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Introduction

As predicted by Moore’s Law, modern technologies al-
low high density integrated circuits with billions of transis-
tors. This remarkable progress has been mostly achieved by
reducing structure sizes. However, further reduction of the
lithographic structures is becoming increasingly expensive.
Another enabler of Moore’s Law has been the introduc-
tion of new technologies (e.g. copper interconnects, SOI,
strained silicon). Currently it is becoming increasingly ob-
vious that new technologies and methodologies rather than
structure reduction are the key to further performance en-
hancements. The employment of 3D integration technolo-
gies in which the active devices are placed in multiple layers
is one promising possibility to achieve a performance boost.
Although discussed for some decades, 3D integration has
only recently gained practical importance.

Power consumption and performance of a chip are
mainly influenced by interconnects. Global wires which do
not scale well need a growing number of repeaters. 3D in-
tegration allows to shorten interconnects which results in an
improvement of performance and lower power consump-
tion. Higher data bandwidths are possible and enable the
design of high efficient cache structures for microprocessor
architectures. Smaller footprint sizes increase the yield of
fabrication and improve the usage for mobility devices with
tightened weight requirements. New system designs are
possible due to the option to combine heterogeneous tech-
nologies. A complete new set of devices, such as vertical
transistors, could dramatically change the way integrated
circuits are designed.

If there are so many advantages, why isn’t 3D integra-
tion widely used yet? One reason is the fact that until
now the scaling of the semiconductor structures has been
easier to achieve than investing into a new methodology.
However, the obvious advantages of the 3D integration also
cause challenges to deal with in both the technology and
the physical design. Typical problems in 3D integration
technologies are reliability, alignment accuracy and testa-

bility issues. The physical design process for 3D structures
is even more complex than its 2D counterpart. The third
dimension dramatically increases the solution space. Be-
sides the higher complexity, additional constraints such as
stringent thermal issues must be addressed.

In order to handle such complex problems in physical de-
sign, a feasible modeling of the layout problem is necessary.
Specifically, all design steps need an efficient data structure
to represent the real geometries of modules or blocks inside
the algorithmic space (i.e., computer memory). Currently
developed 3D data structures realize such a mapping and
allow the use of efficient optimization approaches.

In the first part of this talk we will give an overview of
the different 3D integration technologies that are in use to-
day. In the second part, modern data structures used for
3D integration are presented with a special emphasis on 3D
floorplanning problems.

3D Integration Technologies

Traditionally, an integrated circuit has been comprised
of one active device layer covered with several metal lay-
ers. The transistors are integrated on the active layer and
the metal layers are used to realize the interconnections be-
tween them. This two dimensional approach is currently
reaching its limits because even with shrinking structure
sizes the wire length increases into dimensions that pose
a severe problem to electrical signal properties. Further-
more, the maximum circuit area is limited by the given sig-
nal propagation. Hence, it has been becoming obvious that
with conventional 2D technology the recent trend towards
multifunctional mixed-signal devices is hardly reachable.

One solution to this problem has been the increased im-
plementation of so-called 3D circuits based on 3D integra-
tion technologies. Here, the active devices are not lim-
ited to one layer but are also placed on top of each other.
One famous example for the usage of this technology is the
stacking of memory dies to enable high capacity memory
cards. Enabling technologies for this kind of integration



are, among others, through silicon vias and inductive or ca-
pacitive coupling.

A typical distinguishing feature of 3D integration tech-
nologies is the level on which the vertical integration takes
place. 3D integration on chip level such as System on Pack-
age (SoP) and System in Package (SiP) are often classified
as 3D packaging. 3D integration on wafer level is another
promising 3D integration technology. Examples for the lat-
ter include wafer stacking or donor wafer bonding. These
3D integration technologies are presented in this talk in de-
tail. We also compare and characterize them regarding their
future potential.

3D integration gives plenty of opportunities to improve
performance and functionality of future circuits. Along
with this new technology, new challenges arise that will be
addressed in this talk. Such challenges include technolog-
ical problems, like high accuracy alignment or reliability
issues, and physical design issues such as considering new
thermal constraints.

3D Data Structures

In electronic design automation, specifically during
physical design, data structures are used to store infor-
mation about various layout elements and their properties.
Such data structures are an abstract model of the corre-
sponding design problem.

Efficient data structures integrate additional helpful
properties of the layout elements, such as direct access to
neighbors. They build up a solution space which then can
be investigated with an optimization method like simulated
annealing. This solution space should be non-redundant, as
small as possible and include the best solutions. Further-
more, an efficient implementation of a data structure must
allow fast operations like rotations, exchanges and the trans-
formation from the abstract representation into the real ge-
ometries.

Early 3D physical design flows have utilized classical
proven data structures, such as one slicing tree for one ac-
tive device layer. However, these so called 2.5D approaches
have the disadvantage that tight linking between the layers
has been neglected, thus, preventing for example a success-
ful thermal-driven design.

It is obvious that modern 3D data structures should sup-
port full 3D layouts. The majority of the currently devel-
oped 3D data structures are extensions of their well known
2D predecessors. One example is the T-Tree where the effi-
cient properties of its 2D version (B*-Tree) could be main-
tained by implementing a ternary tree (instead of a binary
tree) that enables the representation of the third dimension.
However, some of these 3D extensions of data structures
lose their properties which make them so efficient in the 2D
case. This requires finding new data structures specifically

designed for the 3D integration which are truly able to fulfill
the new demand determined by 3D integration technologies.

In this talk, an overview of 2D data structures is given
that enable efficient 3D representations by transforming
them into the third dimension. Furthermore, currently pub-
lished new 3D data structures independent of a particular
2D predecessor are discussed. Data structures available for
3D floorplanning are then analyzed and compared in order
to draw conclusions about their future potential.

Selected material about 3D integration technologies and 3D
data structures can be found in the references. Motivation
and challenges of 3D integration are pointed out in [1] and
[3]. In [4] and [5], two widely used 3D integration technolo-
gies are presented. Recent 3D data structures are described
in [2], [6] and [7].

References

[1] E. Beyne. The rise of the 3rd dimension for system integra-
tion. In Interconnect Technology Conference, 2006 Interna-
tional, pages 1-5, June 5-7, 2006.

[2] L. Cheng, L. Deng, and M. D. F. Wong. Floorplanning for
3-D VLSI design. In ASP-DAC ’05: Proceedings of the 2005
conference on Asia South Pacific design automation, pages
405-411. ACM, 2005.

[3] W. R. Davis, J. Wilson, S. Mick, J. Xu, H. Hua, C. Mineo,
A. M. Sule, M. Steer, and P. D. Franzon. Demystifying 3D
ICs: The pros and cons of going vertical. Design & Test of
Computers, IEEE, 22(6):498-510, Nov.—Dec. 2005.

[4] A. W. Topol, J. D. C. La Tulipe, L. Shi, D. J. Frank, K. Bern-
stein, S. E. Steen, A. Kumar, G. U. Singco, A. M. Young,
K. W. Guarini, and M. Ieong. Three-dimensional inte-
grated circuits. IBM Journal of Research and Development,
50(4/5):491-506, July/Sept. 2006.

[5] R. Tummala. SOP: What is it and why? A new
microsystem-integration technology paradigm-moore’s law
for system integration of miniaturized convergent systems of
the next decade. Advanced Packaging, IEEE Transactions on,
27(2):241-249, May 2004.

[6] R. Wang, E. F. Young, Y. Zhu, F. C. Graham, R. Graham, and
C.-K. Cheng. 3-D floorplanning using labeled tree and dual
sequences. In ISPD ’08: Proceedings of the 2008 Interna-
tional Symposium on Physical Design, pages 54-59. ACM,
2008.

[7]1 P-H. Yuh, C.-L. Yang, and Y.-W. Chang. Temporal floor-
planning using the T-Tree formulation. In Proc. ICCAD-2004
Computer Aided Design IEEE/ACM International Conference
on, pages 300-305, 2004.



TECHNISCHE
UNIVERSITAT

DRESDEN

ifte

INSTITUTE OF ELECTROMECHANICAL AND ELECTRONIC DESIGN www.Ifte.de

D Technologies and Data Structures

— An Overview —

Robert Fischbach, Jens Lienig

Institute of Electromechanical and Electronic Design

Introduction

S PREDICTED by Moore’s law, modern technologies

allow high density integrated circuits with hundreds
of millions of transistors. This remarkable progress has
been mostly achieved by reducing structure sizes. How-
ever, further reduction of the lithographic structures is
becoming increasingly expensive. Another enabler of
Moore’s law has been the introduction of new technolo-
gies (e.g., copper interconnects, SOI, strained silicon).
Currently, it is becoming more and more obvious that
new technologies and methodologies rather than struc-
ture size reduction are the key to further performance en-
hancements. The employment of 3D integration technolo-
gies, in which the active devices are placed in multiple
layers, is one promising possibility to achieve a perfor-
mance boost. Although discussed for some decades, 3D
iIntegration has only recently gained practical importance.
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3D integrated circuits consist of multiple device layers which are integrated di-

3D Integration Technologies

D INTEGRATION TECHNOLOGIES can be divided into
3 3D packages and 3D integrated circuits. One of
the most enhanced 3D packaging method is the System
on Package. It combines the advantages of several pack-
aging technologies onto an enhanced functionality printed
circuit board. Many diverse components can be com-
bined on such a system, e.g., digital and analog compo-
nents, embedded passives, optical modules, filters, and
antennas. 3D integrated circuits consist of multiple de-
vice layers which are integrated directly on wafer level.
The most common technologies are layer growth, donor
wafer bonding and wafer level stacking.

3D packages are separate chips or bare dies stacked vertically in order to build rectly on wafer level. The most common technologies are layer growth, donor
a multiple device layer circuit. In contrast to 3D integrated circuits which use wafer bonding and wafer level stacking. In comparison to 3D packages, 3D in-
through silicon vias, the vertical connections between these chips or dies are tegrated circuits achieve a higher level of integration. Key technology enablers
realized using their external pins/pads. This allows the combination of chips with are through silicon vias, wafer thinning, high accuracy alignment and viable wafer
a wide range of technologies to be combined into one package. bonding methods.
Characteristics 3D Packages 3D Integrated Circuits
SiP/SoP/PoP Layer Growth Donor Wafer Wafer Stacking
Via density low very high very high high
Fabrication parallel sequential sequential parallel
Distance between layers high very low very low low
Heterogeneous structures yes difficult possible yes
Thermal interaction between layers low very high high medium
Testability chip level difficult difficult possible
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Floorplanning Problem

3D Data Structures

IN ELECTRONIC DESIGN AUTOMATION, specifically during
physical design, data structures are used to store infor-
mation about various layout elements and their proper-
ties. Such data structures are an abstract model of the
corresponding design problem. Efficient data structures
integrate additional helpful properties of the layout ele-
ments, such as direct access to neighbors. They build up
a solution space which then can be investigated with an
optimization method like simulated annealing. This solu-
tion space should be non-redundant, as small as possible
and include the best solutions. Furthermore, an efficient
Implementation of a data structure must allow fast oper-
ations like rotations, exchanges and the transformation
from the abstract representation into the real geometries.
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Efficient data structures represent a physical representation as an abstract model

Summary

D INTEGRATION is becoming a new force keeping
3 Moore’s law still holding in today’s nano era. Nu-
merous 3D data structures have been recently developed
iIn order to make 3D technologies accessible to an effi-
cient and automatic design. To fully exploit the advan-
tages of the extra dimension in 3D integrated circuits, a
layout designer and tool developer needs to be aware of
this rapid development.
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The most common 3D data structures applied to modern floorplanning problems on which several operations can permute through the solution space. Cost func-
are derived from proven 2D structures. As can be seen, these structures fall into tions are implemented utilizing knowledge from inside the data structure. A 3D
three different categories: sequence and/or list representations, grid structures, data structure is an abstraction layer between a problem-unspecific optimization
and graph-based representations. strategy (metaheuristic) and the physical 3D floorplanning problem.

This table presents most common 3D data structures applied to 3D floorplanning problems with regard to their publication date, runtime complexity of the operations, size
of the solution space and main characteristics (n = number of modules, n.g. = not given). Except the last data structure, all are directly derived from 2D predecessors.

Data Structure Year Complexity Solution Space Characteristics

Sequence Triple/Quintuple 2000 n.g. O((n")3)/0((n!)®) Three or five sequences (locii)
3D sub-Transitive Closure Graph 2004 O(n?) O((n!)?) Three transitive graphs
T-Tree 2004 O(n) O(n! 3°"/2?"n15)  Ternary tree, nodes: modules, branches: neighbor information
3D Bounded-Sliceplane Grid 2005 O(n?) n.g. Three dimensional grid structure
3D Corner Block List 2005 O(n) O(n! 37—t 21n=1)  Sequence of modules, list of orientations, list of tri-branches
3D Slicing Tree 2005 n.g. n.g. Binary tree, inner nodes: slices, leaves: modules
O-Sequence 2006 O(n) n.g. Sequence of modules and symbols
Labeled Tree and Dual Sequences 2008 O(n*/® logn) O((n!)?> n™ 1) Sequence of modules, number sequence and tree
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Abstract — 3-D chip stacking is the big next step in system
integration. Even though the process technology is
maturing, many issues related to system implementation
are not fully understood yet. Furthermore, this 3-D
integration comes in many different flavors. Adoption in
mainstream industrial design flows requires the availability
of tools that allow designers to evaluate the cost and
benefits of 3-D integration, compared to conventional
system implementations. In this paper we propose a
software-supported framework for architecture-level
exploration and system prototyping on 3-D ICs. The results
show that 3-D integration provides significant
improvements among others in wire-length, delay,
power/energy consumption, as well as die area, compared to
conventional 2-D implementations.

1. INTRODUCTION

HREE DIMENSIONAL (3-D) integration technology offers to

designers new opportunities for the implementation of
complex electronic systems. The System-on-Chip (SoC)
paradigm of cramming as much functionality as possible on a
single die is giving way to the 3-D IC where the same
functionality can be implemented in a number of vertically
stacked die. The increased number of neighbors results to
significant reduction on total wire-length, which results to
improvement on system’s performance and power/energy
consumption. Additionally, the 3-D ICs offer three unique
advantages compared to conventional approaches, namely the
higher system integration, the enable of heterogeneous
integration, and the capability for wire-length reduction.

The advantages of 3-D chip stacking seem obvious from a
theoretical point of view. However, up to now, there are no
EDA tools that can handle this new technology available yet.
Therefore 3-D SIC has not percolated up the design abstraction
levels. Additionally, even before physical design tools for 3-D
become commercially available, path-finding tools will be
needed. Such tools will enable the design community among
others to explore the design/technology search space and
identify for which systems 3D-SIC technology is beneficial.

Related work [1, 2, 3, 4] has been focusing on three major
parallel tracks, namely physical design or die/package co-
design tools, modeling of 3-D technologies and case-studies.
We have to mention that up to now; only few design tools that
support these tasks are available from academia. On the other
hand, EDA vendors are not yet releasing CAD tools, due to the
limited market potential and the fact that 3-D has not yet
become a mainstream technology.

In this paper we propose a software supported methodology
that enables exploration of system implementation using
conventional and 3-D integration solutions. Such a
methodology is also called path-finding, as it aids in

establishing a path towards a design/technology sweet-spot in
the domain of 3-D integration, while it also can be used to co-
optimize design and technology development. Our goal is to
make early search-space exploration easier and faster and to
enable designers to find the short-list of interesting design and
technology choices that meet their specific design objectives,
including power consumption and performance as well as
fabrication cost.

Il. THE PROPOSED PATH-FINDING FRAMEWORK FOR 3D ICs

Figure 1 depicts the proposed path-finding framework, which
consists of two steps: i) 3-D stack generation, where the system
architecture is realized by appropriately assigning IP
components to die, and ii) system prototyping, where a physical
prototyping of the stack is performed and performance metrics
are estimated. The main attributes of the proposed path-finding
framework can be summarized, as follows: i) it has to be
relatively accurate to allow designers to make decisions at a
very early stage of the design flow, ii) fast, iii) flexible, and iv)
to allow feed-back to incrementally improve design quality.

The input to the framework is a system description in a
Hardware Description Language (HDL). Initially, this input is
synthesized, in order to retrieve the system’s IP blocks, as well
as their appropriate communication.

A. 3-D Stack Generation

During this step all the 3-D related decisions are made.

The first step of 3-D stack generation task partitions the
system. At this level the connections between partitions are
minimized while respecting constraints, like keeping IP blocks
that are fabricated onto non-compatible technology (i.e. DRAM
and logic) on different partitions and balancing the area
occupied by IP blocks assigned to each partition.

Next, the partitions are assigned to physical die and
technology selection per die is performed. This also implies the
selection of the appropriate instantiation for each IP component
based on the technology of the corresponding die. The
optimization objectives during this sub-step include the total
system’s power consumption, performance and fabrication cost.

The following sub-step builds a prototype of the stack by
deciding on the order of the die in the stack (which goes to the
bottom, which to the top, etc.) and the choice of 3-D
interconnection option (TSV, wire-bond, etc.). This sub-step is
equally important to the previous, as it can alleviate numerous
design issues related to the operation frequency and thermal
stress of the derived 3-D IC.

Once the 3-D stack generation procedure is complete, the
efficiency of the derived 3-D partitioning is estimated based on
high-level models, so as to provide fast estimations of the main
design metrics regarding the delay, power consumption, area
and yield. Whenever the resulting 3-D chip does not meet the
system specifications, there is a feedback loop back to the
partitioning step to allow designers to modify some of the



decisions already made, like using different IP blocks or
different die assignment options.

In contrast to existing approaches for system partitioning, the
proposed one provides significant more accurate results. More
specifically, rather than focusing solely on minimizing the

power consumption are 11% and 19%, respectively. Wire-
length is reduced by up to 16%.

Table I: Evaluation for MPEG4 implementation into 2-D/3-D ICs

edge-cut, we are also pay effort to handle a number of design 2D 3-D Wire Bonding 3-DTSV
parameters (such as the area imbalance among die, the Absolute | vs.2-D | Absolute | vs.2-D
distribution/variation of power sources over the die, etc). Frequency (Hz) | 3.73E+05 4.11E+05 13% | 4.72E+05 21%
. Power (W) 0.001736 | 0.00154504 11% | 0.0014062 19%
B. System Prototyping Area (um?) 13950225 | 13252713.8 5% | 12834207 8%
The result of the previous step is a hlgh level prototype of the | wirelength 262533 236279.7 10% | 22052772 16%
3-D stack that already specifies its main properties, number of [ (um)

die, interconnection options, IP block to die assignment, etc.
During the second step of the proposed methodology, we aim
to provide a physical prototype which will incorporate physical
design information. The main purpose of this step is to
determine the spatial location of all blocks, including those that
provide inter-die communication (TSVs, pads for wire-bonds,
etc), while minimizing the main cost parameters.

Since the decisions related to the 3-D stack have already
been taken in the previous step, we can make system
prototyping with an extended version of existing 2-D physical
design tools. In our flow we perform physical design using the
floor-planning and global routing functionalities of Cadence
SoC Encounter.

Ill. RESULTS

For demonstration purposes we show results using a MPEG4
encoder [5] implementation onto 3-D ICs implemented in 90nm
technology. More specifically, we provide results about stack
implementations that use different 3D interconnection
technologies, namely wire-bonds between pads on the different
die and Through Silicon Vias. Table | summarizes the
performance of the MPEG4 encoder implemented in 2-D/3-D
integration technologies. Based on the results, we can conclude
that 3-D integration using wire-bonding and TSVs lead to a
communication frequency improvement (as compared to 2-D)
of about 13% and 21%, respectively. Similarly the gains in

IV. CONCLUSIONS

A novel software-supported framework for system prototyping
on 3-D ICs was proposed. It can evaluate the cost and benefits
for alternative 3-D process technologies, as compared to
conventional system implementation. Also, a case study
scenario affecting the evaluation of MPEG4 encoding on two
3-D ICs was provided. The experimental results shown average
gains on performance, power and wirelength, as compared to 2-
D implementation, about 21%, 19% and 16%, respectively.
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formed by three ICVs, a transmission line and again
three ICVs.

Fig. 1 CST Microwave Studio model of the interconnect structure

Two different approaches will illustrate the
possibilities to calculate the electrical behavior of
interconnect structures.

The first opportunity is to solve the Maxwell
equations of the entire structure in a PDE solver, e.g. the
full wave simulation tool Microwave Studio (MWS)
from CST. This needs a lot of simulation time and
system resources.

Second, a modular modeling approach can be exerted.
The single structures are extracted from the overall
interconnect structure und afterwards simulated in
MWS. A reduction of computing time and resources as
well as the generation of basic modules are the result.
These basic modules are stored in a library and
composed to the more complex structure via embedding
techniques. The comparison of the computed
transmission behavior of the entire and the embedded
structure is shown in Fig. 2.

The modular modeling approach including embedding
techniques as well as the parameterization of equivalent
network models for SPICE will be discussed in the full

paper.

Fig. 2 S-parameters (transmission) of entire and embedded structure

5 Conclusions

The main goal is design support for 3D systems.
Therefore, the adaptation of design flows and the
integration of results within these design flows are
important tasks. Depending on the design task, models

on different levels of abstraction can be used. Our modular
modeling approach covers detailed simulations of
electromagnetic effects using PDE solvers. For analog and
mixed signal systems these are usually SPICE net lists or
behavioral models programmed in VHDL-AMS or
Verilog-AMS. Digital system design is supported by
models for crosstalk and signal-dependent delays which are
derived from more detailed models and analysis.

Furthermore, electromagnetic behavioral models can be
generated from the entire system to combine these models
with models of semiconductor devices to investigate the
RF behavior of the whole system.
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