive encoder over
the original non-encoded bus.

Figure 6.6 shows the edge degradation noise reduction achieved by the encoder for
both the aggressive and non-aggressive constraints. This figure illustrates the reduction

in edge degradation that the encoders achieve relative to the non-encoded configuration.

0.15 | [

0.12 = — Original -
0,00 / \ —- Aggressive
) / \ --- Non-Aggressive

Fac |

0.0 0.3 05 0.8 1.0 13 1.5 1.8 20 23 25
Time (ns)

Figure 6.4: SPICE Simulation of Ground Bounce for 3-Bit, Fixed % Example
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Figure 6.5: SPICE Simulation of Glitching Noise for 3-Bit, Fixed % Example
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Figure 6.6: SPICE Simulation of Edge Coupling Reduction for 3-Bit, Fixed % Example
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6.4.2 3-Bit Varying % Example

Using the constraint equations in Section 6.4.1, the maximum % that the package
can achieve can be found for both the encoded and non-encoded cases. For this example
the original set of transitions is evaluated using the constraint equations to find the

di

maximum %

4 and, in turn, the maximum per-pin datarate for the non-encoded bus.

For the non-encoded evaluation, no vectors are removed from the original set;

instead, % is increased to its maximum value without violating any of the constraint

equations. At that point, this % indicates the fastest datarate that the non-encoded
bus can achieve.

For the encoded evaluation, the reduced transition set from Section 6.4.1 is eval-
uated in the same manner. In the encoded case, the worst-case transitions have already
been removed from the legal transition set and will result in a faster % that can be
achieved without violating any of the constraints. Table 6.2 shows the results for this
example. In this table the maximum % for the original and encoded cases are reported.
This table illustrates that even after considering the overhead of the encoder, the bus

throughput is increased as much as 46% using the same three physical signal pins

on the package.

| ‘ Original | Encoded |

Max di/dt 13.3 MA/s | 37 MA/s
Max Datarate 222 Mb/s | 617 Mb/s
# of Legal Transitions 27 13
Physical Size of Bus 3 3
Effective Size of Bus 3 2
Encoder Overhead - 33%
Bus Throughput 666 Mb/s | 1234 Mb/s
Throughput Improvement - 46%

Table 6.2: Experimental Results for the 3-Bit, Varying % Example
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6.4.3 Functional Implementation

The bus expansion encoders were implemented to verify their functionality and
feasibility. The Verilog hardware description language (HDL) was used to create the
encoder circuitry [68, 69]. The Verilog implementation consisted of a series of CASE
statement that mapped the on-chip m-bit transitions into the n-bit transitions that
could be transmitted through the package. Algorithm 2 shows the Verilog HDL code

for the bus expansion encoder.

Algorithm 2 Verilog Implementation of m-Space to n-Space Encoder Mapping

module expansion_encoder (expansion_data_out, data_in);
output reg [n-1:0] expansion_data_out;
in [m-1:0] datain;
always @ (data_in)
begin
case (data_in)
m’bxx : expansion_data_out = n’bxxx;

m’bxx : expansion_data_out = n’bxxx;
endcase
end
endmodule

Figures 6.7 through 6.10 show the Verilog simulation results for aggressively con-
strained bus expansion encoders for effective sizes of 2, 4, 6, and 8. For each waveform
the m-bit clock and data are plotted in addition to the encoded n-bit data which is

transmitted off-chip.
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Figure 6.7: Verilog Simulation Results for a 2-Bit Bus Expansion Encoder
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Figure 6.8: Verilog Simulation Results for a 4-Bit Bus Expansion Encoder
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Figure 6.10: Verilog Simulation Results for a 8-Bit Bus Expansion Encoder
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6.4.4 Physical Implementation

In order to evaluate the feasibility of the expansion encoder/decoder, the physical

design of the circuitry was performed.

6.4.4.1 TSMC 0.13um ASIC Process

The encoders were synthesized using the TSMC 0.13um CMOS IC process to
understand the impact on delay and area if the encoders were integrated on-chip. En-
coders for effective bus sizes of 2, 4, 6, and 8 were implemented. For each of these sizes,
both the aggressive (5% of Vpp) and the non-aggressive (10% of Vpp) encoders were
synthesized. Table 6.3 lists the delay and area impact of the bus expansion encoders
when implemented in a TSMC 0.13um process. This table illustrates that incorporat-
ing the bus expansion encoder in a modern VLSI design results in a negligible area and
delay penalty. The delay through the encoders is left unoptimized to illustrate the total
combinational delay of the circuit; however, this delay can easily be hidden by pipelining
the encoder in order to partition the combinational delay. The decoder implementation

results are identical to the encoder results.

| | Bus Size (m) || Noise Limit |
| | - | 5% (aggressive) | 10% (non-aggressive) |
2 0.170 encoder not required
Delay (ns) 4 0.670 0.503
6 1.150 0.955
8 1.310 0.983
2 22 encoder not required
Area (um?) 4 152 114
6 614 509
8 1,181 886

Table 6.3: Bus Expansion Encoder Synthesis Results in a TSMC 0.13um Process
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6.4.4.2 Xilinx 0.35um FPGA Process

The encoders were also synthesized, mapped, and implemented for a Xilinz Vir-
texIIPro, Field Programmable Gate Array (FPGA) which used a 0.35um CMOS process.
Figure 6.11 shows the Xilinx FPGA target that was used for implementation in addition
to the test setup for the encoders.

Encoders for effective bus sizes of 2, 4, 6, and 8 were implemented using both the
aggressive and non-aggressive constraints. Table 6.4 lists the delay and area impact of
the bus expansion encoders when implemented in the FPGA process. In all cases the bus
expansion encoder designs took less than 1% of the FPGA resources. The encoders were
implemented using standard combinational logic blocks (Function Generators = FG’s)
within the FPGA, which resulted in minimal propagation delay through the circuit.

Again, the unoptimized delay is presented in this table.

\ T

Figure 6.11: Xilinx FPGA Target and Test Setup for Encoder Implementation
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| | Bus Size (m) || Noise Limit |
| I - | 5% (aggressive) & 10% (non-aggressive) |

0.351
1.020
1.450
1.610

<1%

<1%

<1%

< 1%
3x, 2-Input FG’s
6x, 4-Input FG’s
9%, 6-Input FG’s
12x, 8-Input FG’s

Delay (ns)

FPGA Usage

FPGA Implementation

00 O = N[00 O W= N[00 O W= N

Table 6.4: Bus Fxpansion Encoder Synthesis Results in a 0.35um, FPGA Process

6.4.5 Measurement Results

The outputs of the FPGA were monitored using the 16950A Logic Analyzer from
Agilent Technologies, Inc. The logic analysis measurements verified that the encoders
could be taken from the concept to final implementation using standard IC design
practices. Figures 6.12 through 6.15 show the logic analyzer measurement results for
the aggressively constrained bus expansion encoders for effective sizes of 2, 4, 6, and
8. For each waveform, the m-bit clock and data are plotted in addition to the encoded
n-bit data which is transmitted off-chip. The m-bit vectors are monitored using a debug
port that routes the internal nodes of the on-chip bus to the logic analyzer. In practice,
this debug port would be removed so not to cause unintentional SSN. These figures show
that the actual implementation results of the encoder match the functional simulations.
For the bus configuration of this FPGA (SPG=3:1:3), the noise was reduced from 16%

to 4% using the bus expansion encoding technique.
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Figure 6.12: Logic Analyzer Measurements of a 2-Bit Bus Expansion Encoder
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Chapter 7

Bus Stuttering Encoder

It was shown in Chapter 6 that the performance of an off-chip bus could be in-
creased by avoiding a subset of patterns which resulted in noise greater than a specified
limit. By eliminating the patterns that create the greatest amount of noise, the re-
maining patterns can be transmitted at a faster per-pin datarate without exceeding the
user-defined noise limits of the system. The bus expansion encoding technique was suc-
cessful in increasing the overall throughput of the bus even after considering the encoder
overhead. The bus expansion encoder is ideal for applications where additional signal
pins on the package are available for use when encoding the on-chip vectors; however,
in the case where the number of package signal pins equals the on-chip bus width, then
a different approach can be used.

In this chapter a bus stuttering encoder is presented. In the stutiter encoder, if
back-to-back vectors (or states) that are being transmitted off-chip induce a transition
which results in a noise limit violation, an intermediate state is inserted between them.
This intermediate or stutter state offers a method to transition between the two original
states (without directly switching between them) in such a manner that each of the
intermediate transitions do not result in a noise limit violation. It is possible that more
than one stutter state is required in some cases. In this fashion, the transition between
the original states is performed by inserting one or more stutter states. During the time

when the stutter states are being transmitted off-chip, the clock that is used to latch the
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data on the receiver is gated out. This assumes a source synchronous data transmission
scheme. This allows the receiver to be implemented using standard circuitry. The
receiver will only acquire valid data since it only latches data when a valid clock edge
is present. The number of stutter states that are used in the data transmission will

depend on the aggressiveness of the user-defined noise limits.

7.1 Encoder Construction

The steps in creating the stutter encoder are similar to those used in constructing
the bus expansion encoder up to the point where the directed graph is processed. The
user still writes constraint equations which are evaluated for each possible transition
on the bus. Transitions which result in a user-defined noise limit violation are removed
from the subset of legal transitions. The remaining legal transitions are used to create
the directed graph G which represents all of the legal paths between any two vertices.
The graph is represented implicitly and efficiently using ROBDDs [11, 12]. At this point,
the user can run either the bus expansion algorithm or the bus stuttering algorithm on

the directed graph G.

7.1.1 Encoder Algorithm

The stutter encoder is constructed by evaluating each vertex v of G(V, E) and
finding the shortest path between v, and any destination vertex v; in G using only legal
edges of G (including self-edges). In order to be able to construct a stutter encoder, the

following conditions must hold:

e There must exist at least two outgoing edges (including the self-edge) for each

vs € G

e There must exist at least two incoming edges (including the self-edge) for each

g € G.
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These requirements ensure that for the directed graph G, each vertex can reach
at least one other vertex and can be reached by at least one other vertex. If these
requirements are not met, then the user must relax the user-defined noise limits until
both conditions are met.

Given G, the algorithm first tests whether both of the above mentioned require-
ments are satisfied. The algorithm next attempts to determine the number of interme-
diate steps required for a vertex v, € G to reach another vertex vy € G. If vy can be
reached with just one edge, the algorithm records the transition as a direct transition
(one that requires 0 stutter steps).

For the case where v, can not reach vy with only one edge, then at least one
stutter state is needed to complete the transition. The algorithm then attempts to find
a path between v, and vy using two edges. Since the set of vertices V; that can be
reached from vy by means of a direct path is known, the algorithm simply needs to find
an edge from v, to v € V3. Once such a path between v; and vy is found, then the
algorithm records the intermediate vertex as a necessary stutter state which is required
between v, and vg. This process is repeated for transitions which require more stutter
states.

Algorithm 3 contains the pseudo-code for the stutter encoder algorithm. All
transition_path variables are initially initialized to be empty. The routine find_path(vg,vg,l)

returns a shortest path from the source v, to destination vy, with path_length [.
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Algorithm 3 Constructing the Stutter Encoder
for (each vs € V) do
for (each v. € V) do
for (path_length = 1; path_length < 2Wews=1. path_length + +) do

if (transition_pathlvs,vgy] == ¢) then
transition_pathlvs,vg] = find_path(vs,vq, pathlength)
end if
end for
end for
end for

find_edge(vs, vy, 1)

if (3vi,ve, - vg_)S.T.((vs,01) € E) A ((v2,v2) € E) A--- A((vg-1),v4) € E)) then
return (vs,v1,va, ", V-1, 0d)

else

return ¢
end if

The maximum possible number of stutter states that may be used is (2Weus — 1).
This represents the worst-case where in order to transition from v, to vy, each and
every other vertex within G must be used as a stutter state. While this represents
the absolute theoretical worst case, experimental results have shown that the number
of stutter states is typically between 0 and 3 for bus segments up to 8 bits. In real
application of the stutter encoder, the actual number of stutter states that would ever
be inserted within any data sequence is Wy, s — 1 since this represents the total number
of bits that could ever switch between two data vertices. It should be noted that this
analysis is only performed on a representative bus segment (which is typically very small
compared to the entire off-chip bus).

The construction of the encoder presented in this thesis is targeted at improving
the performance of the off-chip data transmission. For this application, the shortest path
between vertices is selected as the optimal choice for achieving maximum throughput.
This encoder can be modified for optimization of other constraints such as synthesis
complexity, circuit area, or circuit delay by selecting other routes between vertices other

than the shortest path.
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7.1.2 Encoder Overhead

To calculate the overhead of the stutter encoder, it is assumed that each vector
vy € V has an equal probability of occurring on the bus. Using this assumption, a
sequence of data patterns is constructed, in which each and every sequence occurs on
the bus at least once. When this sequence is transmitted, the minimum number of
stutter states are inserted in the transition between any pair of vectors. The maximum
number of stutter states that will be inserted in a sequence for any given encoder is
2Weus—1 Equation 7.1 gives the overhead of the stutter encoder.

o(Wpys—1)

Bl (# Transitions Requiring k Stutters) - k
22 Whys)

Overheadbus—stuttering = ( ) - 100 (71)

7.2 Decoder Construction

The stutter encoding technique assumes a source synchronous clocking architec-
ture. In source synchronous clocking, the bus clock is generated at the transmitter and
synchronized to the off-chip data being transmitted. The clock is then transmitted along
with the data in the off-chip bus. By doing this, the timing correlation between the
clock and data is extremely tight. This architecture has seen wide adoption in industry
as a way to address channel-to-channel skew and common mode noise.

The stutter encoding technique is specifically designed for a source synchronous
architecture. The encoding circuitry gates out the source synchronous clock when stut-
ter states are transmitted off-chip. Since the receiving circuitry only aquires data on
the rising edge of the source synchronous clock, the stutter states are ignored. In this

manner, no special decoding circuitry is needed.
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7.3 Experimental Results

To validate the feasibility of the stutter encoding technique, experimental results
were performed on an example bus segment. For this example the off-chip bus was
implemented using a BGA wire bonded package with parasitics given in Table 2.1. The
off-chip bus uses a fixed % of 8 MTA. Bus segments with between 2 to 8 signal pins
were encoded using the stuttering technique, assuming that each segment had one Vpp
pin and one Vgg pin. This bus was encoded using two sets of constraints — aggressive
(Psuppty> Pgna> Po, P1, P-1, -Ppw, and Pr set to 5%.) and non-aggressive (P,
Pynd, Po, Pi, P_1, -Ppw, and Pr set to 10%). For these bus configurations and noise
limits, all possible transitions were evaluated using the constraint equations described
in Section 6.4. The remaining legal transitions were used in creating the directed graph
G which was used to construct the stuttering encoder. Using Algorithm 3, the shortest
paths between all possible vertices were found. In addition, the number of stutter states
required to complete the intended transition were found. Table 7.1 lists the percentage
of transitions that require stutter states for each of the bus sizes in this example. Using
Equation 7.1, the overhead of each of the encoders was calculated. Figure 7.1 shows
the overhead of the stutter encoders as a function of bus segment size. Observe that

for bus segment sizes less than 4 bits (aggressive constraints) and 6 bits (non-aggressive

constraints), the overhead is less than 10%.



120

| Noise Limit || Bus Size || Number of Stutter States |
| - | - Jof[1]2] 3 |

2 100 0 0 0
3 96.9 | 3.1 0 0
4 89.8 1102 | 0O 0
5% Limit ) 79.3 1 20.5 | 0.2 0
6 66.6 | 32.5 | 0.9 0
7 534 | 44 | 2.6 0
8 41.1 |1 534 | 5.4 0.1
2 100 0 0 0
3 100 0 0 0
4 99.2 | 0.8 0 0
10% Limit ) 96.9 | 3.1 0 0
6 925 | 7.5 0 0
7 8.9 141 | 0 0
8 773|226 | 0.1 0

Table 7.1: Percentage of Transitions Requiring Stutter States
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Figure 7.2 shows the bus throughput improvement when using the stutter encod-
ing technique. This figure shows the percentage of throughput improvement of the bus
(including the overhead of the encoder). The improvement of the aggressive encoder
reaches 225% at a bus size of 6-bits. Beyond 6 bits, the overhead of the stutter encoder
begins to outweigh the increased per-pin datarate (due to the increasing number of
stutter states needed to avoid the noise limits).
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Figure 7.2: Bus Stuttering Encoder Throughput Improvement



122

7.3.1 Functional Implementation

The bus stuttering encoders were implemented to verify their functionality and
feasibility. Once again, the Verilog hardware description language was used to imple-
ment the encoder circuitry [68, 69]. The implementation consists of a pipeline in which
each stage of the pipe is routed to a multiplexer whose output drives the bus patterns
off-chip. A state machine monitors the incoming data from the core of the IC to check
whether a stutter state is needed in the off-chip transmission. At the beginning of
circuit operation, the output of the first pipeline stage is selected to be the output of
the multiplexer. When a sequence of vectors occurs which require a stutter state, then
the multiplexer is switched to the state machine input where the appropriate stutter
state is output. After the stutter state(s) is output, then the state machine switches the
multiplexer back to the pipeline but now selects the next stage of the pipe. The state
machine continues to monitor the pipeline for illegal consecutive states and inserts the
appropriate number of stutter states in the off-chip data transmission. During the time
in which a stutter state is being selected as the output of the multiplexer, the control
state machine gates out the source synchronous clock. By gating out the clock, it is
ensured that the receiver will not latch any of the stutter states.

The pipeline in the stutter encoder is used to compare consecutive states within
the data sequence. Each time that a stutter state is output on the bus, the encoded
data sequence falls one clock period behind the original data. The depth of the pipeline
is dependant on how many stutter states could potentially occur on the bus. The bus
protocol dictates the maximum length of consecutive data that could occur on the bus.
This, in turn, dictates the maximum depth of the pipeline that is needed to prevent
overflow. In practice, bus protocols have scheduled idle periods when the pipeline can
be reset [82, 83, 84]. For this work, 32 pipeline stages were used in the implementation

of the encoder. Figure 7.3 shows the schematic for the stutter encoder circuit.
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Figure 7.3: Bus Stuttering Encoder Schematic

Figures 7.4 through 7.6 show the Verilog simulation results for aggressively con-

strained bus stuttering encoders for sizes of 4, 6, and 8 bits. For each waveform the

original data and clock are plotted in addition to the encoded data and gated clock

which are transmitted off-chip.
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Figure 7.5: Verilog Simulation Results for a 6-Bit Bus Stuttering Encoder
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7.3.2 Physical Implementation

In order to validate the feasibility of the stutter encoder, the physical design of

the CODEC was performed.

7.3.2.1 TSMC 0.13um ASIC Process

The stutter encoders were synthesized using the TSMC 0.13um CMOS IC process
to quantify their on-chip delay and area. Encoders for bus sizes of 4, 6, and 8 were
implemented. For each of these sizes, both the aggressive (5% of Vpp) and the non-
aggressive (10% of Vpp) stutter encoders were synthesized. Table 7.2 lists the delay
and area impact of the bus stuttering encoders when implemented in a TSMC 0.13um
process. This table shows that the stuttering encoder takes more area than the bus
expansion encoder due to the state machines and pipeline stages associated with the
design; however, when analyzing modern off-chip busses such as PCI Express, Rapid
I/0, and HyperTransport, it is found that all of these busses already contain pipeline
stages and state machines to handle encoding/decoding required by the protocol. This
means that the stuttering encoder design could simply be included in the pre-existing
state machine and pipeline stages, thereby reducing the associated overhead.

In any case, the physical sizes are still negligible when considering reasonably-sized
VLSI die sizes. For the largest stutter encoder listed in this table (8-bit aggressively
encoded), the area consumed is still less than 1.5% of a 5mm? die. The un-optimized
circuit delay is reported, which could be reduced using more advanced circuit techniques.
For the stutter encoder circuit, the combinational logic in the control state machine was

the largest source of delay in the system.
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| || Bus Size || Noise Limit |
| | - | 5% (aggressive) | 10% (non-aggressive) |

4 2.02 1.99
Delay (ns) 6 2.42 2.38
8 2.85 2.79
4 311k 310k
Area (um?) 6 362k 345k
8 382k 368k

Table 7.2: Bus Stuttering Encoder Synthesis Results in a TSMC 0.13um Process

7.3.2.2 Xilinx 0.35um FPGA Process

The encoders were also synthesized, mapped, and implemented for a Xilinz Vir-
tezIIPro, Field Programmable Gate Array (FPGA). Stutter encoders for bus sizes of
4, 6, and 8 bits were implemented using both the aggressive and non-aggressive con-
straints. Table 7.3 lists the delay and area impact of the bus stuttering encoders when
implemented in the FPGA process. In all cases, the bus stuttering encoder designs took

up less than 1.5% of the total FPGA resources.

| || Bus Size || Noise Limit |
| I - | 5% (aggressive) & 10% (non-aggressive) |
4.78

9.29
5.89

< 1%

< 1%
< 1.5%

Delay (ns)

FPGA Usage

0o O H=||Co O &~

Table 7.3: Bus Stuttering Encoder Synthesis Results for a Xilinx VirtexITPro FPGA
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Once again, the test setup in Figure 6.11 was used to verify the actual performance

of the encoders. The outputs of the FPGA were again monitored using the 16950A Togic

Analyzer from Agilent Technologies, Inc. Figures 7.7 through 7.9 show the logic analyzer

measurement results for aggressively constrained bus stuttering encoders of sizes of 4,

6, and 8. For each waveform, the original data and clock are plotted in addition to the

encoded data and gated clock (which is transmitted off-chip). The measurement results

match the functional simulations which validate that the design can be implemented in

a real target system. For the bus configuration of this FPGA (SPG=3:1:3), the noise

was reduced from 16% to 4% using the stutter encoding technique.
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7.3.4 Discussion

The bus expansion encoding technique presented in Chapter 6 and the stutter
encoding technique presented in this chapter both avoid patterns on the off-chip bus
which result in noise limit violations. Both encoders are shown to improve performance
even after considering the overhead of the encoder. When to use one encoding scheme
versus the other depends on the application. The bus expansion encoder is aimed at
generic off-chip busses which do not contain any special data processing circuitry for
the off-chip transmission. In these cases, the encoder area impact is minimal since it is
the only circuitry placed in the path of the off-chip data.

The bus stuttering encoder is targeted at source synchronous, protocol based
busses. In these cases, the pipeline and control state machines already exist to handle
the protocol of the bus. Adding stutter encoding capability to the preexisting circuitry
is incremental and can potentially have less area impact than would the bus expansion
encoder depending on how aggressively the noise is constrained.

To select the appropriate encoding technique, the designer must analyze the area
impact on the design. For wider, parallel busses the bus expansion encoder is the better
choice. For source synchronous, protocol based busses the bus stuttering encoder is the

better choice.



Chapter 8

Impedance Compensation

Impedance mismatches between the IC package and the system PCB cause reflec-
tions that lead to unwanted noise in the system. This noise limits the maximum datarate
that a package can achieve (Equation 4.26). As described in Section 1.2, the impedance
of the package interconnect is dictated by the self-inductance and self-capacitance of the
physical structure in addition to its mutual inductance and mutual capacitance with re-
spect to neighboring structures. Since the package interconnect was originally developed
for mechanical robustness, the electrical parasitics of the interconnect structure can be
considerable. In the majority of cases the resulting impedance of the package intercon-
nect is not matched to that of the system. In addition, the mechanical structures are
difficult to alter due to the complex manufacturing processes required to construct the
interconnect. This makes it difficult and expensive to change the physical structure of
the package to match the characteristic impedance to that of the system PCB.

Chapters 6 and 7 presented bus encoding techniques that can reduce the effective
mutual inductive and mutual capacitive contributions to the impedance of a given signal
pin. This is accomplished by avoiding the switching patterns which induce noise of a
sufficiently high magnitude. This reduces the worst-case mutual inductive and mutual
capacitive coupling the bus. By reducing the coupling contribution for a given signal
pin, the variation in the impedance of the structure is reduced, thereby reducing the

magnitude of the worst-case reflections from the package. While these encoding tech-
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niques address the mutual coupling between signal pins in the package, they do not
address the self-inductance and self-capacitance of the package structure. As illustrated
in Tables 2.1 and 2.2, the self-inductance and self-capacitance of the interconnect struc-
ture contribute the majority of the electrical parasitics to the characteristic impedance
of the signal pin. Also illustrated in these tables is that the package interconnect is
predominately inductive. The inductive nature of the interconnect leads to a relatively
high impedance when compared to the majority of impedances used in system PCBs,
which typically range between 50 to 75€2. The higher impedance of the package pins
cause positive reflections according to Equation 1.13.

To reduce the impedance discontinuities introduced by the electrical parasitics of
the package interconnect, this chapter introduces an impedance compensation technique.
In this technique, additional compensation capacitance is added near the package inter-
connect in order to reduce the characteristic impedance of the structure. By inserting
the compensation capacitance near the inductive interconnect, the overall impedance
can be reduced by increasing the net capacitance in Equation 1.12. Two styles of
compensators are presented, static and dynamic. In the static compensator, predefined
capacitance is placed on the package and on the IC to surround the level 1 interconnect.
In the dynamic compensation approach, programmable capacitors are placed on-chip
that can be controlled by software to achieve the best impedance match. For both
compensators, two styles of on-chip capacitors are examined. The first on-chip capaci-
tor is a Metal-Insulator-Metal (MIM) device. The second is a Device-Based capacitor.
Each type of capacitor is evaluated for variability across bias voltage values, and for

implementation area in the context of impedance matching of the package structure.

8.1 Static Compensator

This section describes the static compensation technique to match the character-

istic impedance of the package interconnect to that of the system PCB.
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8.1.1 Methodology

Tables 2.1 and 2.2 illustrate that the interconnect for the packages studied in this
work are mostly inductive when considering impedance. These tables also illustrate that
the level 1 interconnect is the largest source of excess inductance within the package.
Specifically, the wire bond interconnect is the largest contributor of inductance within
any of the packages. Further, it is assumed that if the compensator is able to address the
impedance associated with the wire-bond, it will also be able to address the inductance
of any other package structure.

In the static compensator methodology, a predefined capacitance is placed on
both sides of the level 1 interconnect. When considering the wire-bond interconnect,
the compensation capacitance is placed on-chip as well as on-package. The on-chip
capacitance (Ceomp1) is placed near or beneath the ball bond pads of the wire-bond.
The on-package capacitance (Ceomp2) is placed near or beneath the wedge bond pads
of the wire-bond. Figure 8.1 shows the optimal locations of the static compensation
capacitance in a wire-bonded system.

The static compensation capacitors will alter the characteristic impedance of the
package by increasing the capacitance value in Equation 1.12. Equations 8.1 and 8.2

provide the total compensation capacitance and characteristic impedance of the wire-

Wire Bond Parasitics (Lws, Cws)

Ic ‘
Substrate J

On-Chip Capacitance (Cecomp1)
On-Package Capacitance (Ccompz)

Figure 8.1: Cross-Section of Wire-Bonded System with Compensation Locations
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bond interconnect after applying the static compensation capacitance.

Ccomp = Ccompl + Ccome (81)

Lyp
Z0—static = = 8.2
fol \/Cwb + Ccompl + Ccome ( )

8.1.2 Compensator Proximity

In order to model the level 1 inductance and compensation capacitance as a single
lumped element, the compensation capacitance must reside within a certain distance
of the inductance. The maximum distance of the compensation capacitance from the
interconnect inductance depends on the frequency components present in the forcing
function of the incident digital signal. If the compensation capacitance resides spatially
close to the inductance, the resulting structure can be modeled as a lumped element, and
the impedance of the structure is then deterministic. Typically, a structure is considered
a lumped element when its electrical length (i.e. its propagation delay) is less than 20%
of the highest risetime in the system [66]. Figure 8.2 shows the physical length at which
a structure can be treated as either a lumped or distributed element as a function of
risetime (for several common package materials). Given a particular risetime, physical
lengths less than indicated in this plot are treated as a lumped element. For physical
lengths greater than this amount, the structure is treated as a distributed element. This
plot considers the propagation delay of four common dielectric materials that are used
in VLSI packaging.

For VLSI risetimes less than 1ns, this plot shows that structures with electrical
lengths less than 200ps can be treated as lumped elements. Since standard package
substrates utilize dielectric constants between Dk=3 to Dk=5, physical lengths less
than approximately 1 inch may be considered lumped elements. This means that im-

plementing embedded capacitors within the package or 1C substrate can directly alter
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the characteristic impedance of the package interconnect (using a lumped model to
compute the altered characteristic impedance). Specifically, embedding capacitors on-
chip or on-package will be utilized to alter the characteristic impedance of the package

interconnect.
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8.1.3 On-Chip Capacitors

Two styles of on-chip capacitors were evaluated for use to implement Ceopp1 in
the static compensator design. The first style of on-chip capacitor is called a Dewice-
based capacitor. This capacitor is created using the same process technology utilized in
creating an NMOS transistor. The lower conducting plate of the capacitor is the heavily
doped, p-type channel of the silicon transistor. The insulating material is the gate oxide
of the NMOS transistor, which is a thin layer of silicon-oxide (Si03) above the channel
of the device. The upper plate of the capacitor is the PolySilicon (poly-Si) gate of the
NMOS device. The drain and source terminals are connected together and form one
electrode of the capacitor, while the PolySilicon gate forms the other electrode. This
style of capacitor has a very high capacitance density due to the thin plate separation
which is identical to the gate thickness (t,;) of the device. In this work, a 0.1um,
BPTM process [78] is used to implement the on-chip capacitors. Using this technology,
oxide layers as thin as 254 can be realized with a dielectric constant of Dy, = 3.9. This
translates into a capacitance density of 13.7fF /um?.

While the device-based capacitor achieves the highest density of any other style
of on-chip capacitor, it suffers from two major drawbacks. The first drawback is that
the capacitance value will change as a function of bias voltage. This nonlinearity is due
to the fact that as bias voltage changes, the device goes from cut-off to weak inversion
and strong inversion. The nonlinearity of the capacitance as a function of bias voltage
is a problem in digital applications, since the bias voltage typically varies from Vgg to
Vbp. The second drawback of this style of capacitor is that it consumes valuable area
within the IC that is normally reserved for the implementation of digital circuitry.

The second type of on-chip capacitor studied in this work is called a Metal-
Insulator-Metal (MIM) capacitor. In a MIM capacitor, an additional process step is

used to form an extra metal layer in the upper layers of the IC (typically above metal
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3). This extra process step inserts an additional metal layer above the standard metal
3 layer such that the insulator thickness between this new layer and metal 3 is much
lower than the inter-layer dielectric between metal 3 and 4. This extra step allows the
creation of a parallel plate capacitor that uses a standard metal layer as the lower plate
(metal 3) and an additional MIM layer as the upper plate (metal 4’). Since the extra
MIM layer is located spatially closer to the lower plate, a higher capacitance density
is achieved compared to the capacitor with metal 3 and metal 4 plates. In addition,
the extra MIM layer does not take up any routing area on metal 4. MIM technology is
able to achieve plate-to-plate separations as thin as t,; = 1004, which translates into
a capacitance density of 1.15f F /um?. While MIM capacitors have a lower capacitance
density relative to device-based capacitors, their capacitance is constant over the full
range of bias voltages. This is because both plates within the MIM capacitor are formed
with standard metal with passive materials between the plates.

For the static compensator, both styles of on-chip capacitors are investigated. For
each capacitor, the nonlinearity with bias voltage and area utilization are quantified.

Figure 8.3 shows the cross-section for both styles of on-chip capacitors.
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Figure 8.3: On-Chip Capacitor Cross-Section
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| Structure [ Cacnsity | Size | Ciotar | Notes |
MIM-Based Capacitor 1.15 fF/um? | 100um? 11.5 pF tox = 600A(SisNa), D =7
Device-Based Capacitor (Vgg = 0v) 2.7 fF/um? | 100um? 27 pF tox = 25A(8102), Dy, = 3.9
Device-Based Capacitor (Vgg = 1.5v) || 13.8 fF/um?2 | 100um? 138 pF tom = 25A(8102), Dy, = 3.9

Embedded Capacitor 420 fF/mm? | 0.5mm? | 0.105 pF | tor — 0.051mm(FR4), Dy, = 4

Table 8.1: Density and Linearity of Capacitors Used for Compensation

8.1.4 On-Package Capacitors

Embedded PCB capacitors are evaluated to implement Cgopp2 in the static com-
pensator design. An embedded PCB capacitor (EC) is simply a parallel plate capacitor
that is formed using standard metal layers within the PCB lamination. Embedded ca-
pacitors are preferred over surface mount (SMT) components due to the simplicity of
their implementation. Since the capacitors are constructed using simple metal-to-metal
area, no surface mount pads, loading process, or through-hole vias are needed. While
ECs are easy to implement, they typically are only used for small values of capacitance
(<10pF). Standard PCB lamination processes are able to achieve plane-to-plane sepa-
ration as low as 0.051mm. Using a standard package dielectric such as FR4 (D), = 4),
this translates into a capacitance density of 420 f F/mm?. Table 8.1 lists the capacitance
densities and variation with bias voltages for all of the capacitors used in the compen-
sator design. For each capacitor, a reasonable size of capacitor is used for illistrative

purposes.

8.1.5 Static Compensator Design

The static compensator is designed to alter the impedance of the largest inductive
component of the package interconnect (i.e., the wire-bond). It is assumed that if
this design methodology is successful in compensating for the wire-bond inductance, it
will also be successful in compensating for interconnect structures with less inductive
parasitics (i.e., flip-chip bumps).

Using the electrical parameters from Table 2.2 and solving Equations 8.1 and 8.2,
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the values of Ceompr and Ceompz for the static compensator can be found (assuming
Ceomp1=Crcomp2)- Table 8.2 lists the optimal capacitor values required to match the
wire bond impedances (Table 2.2) to 502. Table 8.3 lists the corresponding sizes of the
different types of capacitors required to realize Ceompr and Ceompz. This table lists the

sizes for both the MIM-based and Device-based on-chip capacitor implementations of

Ccompl .

| Lengthwb ” Ccompl H Ccome |
1 mm 102fF 102fF
2 mm 208fF || 208fF
3 mm 325fF 325fF
4 mm 450fF || 450fF
5 mm 575fF || 575fF

Table 8.2: Static Compensation Capacitor Values

‘ Lengthwb H CcomplfMIM ” CcomplfDevice ” Ccomp27EC ‘
1 mm 10pm x 10pm || 2.7pm x 2.7um || 388um x 388um
2 mm 14pm x 14pm || 3.9pum x 3.9um || 554pm x 554um
3 mm 18pm x 18um || 4.9pum x 4.9um || 692um x 692um
4 mm 21pm x 21pym || 5.8um x 5.8um || 815um x 81bum
5 mm 24pm x 24pm || 6.5pym x 6.5pum | 921pm x 921pm

Table 8.3: Static Compensation Capacitor Sizes
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8.1.6 Experimental Results

In order to evaluate the performance of the static compensator, SPICE simula-
tions were performed on all lengths of wire bonds listed in Table 8.2. Figure 8.4 shows
the simulated Time Domain Reflectrometry (TDR) of the static compensator (Equation
1.14). A TDR simulation shows how much of a reflection (T') is caused by the wire bond.
For each length of wire bond (Imm to 5mm), a 117ps (3GHz) input step is used to stim-
ulate the wire bond. In Figure 8.4, the TDR waveforms are offset in the voltage axis for
view-ability with the Tmm curve on the top and the dmm curve on bottom. Reflections
off of an inductive interconnect (i.e., Z > Zy) will result in the waveform traveling
above its steady state value. Reflections off of a capacitive interconnect (i.e., Zp < Zj)
will result in the waveform traveling below its steady state value. For each length of
wire bond the non-compensated, MIM-based, and Device-based static compensation
curves are shown. This figure shows the dramatic reduction in wire bond reflections
when using a static compensator. Table 8.4 reports the reduction in reflections when

using the static compensator(s).
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Figure 8.4: Static Compensator TDR Simulation Results
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| Lengthwb H PNofComp ‘ FMIMfcomp ‘ PDevicefComp ‘

1 mm 4.5% 0.05% 0.5%
2 mm 8.7% 0.4% 1.2%
3 mm 12.7% 1.3% 2.4%
4 mm 16.4% 2.7% 4.1%
5 mm 19.8% 4.8% 6.0%

Table 8.4: Reflection Reduction Due to Static Compensator

Another way to observe the effect of the compensator is to observe the input
impedance of the structure in the frequency domain. Figure 8.5 shows the input im-
pedance of the wire bond structure versus frequency for the 3mm wire bond. In this
figure, the non-compensated, MIM-based, and Device-based static compensation curves
are again shown. To compare the performance we record the frequency at which the
input impedance deviates by 10€2 from the target impedance. In this case, the compen-
sators are designed to match the structure to 50€). This figure illustrates that adding a
static compensator can keep the lumped impedance of the wire bond closer to 502 up to
a much higher frequency. For this example, the 3mm wire bond was kept to within 10Q
of the target impedance (50Q) up to 4.8GHz when using the MIM-based compensator
(compared to only 3.1GHz when considering the uncompensated wire bond).

Table 8.5 lists the frequencies at which the input impedance strays to +/-10Q
from the target for all of the lengths of wire bonds evaluated.

These results show the dramatic reduction in impedance discontinuities when
using a static compensator. In all cases, the MIM-based compensator outperformed the

Device-based compensator.
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| Lengthwb || fNofComp | fMIMfComp | fDem'cefC'omp |

1 mm
2 mm
3 mm
4 mm
5 mm

9.3 GHz
4.7 GHz
3.1 GHz
2.4 GHz
1.9 GHz

14 GHz
7.1 GHz
4.8 GHz
3.7 GHz
3.0 GHz

12 GHz
5.7 GHz
3.8 GHz
2.9 GHz
2.5 GHz

Table 8.5: Frequency at Which Static Compensator is +/- 10Q from Design
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Figure 8.5: Static Compensator Input Impedance Simulation Results
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8.2 Dynamic Compensator

This section describes the dynamic compensator technique used to match the

impedance of the package interconnect to the characteristic impedance of the system.

8.2.1 Methodology

In the dynamic compensator methodology, capacitance is placed only on-chip
(Ceomp1). The term dynamic means that the capacitance is programmable through
active circuitry on the chip. The programmability of the compensation capacitance
allows the compensator to successfully match impedance across variations in the wire
bond inductance. The programmability implies that the designer does not need to know
the exact wire bond inductance prior to IC fabrication. This has the advantage that the
dynamic compensator can accommodate process and design variation. In the dynamic

compensator the net compensation capacitance is given by:

Ccomp = Lcompl (83)

Using Equation 1.12 to describe the impedance of the dynamically compensated

structure, the impedance of the wire bond becomes:

wa

Zo-aynamie = || 2
ynamme Cwb + Ccompl

8.2.2 Dynamic Compensator Design

The design of the dynamic compensator consists of CMOS pass gates that con-
nect to integrated binary-weighted, on-chip capacitors. In this design there are three
integrated capacitors (C1, Cy and Cj3) that can be switched in. The number of capac-
itors can be increased, however experimental results indicate that sufficient resolution

can be achieved using just three capacitors. Each of these capacitors uses a pass gate
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to connect to the wire bond (Pass Gate #1, Pass Gate #2, Pass Gate #3). Each pass
gate has a control signal which either connects/isolates the capacitors to/from the on-
chip I/0 pad, which is connected to one end of the wire bond. Figure 8.6 shows the
schematic of the dynamic compensator design.

Pass Gate #1

L

Cntl(1) !

Pass Gate #2

Ccamp

[ L

L Cnti{2) !

Pass Gate #3

L

Cnil(3) I
1

1

Cz

Ca

Cott

Figure 8.6: Dynamic Compensator Circuit
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8.2.2.1 Capacitor Design

The diffusion regions associated with the pass gates contribute an additional
capacitance to Ceomp1, Which must be considered in the design. For each of the three
programmable capacitor banks, the net capacitance will be the sum of the diffusion
capacitance of the pass gate and the integrated capacitor (Equations 8.5 through 8.7).
If the pass gate of any bank ¢ is turned off, then bank ¢ simply contributes a capacitance

Cpgi to Ccompl .

CBank1 = Cpgl +C (85)
CBank2 = Cng + Co (86)
CBanks = Cpgz + C3 (8.7)

To achieve a larger programming range, the integrated capacitors are binary-

weighted such that:

CBank?) =2 CBankZ =4- CBankl (88)

Using three control bits, 8 programmable values of capacitance can be connected
to the wire bond in increments of Cpanir1. Coyr is a constant, nonprogrammable capac-
itor which serves as an offset capacitance. It therefore sets the minimum capacitance
value of the compensator. Using the conventions just described, the range of the com-

pensator can be described as:

Crin = COff = Cpgl + Cng + Cpg?, (89)

Craz = COff + CBank1 + CBank2 + CBanks (810)
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Cstep = CBankl (811)

In this work the pass gates are implemented using a 0.1um CMOS process from
BPTM. As with the static compensator, the integrated capacitors (C},C2, C3, Coyy)
are implemented using the two different on-chip capacitance realization techniques that
are evaluated in this work (MIM-based and Device-Based). Both of these capacitor
techniques are evaluated for range, area efficiency, and nonlinearity for application in

the dynamic compensator design.

8.2.2.2 Pass Gate Design

As described in the previous section, the diffusion capacitance of the pass gates
will contribute to the total capacitance of each bank. The pass gate must be designed to
have sufficient strength to drive the integrated capacitors (Cy, Cs, C3). Typical CMOS
design rules dictate that the pass gate sizing should be 1/3 of the size of an equivalent
inverter that represents the integrated capacitor being driven [67]. This rule defines the
amount of capacitance that will be present in each bank due to the pass gate and to

the integrated capacitor.

1

Cpg = 3 - CBank (8.12)
2

Cint = 5 . CBank (813)

Using the Equations 8.5-8.13 and the values from Table 2.2, the sizing of the
resulting compensation circuitry can be determined. Table 8.6 lists the values of the
capacitors needed in the dynamic compensator that will match the impedance of the

wire bond to 502 (Equation 8.4).



‘ Lengthyp ” Ccompl ‘

1 mm
2 mm
3 mm
4 mm
5 mm

202fF
403fF
605F
806{F
1008{F

Table 8.6: Dynamic Compensation Capacitor Values
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Table 8.7 lists the device sizes of the dynamic compensator circuit. The capaci-

tances C1, Cs and (4 are implemented as square devices for minimal area utilization.

The total area of the compensator is computed as the size of the smallest enclosing

square on the die. It is clear that the MIM-based dynamic compensator occupies more

area than the Device-based compensator; however, the nonlinearity of both compen-

sators must be analyzed to compare the applicability of the two circuits. In the next

section, experimental results are presented that compare the two compensator designs.
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MIM-Based

Device-Based

| Component ||

Area (W x L)

Area (W x L)

Pass Gate #1
Pass Gate #2
Pass Gate #3

32.4pum x 0.1pm
62.5pum x 0.1pm
129.6pm x 0.1pm

32.4pum x 0.1pm
62.5um x 0.1pm
129.6pm x 0.1pm

Cory 8.5um x 8.5um 2.5pum x 2.5um
Ch 11pm x 11pym 3.3pum x 3.3um
Cs 15.5pum x 15.5um | 4.6pm x 4.6pum
Cs 22pm x 22pm 6.6pm x 6.6um
| Total || 65um x 65um | 25pm x 25um |

Table 8.7: Dynamic Compensation Capacitor Sizes

8.2.3 Experimental Results

The same set of SPICE simulations as in the static compensator were performed
on the dynamic compensator to evaluate its performance.

Figure 8.7 shows the simulated TDR of the dynamic compensator (Equation
1.14). Each length of wire bond (1mm to 5mm) is evaluated when stimulated with a
117ps (3GHz) input step. Again, the TDR waveforms are offset in the voltage axis for
view-ability with the Tmm curve on the top and the 5mm curve on bottom. As in the
case of the static compensator, we can observe that the dynamic compensator results
in a dramatic reduction in reflections from the wire bond.

Table 8.8 reports the reduction in reflections when using the dynamic compen-

sator(s), along with the binary control setting used for the compensation.



| Lengthwb ” PNofComp | FMIMfcomp | PDevicefComp || Setting |

1 mm
2 mm
3 mm
4 mm
5 mm

4.5%
8.7%
12.7%
16.4%
19.8%

1.0%
1.8%
3.6%
4.3%
6.0%

1.0%
1.3%
3.0%
3.3%
5.0%

001
011
100
110
111

Table 8.8: Reflection Reduction Due to Dynamic Compensator
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Figure 8.7: Dynamic Compensator TDR Simulation Results
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Figure 8.8: Dynamic Compensator Input Impedance Simulation Results

Figure 8.8 shows the input impedance of the wire bond structure versus frequency
for the 3mm wire bond using the dynamic compensator. Once again, adding a com-
pensator can keep the lumped impedance of the wire bond closer to 502 up to a much
higher frequency. In this case, the 3mm wire bond was kept to within 10Q of de-
sign up to 6.8GHz when using the MIM-based compensator (compared to only 3.1GHz
when considering the uncompensated wire bond). The corresponding bandwidth of the
Device-based compensator is 6.7GHz.

Table 8.9 lists the frequencies at which the package impedance deviates +/- 109
from its target impedance of 5092 for all wire bond lengths, using the dynamic compen-
sator.

Due to the nonlinearity of the Device-based capacitors and active pass gates,
the variation of the dynamic compensator as a function of bias voltage was evaluated.
For each dynamic compensator setting, the bias voltage was changed for Vg = 0v to
Ve = 1.5v, and the corresponding capacitance was recorded. Table 8.10 lists the effect

of bias voltage on both the MIM-based and Device-based compensator circuits. This
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‘ Lengthyp ” fN()fComp | fMIMfComp | fDeUicefcomp ‘ Setting ‘

1 mm 9.3 GHz 20 GHz 20 GHz 001
2 mm 4.7 GHz 10.1 GHz 10 GHz 011
3 mm 3.1 GHz 6.8 GHz 6.7 GHz 100
4 mm 2.4 GHz 5.2 GHz 5.1 GHz 110
5 mm 1.9 GHz 4.2 GHz 4.1 GHz 111

Table 8.9: Frequency at Which Dynamic Compensator is +/- 10 from Design

clearly shows the nonlinearity of the Device-based compensator which experiences as
much as 33% capacitance variation when programmed to its maximum setting. This
variation matches the expected variation of standard CMOS PolySilicon gate capacitors
[67]. Note that the MIM capacitors also exhibit variability (3.8%), which occurs due to
the bias dependence of the pass gate diffusion capacitances [77]. While both dynamic
circuits exhibit a bias voltage dependence, both the compensators have sufficient range
to cover wire bond lengths from 1mm to Smm.

These results illustrate that the Device-based compensator outperformed the
MIM-based compensator when implemented in a dynamic architecture. Also, both dy-
namic compensators outperformed their static counterpart. The dynamic compensator
has the flexibility to be integrated in all future VLSI designs as part of the standard

process to reduce the growing impact of package reflections.

MIM-Based Compensator Device-Based Compensator
Setting || Claesired) || CVizae=00) | CVaiga=1.50) | Caverage || Civiya=0v) | C(Viaa=1.50) | Caverage
001 200 fF 252 fF 262 fF 257 fF 222 fF 281 fF 251 fF
010 325 fF 373 fF 382 fF 378 fF 318 fF 414 fF 366 fF
011 450 fF 499 fF 540 fF 519 fF 423 fF 587 fF 505 fF
100 575 fF 588 fF 596 fF 592 fF 485 fF 651 fF 568 fF
101 700 fF 713 fF 754 fF 734 fF 592 fF 816 fF 704 fF
110 825 fF 828 fF 895 fF 862 fF 688 fF 968 fF 828 fF
111 950 fF 948 fF 1041 fF 994 fF 788 fF 1180 fF 984 fF

Table 8.10: Dynamic Compensator Range and Linearity
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8.2.4 Dynamic Compensator Calibration

To program the compensator to the optimal capacitance value, a calibration can
be performed at package test.

The circuit used to perform the calibration is inspired by TDR ideas, but is
simplified for applicability in a standard, low-cost VLSI tester setting. The calibration
circuitry is simple and can be placed in the IC test equipment so that extra circuitry is
not needed on the IC. In addition, pre-existing control logic and software interfaces in
the tester can be used for calibration. Figure 8.9 shows the calibration circuitry for the

compensator.
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Figure 8.9: Dynamic Compensator Calibration Circuit
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To measure the impedance discontinuity from the wire-bond/compensator, the IC
tester transmits a voltage step into the IC package. The magnitude of the reflection from
the discontinuity is measured in the tester using comparator circuits. The comparator
circuits are used instead of a standard A/D converter (as in a true TDR system) to
reduce complexity and cost. One comparator monitors for reflections that exceed a
user-defined Upper Control Limit (UCL). A second comparator monitors for reflections
that exceed a Lower Control Limit (LL.CL). The programmable voltages (UCL and LCL)
are set by a Digital Control Monitor (DCM) in the IC tester.

When a reflection from the wire-bond/compensator element is above/below the
violation limits, the comparator(s) will output a glitch signal that indicates a limit
violation (V_UCL / V_LCL). The limit violation glitch is fed into the clock input of a
D-flip-flop whose data input is tied to a logic 1. The D-flip-flop therefore serves as a
trigger element that will switch and remain high when it detects any glitch from the
comparators. The D-flip-flop output will remain high until reset by the DCM. The
output of the two D-flip-flops are fed into an OR-gate to combine the upper and lower
violation signals into one input (VIO) that is monitored by the DCM.

When the DCM detects a violation, it will communicate with the IC under test
to change the compensator settings. Once the compensator is adjusted, the D-flip-flops
are reset, and another voltage step is launched into the IC package. This process is
repeated until the magnitude of the reflections are within the LCL and UCL limits.

The lower control limit violation signal (V_LCL) is qualified using an AND-gate.
The purpose of the AND-gate is to prevent glitches on V_LCL when the step voltage is
below the LCL due to normal operating conditions such as the beginning of the rising
edge of the step. The AND-gate is designed to have a high switch-point such that
Vswitehpoint—AND > LCL. Once the step voltage exceeds the switch-point of the AND-
gate, the glitches from the comparator are allowed to pass through to the D-flip-flop.

Spurious glitches which may be observed when the step voltage is below the AND gate
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switch-point are thus filtered out, and the glitches at the output of the AND gate will
therefore be solely due to reflections from the package (which violate the LCL).

In the case that the compensator cannot find a setting that meets the reflection
control limits, it will relax the UCL and LCL voltages. Since this calibration is only
performed on the signal pins of the IC package, the overhead associated with the process
is small. The calibration can be sped up further by setting the UCL and LCL to
predefined values that are based on the design of the IC and package. If the tester uses
reasonable limits to begin with, the convergence of the algorithm will be sped up.

Figure 8.10 shows the signals of the calibration circuit during operation. In this
case, the limits are set to indicate violations when reflections exceed 5%. In this figure, a
UCL violation is indicated by a glitch on V_UCL. The glitch then triggers the D-flip-flop

which in turn sends a static control signal (VIO) to the DCM.
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Figure 8.10: Dynamic Compensator Calibration Circuit Operation



Chapter 9

Future Trends and Applications

The analytical models and noise reduction techniques presented in Chapters 4
through 8 were analyzed for use with past, present, and future IC packaging in order
to predict and improve performance. The experimental results illustrated that the
techniques were successful and made significant improvement in the performance of the
packaging. While these techniques were demonstrated to have an immediate impact
when applied to commonly used VLSI packages, the current trends in IC technology
make these techniques even more invaluable. In addition, since all of the modeling and
performance techniques were described using a common mathematical framework, the
work in this thesis can be easily applied to a wide variety of electronic applications. This
chapter presents some of the industry trends and other applications that may benefit

from the modeling techniques described in this work.

9.1 The Move From ASICs to FPGAs

Application specific integrated circuits (ASICs) have enabled the dramatic in-
crease in computational power that digital systems have enjoyed over the past 20 years;
however, within the past 5 years, the cost associated with designing and fabricating an
ASIC has increased considerably [92]. This cost stems from the increased complexity of
the design process, along with the high cost of manufacturing that accompanies modern

fabrication processes. As a consequence, there has been a marked reduction in the num-
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ber of ASIC design starts per year compared to design starts 10 years ago. At the same
time, Field Programmable Gate Arrays (FPGAs) have gained a foothold as one of the
most-used building blocks in digital systems. The flexibility of an FPGA allows design-
ers to reduce hardware design cycles times, while adding inherent feature upgradeability
in the final product. Traditionally FPGAs have been used solely as a prototyping vehicle
due to their higher cost and slower performance compared to ASICs; however, recently
FPGASs have experienced a dramatic increase in performance due to the rapid improve-
ment in IC processing technology. FPGA development has kept up with Moore’s law,
while at the same time providing inherent design flexibility. Figure 9.1 shows that the
doubling of transistors in Intel microprocessors has followed the prediction of Moore’s
Law over the past 25 years [90]. Figure 9.2 shows the recent increase in the amount of
logic cells that can be implemented using an FPGA [91]. The rapid growth in FPGA

technology illustrates how FPGAs are also tracking Moore’s Law prediction.
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Figure 9.1: Moore’s Law Prediction Chart
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Figure 9.2: Xilinx FPGA Logic Cell Count Evaluation

Combining the increased performance of FPGAs with the dramatic increase in
the price of ASICs, FPGAs are now the preferred implementation vehicle for digital
systems not requiring extremely high performance. Within the past 5 years the number
of digital design starts that use at least one FPGA is four times greater than the number
of design starts requiring an ASIC [92]. This trend is important to this work due to the
use model of FPGAs. An FPGA is designed for use in a wide variety of applications,
which each present different electrical constraints. A single FPGA must operate over
various supply voltages, system impedances, bus speeds, and I/0 levels. In addition, a
particular FPGA circuit design is typically implemented in many styles of packaging to
offer a range of performance and cost to the users. This fact means that any technique
that can improve system performance yet operate across many styles of packaging and
bus configurations will be extremely valuable to the FPGA industry.

All of the techniques presented in this work can be applied to an FPGA. In fact,
two of these techniques were prototyped using FPGAs as well. Since the analytical
model and bus selection techniques presented in Chapters 4 and 5 were constructed in

terms of generic LLC models of the package interconnect, they can be directly applied to
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any style of FPGA as long as the package parasitics are known. This enables system
designers to quickly analyze and design off-chip busses as well as understand the impact
of moving toward advanced packaging within an FPGA family.

The encoding techniques presented in Chapters 6 and 7 can also be directly ap-
plied to FPGAs. Once a given bus configuration is implemented, performance can be
further increased by implementing an encoding scheme to avoid the noise induced by
bus data traversing the package parasitics. FP(GAs lend themselves very well to the en-
coding methodology since logic can be added after design and fabrication. This allows
encoders to be added during prototyping if simultaneous switching noise is found to
be a problem. In addition, since the encoders can be added at anytime, they present
the flexibility to address different noise sources depending on the type of packaging
utilized. One FPGA in a system may have an inductive cross-talk noise problem while
another FPGA may have an impedance discontinuity issue. Any source of noise that is
of concern can be addressed by altering the encoder construction.

Finally, the compensator can also be used to directly improve performance in FP-
GAs. As mentioned earlier, an FPGA family is usually produced using the same design
core, with various packaging, cost, and performance variants. This can be extremely
challenging to VLSI designers who are faced with having to deal with multiple package
parasitics for a single circuit. An FPGA circuit may exist in a wire bonded package
which must be impedance matched to the system impedance. This is difficult to do since
the same die may also be placed in a flip-chip package and must be impedance matched
to the same system impedance. The dynamic compensator addresses this problem by
having a programmable compensation capacitance that can be designed to cover a wide
range of package parasitics. The dynamic compensator has the ability to match a wire
bond package as well as a flip-chip package to a given system impedance by simply
changing the control lines of the capacitive compensation.

All the techniques in this work favorably complement the trend of moving from
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ASICs to FPGAs. Since the manufacturing cost of ASICs is not predicted to lower
in the foreseeable future, FPGAs will continue to dominate digital design starts. This
indicates that the work in this thesis is applicable to a dominant industry trend that

may continue for many decades.

9.2 IP Cores

Another recent trend in the VLST industry is the move toward system design
through use of Intellectual Property (IP) cores. An IP core is a circuit block that is
designed and verified such that it can be dropped into a larger design. An IP core
differs from standard ASIC designs in that it typically contains large, complex, system
level circuitry. Blocks such as DDR memory controllers, PCI interfaces, and PowerPC
microprocessors are examples of complex system-level IP cores. TP cores are also gaining
acceptance as stand-alone products which are licensed to an end user who is designing
an FPGA or ASIC. The move toward the IP core methodology comes from the ever-
growing complexity of modern VLSI designs. Tt is becoming impractical for a single
design team to design every block in an ASIC in a reasonable amount of time. As a
consequence of time-to-market demands, design teams are turning to IP cores for the
more standard portions of the ASIC.

The noise reduction techniques presented in this work lend themselves very ele-
gantly to the IP core design methodology. Since each technique can be implemented
using a general purpose block of circuitry (which is relatively independent of the IC
design), noise reduction cores can easily be created and incorporated into larger VLSI
designs. In fact, these cores can be parameterized, allowing them to be effective for
more than one bus or package configuration. Bus encoding/decoding cores can be in-
serted between the core signals of the IC and package I/O pins. This core insertion
would not have any impact on the core circuitry and serves only to improve the speed

of the off-chip bus that traverses the package. Integrated circuits that are limited by
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the package noise can be sped up, so that the core logic on the die may be operated
faster as a consequence.

Similarly, the compensator can also be implemented as an IP core. Since the
compensator addresses the level 1 interconnect problem, the core circuitry of the die
can be designed without the additional constraints that are driven by packaging speed
limitations. In addition, since the compensator is shown to have sufficient range to
cover a variety of package interconnects, it can be used for designs that go into multiple
package technologies.

Figure 9.3 shows a possible scenario in which the techniques presented in this
work can be integrated into a larger VLSI design as [P cores. In this example, two
styles of off-chip busses are shown. The first is a PCI bus, which is implemented using
a traditional wider, slower configuration. This style of bus experiences a large amount of
supply bounce due to the large number of simultaneously switching signals. For this bus,
an encoder is utilized to avoid inductive noise due to data sequences that traverse the
package. The second off-chip bus uses a HyperTransport core. This bus is implemented
using a faster, narrower configuration. In this configuration, the number of signals that
simultaneously switch is considerably less than the PCI bus. For this example, the
HyperTransport bus will not experience as much supply bounce but will instead be
limited by capacitive bandwidth and impedance discontinuity problems. To address the
bandwidth limitation, an encoder is utilized to avoid the worst-case bandwidth limiting
sequences. To address the impedance discontinuities, a compensator circuit is used
to impedance match the package interconnect with the system PCB. Since the noise
reduction cores can be implemented in a parameterized manner, variations in the code

construction allow the core to be usable in a variety of packaging and bus configurations.
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9.3 Power Minimization

Another major challenge for VLSI designers in this and the next decade is how
to reduce the extreme amount of power that is being consumed as more transistors are
integrated on-chip. Advances in IC processing technology enables more transistors to be
integrated on a die than can be cooled using modern packaging techniques. Additionally,
the ever-diminishing transistor feature sizes enable faster switching times for the core
logic. Equation 9.1 expresses the dependence of power consumption on the capacitance
(Cload) being switched, supply voltage (Vpp), switching frequency (fswiten), and the

activity factor (Qswiteh)-

Pyvrst = (Cloaa) - (fswitch) - (Vpp)? - (Cswiten) (9.1)

The switching activity factor, qguiten, represents the fraction of circuit nodes
that switch during any clock cycle. This parameter is typically between (.2 and 0.35
for modern VLST designs [67].

The encoders presented in this work were constructed in a general manner so as to
eliminate any arbitrary vector sequence from the transmitted data. This methodology
can be easily extended to reduce power within the IC. As mentioned earlier, as much as
25% to 50% of the IC power can be consumed in the output drivers [89, 92]. Since the
encoders described in this thesis are designed to eliminate vector transitions that result
in noise of a magnitude greater than a specified value, these encoders can also be used
to avoid data sequences which result in large power consumption. This has the effect of
reducing agyien in Equation 9.1, thereby directly reducing power consumption.

A further extension of the encoder can be used to avoid vector sequences in
on-chip busses which results in a power consumption above a specified limit. Long on-
chip busses suffer not only an increased power consumption due to their typically high

switching activity, but also from the fact that the bus capacitance (Cjyqq) is proportional
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to bus length. The problem of long on-chip busses consuming considerable power has
become more important as more system level blocks are integrated within one die.
To incorporate complex system blocks, the die size increases, creating a need for long
block-to-block busses. These busses are inherently long therefore consume considerable
power, according to Equation 9.1. Implementing encoders that reduce the worst-case
power consumption sequences in long on-chip busses will have a direct impact on total
power consumption of the IC. In addition, the encoder construction methodology needs
minimal modification, with addition constraint equations required to express the user-
defined power limits.

Since power is a critical issue in current and future designs, it is often conjectured
that power will eventually limit the continued success of Moore’s Law. In such a scenario,
power reduction techniques like the one described above may play an important part in

extending the success of Moore’s Law

9.4 Connectors and Backplanes

Nearly all digital systems contain connectors which transmit signals and power
between various printed circuit boards. Connectors provide both the mechanical and
electrical connection between PCBs. Connector construction is similar in nature to
that of IC packaging in that the mechanical robustness of the interconnect must be
addressed before considering the electrical behavior. Once a stable mechanical structure
is designed that can be economically manufactured, then the electrical performance can
be evaluated. This results in backplane interconnect that is not optimized for electrical
performance. This is the exact situation that exists in 1C packaging. Connector leads
contain electrical parasitics which degrade the performance of digital signals. Excess
inductance and capacitance in the connector leads to voltage drop, capacitive bandwidth
limitation, signal-to-signal coupling, and impedance discontinuities.

Since all the techniques presented in this work are constructed to alleviate the
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detrimental effects of the inductance and capacitance of the interconnect, this naturally
makes them applicable to any noise-prone electrical interconnect in a digital system.
The analytical modeling, encoding scheme, and compensation methodology presented
in this thesis can be applied to any connector without modification. Instead of using
the inductance and capacitance parasitics from the IC package, the inductance and
capacitance of the connector would be used. From these values, the noise associated
with the electrical parasitics of the connector can be directly computed. In addition,
the encoding and compensation techniques can be used to bound the maximum amount
of connector noise.

The application of the noise reduction techniques to connectors plays well into the
backplane architecture used throughout industry. The backplane architecture is used
widely throughout the computer industry as a way to scale systems. Smaller circuit
blocks are implemented which can be plugged into a main PCB to add computational
power as needed. Examples of circuit blocks that utilize this architecture are micro-
processors, memory, and non-volatile storage elements. The backplane methodology
allows the smaller circuit blocks (which are utilized in the larger system) to be designed
and verified independent of the larger system. This results in a partitioning of the system
functionality and complexity, resulting in reduced design cycle times and more robust
system operation. In addition, the smaller circuit blocks can be produced by multiple
vendors, which drives down the cost of the design. The advantages of the backplane
architecture have resulted in a widespread adoption of this methodology. This archi-
tecture has in turn driven the performance of some of the most popular off-chip bus
standards. Busses such as PCI Express, Infiniband, and Gigabit Ethernet were designed
specifically to improve throughput of backplanes. These busses are predicted to achieve
per-pin datarates of 10Gb/s within the next five years [84, 89]. Since the techniques
presented in this work apply directly to the connectors used in the backplane method-

ology, their importance could potentially play a crucial part in the continued increase
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in performance of backplane-based system.

9.5 Internet Fabric

One of the most important developments in the past 30 years has been the inter-
net. This technology has revolutionized communication and sparked one of the longest
growth periods for the global economy in recent history. One of the underlying technolo-
gies that has enabled the success of the internet is the internet protocol. The internet
protocol allows communication data to be broken into smaller pieces and transmitted as
a series of packets, each of which contains destination address information. The protocol
allows data to be sent through multiple infrastructure paths and be reassembled by the
receiving computer. Packets may arrive out of order on account of varying delays along
different electrical paths. Various alternative infrastructure paths are selected according
to the usage on any given path.

Many encoding protocols have been developed over the past decade to address
the problem of congestion within the internet infrastructure (or fabric) [28, 30, 31].
These protocols attempt to avoid network congestion by monitoring the sequence of
data packets that are being transmitted. In applications such as audio and video,
encoding algorithms monitor the data stream for adjacent packets that contain identical
information. In an A/V application, sequential data patterns that contain the same
information may be eliminated without noticeable distortion in the final reassembled
data. These encoding algorithms allow streaming audio and video to be transmitted
reliably and efficiently despite congested network fabrics, to be eventually received as a
reasonable representation of the original data.

The encoders presented in this work are constructed by creating a directed graph
containing transitions that have been deemed legal by the constraint equation evalu-
ations. In the package noise constraints within this work, transitions are eliminated

from the complete set of encoder transitions if they violate any of the user-defined noise
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limits for the system; however, the constraint equations can be easily modified to detect
sequences of data patterns that can be eliminated in an A/V application when faced
with network congestion. This modification would consist of a new series of constraint
equations that are written specifically for the A/V application. With the increasing use
of streaming audio and video over the internet, the encoding techniques presented in
this work could potentially provide significant improvement in the throughput of A/V
data over congested network paths.

This chapter presented potential applications of the techniques in this work to
current and future industry trends. In each case, the general manner in which the
noise reduction techniques are formulated enables their use in a variety of applications.
Any system which experiences unwanted noise due to the electrical parasitics of the
interconnect or simply desires the elimination of specific transitions can benefit from

the techniques presented in this thesis.



Chapter 10

Conclusion

This thesis has presented a comprehensive look at the noise problems within 1C
packaging. Today’s integrated circuits are experiencing a dramatic increase in per-
formance due to significant advances in the IC design and fabrication processes. 1C
technology has followed Moore’s Laws for the past 30 years and is expected to continue
at this rate sometime into the next decade. At the same time, IC packaging technology
has evolved at a much slower pace. This mismatch in performance between the IC and
the package is now the leading limitation to system performance. Inter-chip busses that
transfer data between ICs within the system need to be slowed so as to avoid unwanted
noise from the package. Off-chip communication is now the largest bottleneck in modern
digital systems design.

Unwanted noise occurs in the package due to the parasitic inductance and ca-
pacitance within the package interconnect. The parasitics of the package can cause
supply bounce, signal-to-signal coupling, capacitive bandwidth limiting, and impedance
discontinuities. Since the IC packaging was originally developed for robust mechanical
performance and manufacturability, the interconnect was not optimized for electrical
performance. In addition, the complex manufacturing processes used to create the
package make altering the interconnect to improve electrical performance very difficult
and expensive. The move toward advanced packaging can reduce the electrical para-

sitics in the package but is often too expensive for the majority of VLST designs. As
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such, any technique that can aid VLSI designers in the prediction of performance and
reduction of noise within the package is of great value.

Chapter 4 presented an analytical model to predict the performance of an 1C
package. This was accomplished by finding the fastest rate of change in current or
voltage that could be tolerated without violating any of the user-defined noise limits.
The amount of noise in the package is dependant on how large the parasitic inductance
and capacitance are within the package interconnect. The electrical rate of change of
current /voltage was translated a risetime figure and, in turn, into per-pin datarate and
bus throughput. For each of the sources of noise, equations were derived that considered
the package parasitics and the user-defined noise limits. To verify the accuracy of
the models, SPICE simulations were performed on a test circuit. It was found that
the analytical model matched simulated results within 10% for bus segments up to 16
bits. It was also found that for the three packages studied in this work, the inductive
supply bounce and inductive signal coupling were the dominant noise sources. The
analytical models derived in this chapter provide a method for VLSI designers to quickly
analyze different packaging technologies and bus configurations in order to meet their
throughput requirements.

Chapter 5 presented a technique to select the most cost-effective bus configuration.
Using the analytical models from Chapter 4 and including the per-pin cost of the bus
configuration, an algorithm was developed that could easily determine the most cost-
effective package selection and configuration. In addition, the metric of Bandwidth-per-
Cost was introduced, which quantified the cost-effectiveness of a given bus. Using this
metric, the total cost of different bus and package configurations (all of which meet the
desired throughput) can be compared efficiently. The algorithm gives VLST designers a
powerful deterministic tool to find the most cost-effective off-chip bus design.

Chapter 6 presented a bus expansion encoding technique that was able to reduce

package noise by encoding the data prior to it traversing the package interconnect. The
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encoder algorithm consisted of a series of constraint equations which were written to
model noise violations for arbitrary bus transitions. These equations were evaluated
to indicate if a given transition would result in a noise limit violation when traversing
the package interconnect. Using the remaining legal transitions, a directed graph was
created that was used to construct the encoder. HKach vertex within the graph was
evaluated in turn to find if its remaining outgoing edges were able to encode the tran-
sitions of an m-bit bus. The output of the encoder is a mapping of transitions in the
original m-bit bus to transitions in an expanded n-bit bus, such that the transitions in
the expanded bus enable data transmission without noise violations.

Since the encoded data introduces less package noise, it can be transmitted at a
higher per-pin datarate. This speed increase results in throughput improvement even
after accounting for the encoder overhead. Experimental results performed on the en-
coder illustrated that for a fixed % of 33MTA, package noise was reduced as much as
89% for an aggressively encoded bus. It was also shown that for a 3-bit bus which
was encoded and evaluated using a varying %, the bus throughput was increased up to
46% compared to the original unencoded data. The bus expansion encoding technique
presented in this work provides VLSI designers a complete methodology to reduce the
noise within the IC package and increase off-chip bus throughput.

Chapter 7 presented a bus stuttering encoder which was also successful in reducing
the amount of package noise. This technique was similar to the bus expansion encoder in
terms of the creation and evaluation of the constraints and legal transitions of the bus;
however, a stuttering algorithm was invoked on the directed graph of legal transitions,
which inserted intermediate states between pairs of vertices which resulted in noise
limit violations. The stutter states were inserted such that each vertex of the directed
graph could transition to any other vertex using only the remaining legal vectors. This
encoder technique had the advantage that no additional package pins were needed to

encode the m-bit bus. This technique did require more area on the IC than the bus
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expansion encoder, but was deemed to be incremental to existing protocol-based busses
that already contain state machines in their output circuitry. Experimental results
illustrated that throughput could be increased as much as 225% for a 6-bit, aggressively
encoded bus. The bus stuttering encoder presented in this work provides VLSI designers
with a technique to improve throughput in their off-chip busses without adding pins to
the package.

Chapter 8 presented a compensation technique that was able to match the im-
pedance of the package interconnect to that of the system PCB. This was accomplished
by adding additional capacitance near the wire bonds or flip-chips within the package.
This has the effect of lowering the typically high interconnect impedance to a level that
matches the system PCB impedance. By matching the impedance of the package to
the system PCB, reflections are avoided and performance can be increased. Static and
dynamic compensation techniques were presented. In the static approach, predefined
capacitance was placed on-chip and on the package to surround the inductive level 1 in-
terconnect. The static compensator was able to reduce reflections in a 5mm wire bond
from 20% to 5% for a risetime of 117ps. In the dynamic approach, a programmable
capacitance was placed on-chip that could be altered after IC fabrication. The dynamic
technique allowed the same circuit to compensate for various interconnect inductances
which may result from design or process variations in the interconnect. It was demon-
strated that the dynamic technique was able to reduce reflections of a 5mm wire bond
from 20% to 6% for a risetime of 117ps. The compensators presented in this work offer
VLSI designers a simple technique to impedance match the package interconnect to the
system PCB without noticeable area utilization within the package or on the die.

Chapter 9 gave an overview of other applications to which the techniques pre-
sented in this work are well suited. The move from ASICs to FPGAs was described,
along with a discussion of how the noise reduction techniques reported in this work

apply directly to the FPGA design methodology. In addition, the utility of implement-
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ing the techniques as IP cores was discussed. The application of the encoders to the
problem of power reduction within the IC was also presented. Finally, the possible use
of these techniques to connectors, backplanes, and the internet fabric was pointed out.
While only a subset of applications were presented in Chapter 9, it is believed that the
techniques in this thesis can be applied to a wide variety of electronic applications due
to their flexible formulation.

With the continued advancement in IC technology, the performance limitation of
the package will continue to dominate system performance. While advanced packaging
can aid in reducing the noise associated with the parasitics in the package, it is often
too expensive for deployment in the majority of VLSI designs. This thesis presented
noise analysis and noise reduction techniques that can be directly applied to current
and future packaging technologies. With the use of the techniques presented in this
thesis, the VLSI community can continue to experience the dramatic increases in the

computational power of digital systems.
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