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Abstract

Three Dimensional Integrated Circuits (3D ICs) are currently being developed to improve existing
two-dimensional (2D) chip designs. Today’s integrated chips face several problems, such as global
interconnect scaling and bandwidth limitations. By stacking multiple device layers, 3D ICs
can overcome these issues and produce chips with higher performance, less power consumption,
smaller footprints and mixed-technology capabilities. However, there are several challenges in
the development of 3D ICs. First, the current 3D Electronic Design Automation (EDA) tools
still do not offer enough support to effectively design 3D IC for widespread production. Also,
there is a lack of testing and verification tools and methods to ensure the correct functionality
of 3D ICs. In addition, integrating existing 3D EDA tools may be challenging because of the
differences between the tools. Because of the early development of 3D ICs and the challenge of
constructing a design flow, the design space of 3D ICs have not fully been explored. These issues
need to be solved before 3D ICs are developed into a viable commercial product.
This thesis helps address these EDA challenges in 3D ICs by exploring three areas in 3D IC
development: 3D IC scan chain ordering methods, modeling 3D ICs in OpenAccess, and 3D IC
Floorplan and Power/Ground (P/G) Co-synthesis. The tools and methods developed in these
areas will further the understanding of the properties, benefits and limitations of 3D ICs.
To facilitate the testing of 3D ICs, three 3D scan chain ordering methods are developed:
VIA3D, MAP3D and OPT3D. VIA3D and MAP3D require no changes to a 2D ordering algorithm. In addition, VIA3D has the lowest possible number of TSVs in the scan chain, while
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MAP3D results in the most number of TSVs among the methods. However, OPT3D results in
the best scan chain wirelength, with improvements over 2D wirelength of 36.3% for 2 tiers, 48.6%
for 3 tiers and 53.4% for 3 tiers. These 3D scan chain ordering methods can be used to construct
3D scan chains, which will permit the testing of 3D ICs.
A 3D OA model is developed to provide interoperability between 3D EDA tools. The model
consists of a 2D database containing 2D tier designs and 3D database containing TSV designs and
a 3D design which aggregates the design information from the 2D tiers. In addition, a tool which
creates a 3D technology for the 3D database is created. The centralized 3D design database will
allow for the creation of tightly integrated design flows to efficiently design 3D ICs.
A 3D IC Floorplan and P/G Co-synthesis tool is developed to design the 3D P/G network.
By using this tool, a floorplan can be generated with consideration of the IR drops in the circuit,
which leads to better performing devices. In addition, the co-synthesis tool can be used to explore
the 3D P/G design space for a design. Two topologies were studied in this work: a uniform mesh
where each tier has the same pitch; and a non-uniform mesh where each tier may have a different
pitch. The results of experiments using the 3D Floorplan and P/G Co-synthesis tool can show
the effects of 3D ICs on P/G networks and can be used to compare the different topologies.
The results show that as the number of tiers increase in a 3D IC, the P/G routing area also
increases due to the construction of P/G meshes on each tier. In addition, as the number of tiers
increase, the IR drop decreases due to the shortened P/G wires and the distribution of the P/G
network throughout the tiers. For 2 tiers, each type of mesh has approximately a 35% increase
of P/G area and a 22% decrease in IR drop. For 3 tiers, the IR drop decreases by approximately
30% for both meshes, and the P/G area increases by 63% for uniform meshes and by 92% for
non-uniform meshes. For 4 tiers, the P/G area increases by approximately 100%, or 2X, and the
IR drop decreases by 33%. An increased P/G routing area increases the routing congestion in
the chip, but a decreased IR drop leads to faster and more reliable performance.
The main difference between the uniform mesh and non-uniform mesh is that the non-uniform
mesh has a better improvement in the average IR drop in the circuits. This may be caused by the
ability of the different pitches on each tier to more effectively deliver power to the modules. The
other difference between the two topologies is the P/G area for 3 tiers, where the non-uniform
iv

mesh has a larger P/G area. However, for the P/G area for 2 and 4 tiers and for the maximum
IR drop of the circuit, both topologies have similar results. Therefore, though non-uniform mesh
may be slightly more efficient in reducing the average IR drop, both types of meshes have similar
advantages and disadvantages.
The 3D Floorplan and P/G Co-synthesis considers the IR drop during floorplanning, explores
the 3D P/G design space, and evaluates 3D IC’s effect on 3D P/G networks. This allows a more
efficiently designed P/G network, improving the performance of the entire design.
Though there is still a significant amount of work to be done before 3D ICs become commercially feasible, the tools and methods developed and presented in this thesis help solve these
issues. They can be used to enhance the maturation of 3D ICs. As 3D ICs develop into a practical technology, computers and systems will be able to utilize the benefits, leading to improved
products for the user.
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1

Introduction
1.1

Motivation

Three Dimensional Integrated Circuits (3D ICs) are currently being developed to improve existing
two-dimensional (2D) chip designs. Today’s integrated chips face several problems, such as
global interconnect scaling and bandwidth limitations. By stacking multiple device tiers, 3D ICs
can overcome these issues and produce chips with higher performance, less power consumption,
smaller footprints and mixed-technology capabilities. Computer systems using 3D ICs will benefit
from these properties, permitting users to accomplish tasks and solve problems more efficiently.
Though 3D ICs have been researched and fabricated recently, they are still not mature enough
for mainstream production. Therefore, continued advancement in fabrication, architectural design space, and Electronic Design Automation (EDA) tools and methods are needed before 3D
ICs become a viable option for commercial products. In order to further understand the properties, benefits and limitations of 3D ICs, this work explores three areas in 3D IC development:
3D IC scan chain ordering methods; modeling 3D ICs in OpenAccess; and 3D IC Floorplan and
Power/Ground Co-synthesis. The results from this research will aid in the study and design of 3D
ICs, contributing to the advancement of 3D ICs into a mature technology ready for widespread
use in computer systems.

1.2

Three Dimension Integrated Technology

A 3D IC consists of multiple device layers or tiers stacked on top of each other, with vertical
interconnects between the device tiers. In this work, the term tier is used to distinguish the device
tier from the layers on a tier, such as metal, polysilicon or active layers. Figure 1.1 shows several
different approaches to the vertical interconnects, including wire bonded, microbump, contactless,
and through silicon vias (TSVs) [1]. In wire bonded interconnects, wires connect each die at the
periphery of the die. Microbump interconnects use solder or gold bumps on the surface of dies to
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connect to bumps on adjacent die. Contactless interconnects use capacitive or inductive elements
aligned in adjacent dies instead of physical interconnects. TSVs are vertical interconnects within
the chip connecting two different tiers by tunneling through each tiers. Because TSVs are the
most promising interconnect technology due to the greatest vertical interconnect density [5], this
work uses TSV technology.

(a) Wire Bond

(b) Microbump

(d) Contactless Capacitive

(c) Contactless Inductive

(e) Through Silicon Via, Top-Down (f) Through Silicon Via, MultiApproach
Layered Buried Structure

Figure 1.1. Various 3D Integrated Technologies [1]

Most 3D ICs using TSVs can be classified as either a bottom-up manufacturing approach, or
a top-down approach [5]. In bottom-up manufacturing, such as Multilayer Buried Structures
(MLBS) (Figure 1.1(f)) [6, 7], the device layer process is repeated on a single die, building the tiers
sequentially up the wafer. After all the device tiers are created, the interconnects are created
through the device tiers. In a top-down approach, such as Figure 1.1(e), the device tiers are
created separately on different wafers using conventional fabrication. Then, the separate device
tiers are bonded together, holes are etched in between the tiers, which are then filled with TSVs.
The vertical interconnects in MLBS can potentially scale with feature sizes because of the use
of local wires for interconnects [6]. In the top-down approach, alignment while bonding the tiers
will limit the size of the interconnects [8]. However, the top-down approach requires less changes
in the manufacturing process because each tier is produced with conventional fabrication, making
it more popular in industry [9, 10]. Therefore, the manufacturing approach used in this work is
top-down fabrication with bonding and alignment.
3D ICs using TSVs can be built by stacking wafer-to-wafer or die-to-wafer (Figure 1.2) [11].

3
In wafer-to-wafer, whole wafers are processed and then stacked and bonded. In die-to-wafer, one
wafer is diced into individual die. The individual die can then be placed on an undiced wafer and
bonded. Die-to-wafer allows the use of known-good-die (KGD) when bonding the dies, leading
to higher yields. However, the cost of die-to-wafer production is higher because of the need to
align and bond individual dies. Because the circuits are similar for each method, the type of
stacking does not affect the results of this work.

(a) Wafer-to-Wafer

(b) Die-to-Wafer

Figure 1.2. Wafer-to-Wafer and Die-to-Wafer 3D IC Stacking Methods

The bonding between adjacent device tiers can be characterized by the orientation of each
tier. The vertical interconnect goes through either the face side (interconnect side) of the tier, or
the back side (active device side) of the tier. The different bonding orientations are Face-to-Back
(F2B), Face-to-Face (F2F) and Back-to-Back (B2B) [5], as shown in Figure 1.3. In Face-to-Back
(F2B), the vertical interconnect connects the face (interconnect) side of one device tier, and the
back (active) side of the other tier. In F2B using TSVs, the TSV tunnels through the substrate
layers of the back side to connect that tier, blocking placement area of transistors and devices. In
Face-to-Face (F2F), the vertical interconnect is between two face (interconnect) sides of the tiers.
In this case, TSVs would not have to tunnel through any active layers as both interconnect sides
are adjacent to each other. This allows placement of transistors, as well as shortening the TSV.
In Back-to-Back (B2B), both active sides of each tier are adjacent and the TSV tunnels through
both active sides, blocking the placement of transistors and devices in both tiers. Although, F2F
bonding eliminates placement blockages and shortens the length of TSVs, a F2B or B2B bonding
is needed after the F2F bonding if more than 2 tiers are used in the design. In this work, unless
otherwise specified, F2B bonding is assumed.
The distance between two adjacent tiers, which determines the length of the TSV, may range
from 1µm to 50µm, depending on the technology of the 3D IC and the orientation of the bonding
techniques [5, 12, 13, 14, 15]. The typical TSV diameter is in the range of 1µm to 10µm [16].
It is important to consider these dimensions in the research and design of 3D ICs.
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(a) Face to Back

(b) Face to Face

(c) Back to Back

Figure 1.3. Different 3D IC Bonding Orientations

1.3

Benefits of 3D ICs

There are several benefits of 3D ICs compared to 2D ICs. 3D ICs offer higher performance and
less power consumption due to the decrease in global interconnect length. Also, because of higher
interconnect densities from the TSVs, 3D ICs can achiever higher bandwidth than conventional
designs. In addition, by stacking multiple dies in the chip, the area of the chip is significantly
reduced. Lastly, 3D ICs support mixed-technology chips because different device tiers on a 3D
IC can be manufactured using different technologies.
3D ICs have emerged as a solution to the global interconnect problems caused by device
scaling. Though smaller feature sizes from scaling improve the performances of gates, global
interconnects do not scale with technologies. Therefore, global interconnects are a major bottleneck in terms of performance and power [17, 18, 19]. By stacking device tiers, 3D ICs can place
modules and gates closer together, decreasing the global interconnect distance [20, 21]. Figure
1.4 shows a conceptual example of a 3D IC shortening a global interconnect. Shorter interconnects result in smaller interconnect parasitics. In addition, the number of repeaters and buffers
needed is reduced. Consequently, the propagation time of the signal is reduced, increasing the
performance of the chip. Also, lower parasitics and a smaller number of buffers decrease the
power consumption necessary to drive the interconnects [22, 23, 24]. 3D ICs alleviate power and
performance problems in interconnect scaling, creating faster and more power-efficient chips.

Figure 1.4. A 3D IC with Shortened Global Interconnect and Smaller Area

In addition to decreasing global interconnects, 3D ICs can also increase the interconnect
density between modules. The increased interconnect density results in higher bandwidth and
data transfer rates, which can improve the processor-memory gap. Because the increase in the
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speed of processors have greatly exceeded the speed of memories, leading to higher memory
latencies. Techniques to reduce the memory latency include increasing memory clock speed and
pre-fetching. However, these techniques increase the memory bandwidth’s need by requesting the
same amount of memory in less time or requesting more memory [25]. The memory bandwidth of
traditional 2D chips are limited by relatively slow, off-chip buses, and the number of IO pads to
the processor. 3D ICs can vertically integrate a memory and processor core with TSVs [26, 27, 28].
The on-chip TSVs will allow for much higher frequency than the off-chip interconnects. Also,
the TSVs would allow a larger number of interconnects between the processor and the memory,
increasing the width of the bus. With a larger, higher frequency bus, the memory bandwidth
would greatly increase. The processor would have access to more data in less amount of time,
and thus the performance of the application would increase.
3D ICs not only improve the performance and power consumption of chips, but also decrease
the area of the chip. By stacking multiple device tiers and placing gates and modules on top of
each other, 3D ICs achieve higher packing densities [29, 30]. The same amount of area of the
chip contains more transistors because of the use of multiple dies. With higher packing densities,
more functionality can be placed in a given area. Therefore, the area of the chip is reduced, as
also seen in Figure 1.4. In addition, because 3D ICs use smaller dies, the yield of the individual
dies increase because of the smaller probability of a manufacturing error occurring on the die.
The total yield of the 3D IC depends on the yield of all dies for the chip, as well as the yield in
thinning and bonding the 3D IC.
Lastly, because 3D ICs use multiple dies, they permit the fabrication of mixed-technology
chips [28, 31]. Different tiers of the chip can be fabricated using processes optimized for different
technologies (e.g. digital, DRAM, analog, and RF). Figure 1.5 shows how different technologies
can be used on different tiers. As each module is produced in its corresponding technology,
its performance, power and area characteristics are optimized. The different tiers can then be
integrated with high bandwidth TSVs, tightly coupling the timing interconnects between the
modules in different technologies. The optimized modules and interconnects produce a highly
optimized system, outperforming traditional 2D mixed-technology architectures.

Figure 1.5. A Mixed Technology 3D IC

By improving the performance, power consumption, and area of today’s conventional chips
and allowing optimized mixed-technology chips, 3D ICs offer several benefits to chip design-
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ers. However, because 3D ICs are a new and innovative technology, they have not fully been
researched. There are still several challenges in the design of 3D ICs that still need to be studied.

1.4

Challenges of 3D ICs

Because of the differing properties and characteristics of 3D ICs from 2D ICs, there are several
challenges that must first be researched before 3D ICs are adopted. These challenges include
design space exploration, development of 3D EDA tools and mitigating thermal concerns due to
higher power density. Though there has been an increasing amount of research in these areas,
still more is needed in order to make the manufacture of 3D ICs commercially viable.
Since 3D ICs use multiple device tiers, the architecture of the chip can be placed in a 3D space.
New architectures, designs and layouts can be created that are impossible with conventional 2D
chips. Thus, these architectures and designs need to be explored to determine to fully optimize 3D
ICs. Several projects designed microprocessors in the 3D design space [9, 12, 13, 27, 28, 32, 33],
including designs with 3D memory to benefit from the higher bandwidth [26, 27, 28]. Also, the
components of the microprocessors can be redesigned into 3D components [13, 33, 34, 35, 36].
In addition, research in 3D FPGAs has recently been initiated [37, 38, 39, 40, 41]. 3D ICs also
enable new architectures due to the mixed technology abilities [28, 31]. Though several studies
explore the 3D design space, there are still more potential architectural areas in which 3D ICs
can take advantage. For example, the characteristics of a stacked memory and processor are not
fully defined, and more possible mixed technology uses for 3D ICs exist.
Several aspects of the design must be considered when designing in the 3D design space. This
includes the 3D clock synthesis and Power/Ground Network synthesis. There has been some
work in synthesizing and buffering 3D clock trees [42, 43]. There has also been research on 3D
P/G networks. For example, power supply noise issues can be alleviated by placing decoupling
capacitors [44, 45, 46]. Also, the density of TSVs in the power/ground network can be varied to
reduce the IR drop of P/G networks [47]. However, works on 3D P/G networks have not fully
explored the design space of P/G networks by adjusting the size and pitch of the P/G network
or constructing different topologies. In addition, though 3D ICs decreased the number of decaps
needed [46], the effect of 3D ICs on the P/G network have not fully been presented. P/G
network and clock tree synthesis, as well as other 3D design aspects, are not fully understood.
More research can determine the advantages of different power/ground network and clock tree
synthesis strategies in the 3D design space.
A major challenge in developing 3D ICs is the lack of 3D IC EDA tools and flows. There has
been recent research in creating new 3D EDA tools such as floorplanners, placers and routers
[48, 49, 50, 51, 52, 53]. Many tools consider thermal issues [54, 55, 56, 57, 58, 47, 59, 60, 61]. In
addition, 3D EDA tools have considered reliability [62, 63]. However, there is still no commercial
3D EDA tool available [64], and there are still weaknesses in current 3D EDA tools. For
example, many 3D EDA tools only explore the physical level of a design such as placement,
without considering architectural-level decisions. In addition, it is hard to interface different
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tools and methodologies that use different semantics and data representations into a coherent 3D
IC flow. Therefore, new 3D EDA tools and ways to effectively integrate these tools into a flow
need to be developed in order to help create a commercial 3D EDA flow.
Another major weakness in 3D EDA tools is the insufficient amount of research on testing
and verification, which is still in its infancy [65]. Tools and methodologies for 3D IC testing are
regarded as the “Number one challenge” for 3D EDA development,according to keynote speech in
the 2007 3D Architecture Conference by Ted Vucurevich (CTO of Cadence Design System) [66].
New testing techniques for 3D ICs are needed to ensure the 3D ICs work properly.
Another challenge in 3D ICs is heat dissipation. Because of 3D ICs’ higher packing density,
the power density of the chip greatly increases. This leads to higher chip operating temperatures,
which leads to decreased performance, increased leakage current and power, decreased reliability,
and increased cost [67, 68]. Therefore, 3D physical design tools recently developed have been
thermal driven, including floorplanning, placement and routing algorithms [47, 54, 55, 56, 57,
58, 59, 60, 61]. These methods often use thermal TSVs, (TSVs used for heat dissipation) [47,
55, 59, 60]. In addition, whitespace redistribution, where empty spaces are moved to hotter parts
of the design, can assist in heat dissipation [60]. Because heat dissipation is a major problem in
3D ICs, thermal aware techniques should be used when designing a 3D IC.
These are significant challenges in the continued advancement of 3D ICs. These shortcomings
prevent the effective exploration and utilization of the 3D IC design space. In order to develop 3D
ICs into a mature and viable technology, these problems need to be solved. This work explores
some of these problems to aid in the advancement of 3D ICs.

1.5

Contribution of this Thesis

In this thesis, several 3D EDA concerns are examined. First, 3D scan chain ordering methods for
3D ICs are created to support 3D testing. Next, an 3D IC OpenAccess model is created which
current and future 3D tools can use to ease integration into a flow. Lastly, a 3D floorplanning
and P/G Network Co-synthesis tool is developed and used to explore the properties and effects
of a 3D IC P/G network.
In Chapter 2, three methods for 3D scan chain ordering are developed and compared: VIA3D,
MAP3D and OPT3D. VIA3D constructs a scan chain on each tier. MAP3D maps the cells to a
2D space before constructing a scan chain. OPT3D constructs a true 3D scan chain considering
the 3D placement of scan cells. There has been little work on 3D IC testing, and previously
none on 3D scan chains before these methods were developed [69]. These scan chain methods
encourage more research on 3D EDA testing. Also, by utilizing the results from comparing the
methods, 3D EDA flows can construct a scan chain by using the appropriate method that satisfies
the chip’s design goals. The scan chains can then be used to test the functionality of the 3D IC.
Enabling the testing of 3D ICs is an important step in developing 3D ICs.
Another way to contribute to the maturation of 3D ICs is to assist in the integration of multiple
3D EDA tools by creating an 3D IC model in OpenAccess (OA) (http://openeda.si2.org) [70].
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Because of the differences in semantics and databases of different tools, it is difficult to exchange
data and integrate these tools into a flow. OA is a community effort among industries to provide
interoperability between tools to allow for a more tightly integrated flow. OA uses a central
design database and a standard Application Programming Interface (API) to allow the tools to
access the database [70, 71, 72]. However, OA does not have any representation for 3D ICs.
Therefore, any existing or new 3D EDA tool can not use OA. In Chapter 3, a 3D OA model is
created. 3D EDA tools can use this model to design 3D ICs. These 3D OA tools, as well as 2D
OA flows and tools, can be integrated into a cohesive flow. This new 3D OA flow can also be
adapted easily if other OA tools are inserted. A 3D OA flow would allow 3D ICs to be efficiently
designed, and the design space of 3D ICs could effectively be explored.
In Chapter 4, a 3D Floorplanner and P/G Network Co-synthesis tool is developed. The IR
drop in P/G networks are becoming a first order effect due to the scaling of wires which increase
their resistances. Therefore, P/G synthesis should be considered early in the design flow, such as
during floorplanning. In addition, the properties and synthesis of 3D P/G networks have not yet
fully been explored. The 3D Floorplanner and P/G Co-synthesis tool can investigate and analyze
the 3D P/G design space to determine an optimal P/G network given the floorplan. The tool
can also be used to compare different 3D P/G network topologies. In this work, two different 3D
P/G meshes are analyzed: a uniform mesh with the same mesh for each tier and a non-uniform
mesh with different sized meshes for each tier. The resulting properties and design metrics of
the 3D P/G meshes can be studied to determine the 3D IC effects on 3D P/G networks. The
3D Floorplan and P/G Co-synthesis tool considers the IR drop of the floorplan, explores the
3D P/G design space and evaluates the effect of 3D ICs on the P/G network. The co-synthesis
tool can help to design more efficient P/G networks with smaller IR drops, leading to improved
performance in 3D ICs. The co-synthesis tool also allows designers to fully understand the
tradeoffs of the P/G network in 3D ICs.
This work addresses important challenges in developing 3D ICs. It advances the testing
capabilities of 3D EDA tools, provides a means to integrate 3D EDA tools into a cohesive flow,
and explores 3D P/G network synthesis. By investigating these areas, this thesis will contribute
to the maturation of 3D ICs into a viable technology.

Chapter

2

3D IC Scan Chains
2.1

Introduction

This chapter presents 3D IC scan chain ordering methods that will permit 3D IC testing. Scan
chains improve the testability of an integrated circuit. Even though scan chains for 2D circuits
have been studied, there are no prior work on 3D scan chains. In order to facilitate testing in
3D ICs, scan chains need to be inserted into the design. Therefore, it is necessary to develop
methods for constructing 3D scan chains and study the impact of 3D ICs on scan chains.
A scan chain (Figure 2.1) drives the circuit with a specific input test vector while minimizing
the impact on other chip design goals. After logic synthesis, flip-flops in the circuit are replaced
with scan flip-flops. Scan flip-flops are flip-flops with two input sources: the original input from
the combinational circuit (D1), and an output from another scan flip-flop (D2). The scan flipflops are ordered and connected sequentially to form a scan chain. The scan chain has two
modes of operation: normal mode and test mode. In normal mode, the original input from the
combinational circuit (D1) is valid, and the circuit behaves as originally designed. In test mode,
the input to each scan flip-flop comes from the previous scan flip-flop (D2). Specific test vectors
can be shifted through the scan chain until each flip-flop is set to a specific value. Then, these
test vectors can drive the combinational circuit, and the output can be shifted out from the
flip-flops. The output can be compared to the expected values resulting from the input vectors.
If the output matches the expected values, then the chip is functioning correctly; if the output
does not match the expected values, the chip is faulty and should not be used.
In any Design For Testing (DFT) technique, the impact on other design metrics such as
performance, power consumption and cost should be minimized. Therefore, it is important to
consider the effects of scan chains on the circuit. Scan chains introduce an area overhead due
to the larger scan flip-flops, as well as the stitching area of the wires needed to connect the flipflops into a chain. In addition, long stitching wires increase routing complexity and introduce
more routing blockages. Long stitching wires may decrease the testing performance due to the
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Figure 2.1. A Conceptual Example of a Scan Chain

propagation delays of signals and may increase the power consumption due to the higher RC
parasitics of the wires. Therefore, scan chain ordering techniques are used to minimize the
wirelength of scan chain in an effort to reduce the area, performance and power overheads of
scan chains [73, 74, 75]. There have also been ordering methods to reduce power consumption
under wirelength constraints [76] and to improve fault coverage [77]. This work considers the
wirelength of the scan chains as the main design metric of the scan chain ordering method.
Minimizing the wirelength of scan chains is similar to the Travelling Salesman Problem (TSP),
which is an NP-hard problem. In the TSP there are several cities in various locations, and the
salesman must visit each city only once, while minimizing the total distance travelled. In the
scan chain problem, the cities are replaced by the scan chain flip-flops, and the distance travelled
is the wirelength of the scan chain. Maker et al. [73] and Hirech et al. [74] base their ordering
methods on the cell-to-cell Manhattan distance of the scan cells, which is a symmetric TSP
problem. However, Gupta et al. [75] use the output pin to input pin Manhattan distance for the
distance between two scan cells, cell A and cell B. This becomes an asymmetric TSP problem
because the distance from Ain to Bout will not equal the distance from Bin to Aout . To simplify
the problem, this work considers the scan chain ordering problem as a symmetric TSP problem.
Though there have been several works considering the 2D scan chain ordering problem, there
was no previous work on 3D scan chains until the ordering methods described in this chapter
[69]. The placement of scan flip-flops in the 3D design space must be considered when ordering
3D scan chains. Thus, to facilitate solving the 3D scan chain ordering problem, three different
scan chain ordering methods are described: VIA3D, OPT3D and MAP3D. VIA3D constructs a
scan chain on each tier. MAP3D maps the cells to a 2D space before constructing a scan chain.
OPT3D constructs a true 3D scan chain considering the 3D placement of scan cells. These scan
chain methods do not depend on any specific algorithm or implementation, and can be used
with any algorithm. The scan chain wirelength results of these methods are compared, and the
advantages and disadvantages of each method is discussed. These methods allow 3D EDA tools
to construct scan chains on 3D ICs, improving the testability of 3D ICs.
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In this chapter, Section 2.2 formulates the 3D scan chain ordering problem. Then, Section
2.3 describes the design methodology and 3D scan chain methods, while Section 2.4 uses a
genetic algorithm based approach to implement the methods. Section 2.5 presents the scan chain
wirelength results of the different methods and evaluates the advantages and disadvantages of
each result. Finally the conclusion of 3D scan chains is provided in Section 2.6.

2.2

3D Scan Chain Ordering Problem Formulation

The 3D scan chain ordering problem to minimize the wirelength of the scan chain can be defined as
follows: Given the location of each scan flip-flop cell in a 3D circuit, find a scan chain connecting
all the scan flip-flop cells with the minimized stitch wire length.
Input
• A set of n scan flip flop cells: S = {s1 , s2 , ..., sn }. Each scan cell si , 1 ≤ i ≤ n, has a
location (xi , yi , ti ), where xi and yi are the x and y coordinates respectively, and ti is the
tier number.
• The number of tiers in the circuit, T
• The distance between two adjacent tiers, dT SV
Output
• A scan chain order: Ŝ =< sˆ1 , sˆ2 , ..., sˆn >, which is a permutation of the given scan cell
flip-flops.
Objective The objective of the scan chain ordering problem is to minimize the scan chain
wirelength (W ). This can be calculated by the sum of the distance between consecutive scan
cells in the scan chain order:
W (Ŝ) =

2.3

X

ˆ | ∗ dT SV
|x̂i − xi+1
ˆ | + |yˆi − yi+1
ˆ | + |tˆi − ti+1



for 1 ≤ i ≤ n − 1

(2.1)

3D Scan Chain Methodologies

A design methodology for 3D scan chains is developed in order to facilitate the building of
3D scan chains. First, a 2D scan chain design flow is adapted to accommodate 3D scan chain
construction. Then, the three different 3D scan chain ordering methods are presented. Using the
3D scan chain design flow and a choice of one of the ordering methods, a 3D scan chain can be
built.

2.3.1

Design Flow for Scan Chains Construction

The first issue to consider in designing 3D scan chains is the effect of scan chain construction in
the design flow. A typical 2D scan chain design flow is shown in Figure 2.2(a). A scan chain
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insertion tool is used after logic synthesis tool to replace regular flip-flops with scan flip-flops.
At this stage, the scan chain is unstitched. Then, 2D placement is performed on the gates in the
netlist. Because the placement gives a realistic value for the distance between the scan cells, the
scan chain can be ordered. Finally, the design may be routed. Commercial tools such as Cadence
Design Compiler and Cadence First Encounter can be used to implement the design flow.
Logic Synthesis

Synopsys Design Compiler

Scan insertion

Cadence First Encounter

Logic Synthesis

Synopsys Design Compiler

Scan insertion

Cadence First Encounter

2D Placement

Cadence First Encounter

2D placement

Cadence First Encounter

3D Placement

MIT PR3D

2D Scan ordering

2D Ordering Procedure

3D Scan ordering

3D Ordering Procedure

2D Routing

Cadence First Encounter

3D Routing

MIT PR3D

(a) 2D Scan Chain Design Flow

(b) 3D Scan Chain Design Flow

Figure 2.2. Scan Chain Design Flows

The main difference between 2D IC scan chains and 3D IC scan chains is that the scan cells
are placed in a 3D design space, rather than a 2D plane. Therefore, the design flow and the
ordering methods need to consider the vertical placement of the scan cells. In order to adapt
the design flow for 3D ICs (Figure 2.2(b)), the placement stages are changed into 3D placement
methods. In addition, the scan chain ordering methods need to be 3D ordering methods. Though
these are minimal changes to the design flow, adapting the placement and ordering methods for
3D ICs may be challenging.
In the flow used for this work, a 3D placement and routing tool named PR3D [64] is used.
Using the netlist obtained from Cadence First Encounter, PR3D partitions the gates into different
device tiers, which can be defined in the PR3D command line, and generates a DEF file for each
tier. The locations for the scan cells are in the DEF files, which the 3D ordering method extracts
to determine the distance between scan cells when ordering the scan chain. With a 3D design
flow created, the 3D ordering methods are needed to complete the flow.

2.3.2

3D Scan Chain Ordering Methods

In contrast to 2D scan chain methods, the 3D scan chain ordering methods must consider the
3D placement scan cells when ordering the cells into a scan chain. There are several possible
methods to order and connect 3D scan chains. Three different methods are presented: VIA3D,
MAP3D and OPT3D. The three methods do not depend on any specific ordering algorithm or
implementation. Also, the advantages and disadvantages of each method are discussed. Figure
2.3 shows a simple example of a 3D IC that is used to illustrate the differences in the ordering
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methods. The example has two tiers, each of which has 3 scan cells.

Figure 2.3. An Example 3D IC Design with Scan Cells

2.3.2.1

Approach 1: VIA3D

In the VIA3D ordering method, which is named because it minimizes the number of TSVs, a 2D
ordering method is performed on each tier separately. This results in T 2D scan chains, where
T is the number of device tiers in a 3D IC. The scan chains on each tier are connected together
into a 3D scan chain by using a TSV to connect scan chains on adjacent tier. A total of T − 1
TSVs are needed to form the scan chain.
VIA3D can be described by dividing the set of scan cells into T mutually exclusive sets for
each tier: S = S1 ∩ S2 ∩ ...ST where Sj is the set of scan cells on tier j for 1 ≤ j ≤ T . The
2D ordering algorithm orders each Sj , resulting in an order Sˆj for tier j. The scan chain for the
entire chip is created by connecting each tier’s scan chain: Ŝ = Sˆ1 + Sˆ2 + ...SˆT .
An example of the VIA3D method is shown in Figure 2.4. Nodes 1, 2 and 3 in Tier 1 are
ordered to form one scan chain, while Nodes 4, 5 and 6 in Tier 2 are ordered separately to form
another scan chain. A TSV is then used to connect these separate 2D scan chains into one 3D
scan chain.

Figure 2.4. VIA3D Scan Chain Ordering Method

• Advantages:
– Because VIA3D orders each tier independently, a 2D ordering algorithm can be used
without changes. The only adaption would be connecting each tier’s ordered scan
chain into one 3D scan chain. This allows a 3D scan chain to be constructed with
minimal design effort.
– In addition, by only using one TSV in between each tier, the number of TSVs are
minimized (T − 1 TSVs for T tiers). This may be advantageous if the cost of TSV
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is high due to manufacturing complexity or because the TSV blocks the placement of
gates.
• Disadvantages:
– VIA3D is a locally optimized approach because the scan chain wirelength is only
optimized for each tier, but not the entire design. Since this method only considers
scan cells on the same tier, it does not consider two scan cells that may be close
together but on different device tiers. Therefore, VIA3D may result in the shortest
scan chain length for each tier, but the total scan chain length will not be optimized.
2.3.2.2

Approach 2: MAP3D

In the MAP3D ordering method, all scan cells in the 3D ICs are mapped onto a 2D plane. This
is done by ignoring the tier in the ordering method: if the cell is located at (xi , yi , ti ), then
MAP3D maps the cell to (xi , yi ). By mapping the cells to a 2D plane, the ordering problem is
transformed into a 2D ordering problem, which a 2D ordering algorithm solves. The resulting
order is applied to the corresponding scan cells in the 3D IC to construct a 3D scan chain.
Figure 2.5 illustrates an example of MAP3D ordering method. After mapping all 6 nodes
onto a single 2D plane, a 2D ordering algorithm orders the scan chain 4-1-5-2-6-3. This order is
applied to the original circuit, and TSVs are added to the circuit if adjacent scan flip-flops are
in different tiers.

Figure 2.5. MAP3D Scan Chain Ordering Method

• Advantages:
– Because of the mapping to a 2D plane, a 2D ordering algorithm can be applied with
the MAP3D method. Similar to VIA3D, this allows a 3D scan chain to be constructed
with a minimal amount of design effort. The only addition to a 2D ordering algorithm
would be mapping the 3D locations to 2D locations by disregarding the tier position.
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– In addition, MAP3D can be considered a global optimal method because all the scan
flip-flops in the design are considered when constructing the scan chain. Because it is
globally optimized on a 2D plane, the amount of horizontal wirelength is minimized.
By decreasing the horizontal wirelength of the scan chain, the 2D routing congestion
is reduced.
• Disadvantages:
– Although MAP3D is a globally optimal method considering all the scan flip-flops in
the design, it does not consider the vertical distance in between two scan flip-flops.
Therefore, two adjacent scan flip-flops may be several tiers apart. This results in
several TSVs being used to connect the scan chain. As the number of TSVs increase,
the placement and routing congestion increase. In addition, a large number of TSVs
contribute to the over scan chain wirelength, and the scan chain wirelength may not
be optimized.
2.3.2.3

Approach 3: OPT3D

The OPT3D ordering method tries to find the minimal 3D scan chain wirelength. It considers
the 3D placement of the scan chain by including the horizontal and vertical distance between
two scan flip-flops when ordering the scan chain. Because OPT3D considers the number of tiers
between scan flip-flops, a 2D ordering algorithm cannot be applied directly. The data structures
that contain the information of the scan flip-flop and any operations that work on those structures
may need to be modified. For example, the data elements storing the coordinates need to add
the device tier, and the calculation of the distance between scan flip-flops now includes an extra
term (the number of tiers between the scan flip-flops). By enhancing the algorithm to include the
3D distance between scan flip-flops, OPT3D considers the effect of TSVs on the wirelength the
scan chain. Thus, the 3D method calculates the true wirelength of the scan chain and optimizes
the 3D scan chain wirelength.
In the optimization process of the OPT3D method, constraints can be placed on certain
aspects of the design. For example, the number of TSVs can be limited to reduce the blockage
area of placing the chip’s gates. Constraining different design metrics of the scan chain allow the
user to control optimization process and include important metrics other than wirelength. This
can help reduce the cost, area, power and fault coverage of the wirelength, improving the quality
of the scan chain.
Figure 2.6 illustrates the OPT3D approach. Because OPT3D considers the vertical distance
between the 6 scan flip-flops, it can be applied directly to the 3D IC. The scan flip-flops can then
be stitched together.
• Advantages:
– OPT3D is a global optimization method because it considers all the scan chain flipflops in the optimization process. In addition, it is a true 3D ordering method because
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Figure 2.6. OPT3D Scan Chain Ordering Method

it considers the whole design space of the scan chain. By including the 3D distance
between scan flip-flops, it considers the effect of the TSVs on the wirelength. Thus, it
optimizes the total wirelength of the scan chain.
– In addition, users can control the optimization process by placing constraints on certain design metrics of the scan chain. This leads to improvements in the other design
metrics.
• Disadvantages:
– In order to consider the 3D design space of the scan chain, a 2D ordering algorithm
needs to be modified. Data structures and operations on the data structures need
to be adapted to include the 3D-coordinates and the 3D distance between scan cells.
Modifying a 2D ordering algorithm requires extra time and effort.
These three methods provide ways to construct 3D scan chains. These are generic methods
and can be applied to any specific scan chain ordering algorithm. Each method has its own
advantages and disadvantages. VIA3D and MAP3D need little changes to the 2D ordering
method, while a 2D method needs to be modified for the OPT3D. Also, VIA3D minimizes
the number of TSVs in the scan chain. However, OPT3D will optimize the total scan chain
wirelength. Because these differences in the 3D ordering methods will determine which ordering
method is chosen in the design flow, they need to be fully analyzed.

2.4

3D Scan Chain Ordering Implementation

The three 3D ordering methods need to be implemented and tested to fully compare their advantages and disadvantages. The results of the tests can show the effect of these methods on
the scan chain wirelength and the number of TSVs in the design. This will allow designers to
evaluate and weigh the advantages and disadvantages in choosing a 3D ordering method.
The 3D ordering methods are generic and not dependent on any algorithm. Therefore, they
can be implemented using any ordering algorithm. In VIA3D and MAP3D, a 2D ordering
algorithm can be used without modification. However, in OPT3D, the ordering algorithm must
be modified to accommodate the 3D distance between scan flip-flops. Designers can use whichever
algorithm and 3D ordering method best fits the design’s needs.
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To demonstrate and evaluate the different methods the three 3D ordering methods are implemented using a scan chain algorithm based on a Genetic Algorithms (GA). As mentioned before,
the problem of ordering a scan chain to minimize the wirelength is similar to the Travelling
Salesman Problem (TSP). A GA implementation for the scan chain ordering procedure has been
chosen because GAs have been used to solve the TSP.
The input to the implemented scan chain ordering procedure is T DEF files, where T is the
number of tiers. The procedure then extracts the locations of the scan cell flip-flops and applies
one of the scan chain ordering methods using the GA algorithm. After the scan chain is ordered,
the scan chain wirelength and the number of TSVs in the scan chain is outputted.
This section presents the GA-based ordering algorithm. First, a framework for a GA-based
scan chain ordering algorithm is described. The framework is the general characteristics that
apply to a scan chain ordering algorithm. The framework is then applied to the three 3D ordering
methods (VIA3D, MAP3D, OPT3D).

2.4.1

Genetic Algorithm Based Scan Chain Ordering framework

A Genetic Algorithm [78] is a search and optimization method that mimics the evolutionary
principles in natural selection. Figure 2.7 shows a genetic algorithm flow example. The solution
is usually encoded into a string called a chromosome (in Figure 2.7, the chromosome is encoded
as binary string). Instead of working with a single solution, the search begins with a random
set of chromosomes called the initial population. Each chromosome is assigned a fitness score
that is directly related to the objective function of the optimization problem. The population
of chromosomes is modified to a new generation by applying three operators similar to natural
selection operators: reproduction, crossover, and mutation. Reproduction selects strong chromosomes based on the fitness function and duplicates them. Crossover picks two chromosomes
randomly and some portions of the chromosomes are exchanged with a probability Pc . Finally,
each chromosome has a probability of Pm of mutating. If the chromosome is selected for mutation, it is changed slightly to form a new chromosome. For instance, the mutation may be
changing a ”1” to a ”0”.
A genetic algorithm successively applies these three operators in each generation until a termination criterion is met. It can very effectively search a large solution space while ignoring regions
of the space that are not useful. In general, a genetic algorithm has the following steps: generation of initial population, fitness function evaluation, selection of chromosomes, reproduction,
crossover, and mutation operations.
In the GA-based scan chain ordering framework, each flip-flop cell in the circuit is given a
unique identification number. A possible solution, which is called the chromosome, is a scan
chain path represented by an ordered list of numbers corresponding to the nodes, such that every
node is visited exactly once.
The fitness function, which decides the surviving chance of a chromosome (a scan chain
path), is the wirelength of this path. In the fitness evaluation stage, all the paths’ fitnesses are
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Figure 2.7. Genetic Algorithm Flow

calculated. The path with the lowest score is the path with the least wire length and thus the
best scan chain.
In reproduction, there is a tournament selection where the paths with a better fitness score
beat paths with inferior scores. The winners of the tournament are selected to be in the next
generation’s population. In the crossover stage, a segment of one path is chosen and inserted in
the same position into another path. However, since the second path still contains its original
nodes, it contains the nodes from the segment twice (once from the original path and once from
the insertion of the segment). The original position of the nodes that form the segment are
deleted from the second path.
Instead of the classical approach to GA mutation, where every chromosome in the resulting
population has a very small chance of mutating, in our algorithm, the resulting population from
reproduction and crossover is copied and mutation operates on this copied population. Each
copied path has a probability of mutating equal to the mutation rate. The next generation’s
population consists of the winners of the tournament, the children of the crossover, and the
result of mutation on their copies. The mutation operator in our algorithm swaps two cities in
the path with a 25% chance and reverses a segment between two cities in the path with a 75%
chance.
The fitness evaluation, reproduction, crossover, and mutation give a new population for the
next generation. These steps are repeated until a set number of iterations or the termination
criteria is met. The termination criteria is based on the stability of the best fitness score. If
the fitness score has not improved by more than .01% over the last 1000 generations, then the
algorithm is terminated.
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2.4.2

GA-based 3D Ordering Methods

The GA-based scan chain ordering framework is applied to the three 3D ordering methods from
the previous section. For each method, there are considerations when implementing the GAbased ordering algorithm. These issues in the implementation for each ordering method are
described below.
2.4.2.1

GA-based VIA3D

The GA-based VIA3D implementation uses a 2D version of the GA-based scan chain ordering
framework for each tier of the 3D chip. In the 2D GA scan chain algorithm, the data structure
for a scan cell, si , contains the double (xi , yi ) to store the 2D placement of a node. The GA-based
VIA3D creates an instance of this 2D version for each device tier. The GA-based VIA3D extracts
the locations of the tier’s scan cells from the DEF file and uses the 2D locations in the tier’s 2D
instance of the GA-ordering algorithm. The fitness score in the VIA3D GA algorithm, is the
tier’s scan chain’s wirelength. For tier j this fitness score can be calculated as:
W (Sˆj ) =

X

(|x̂i − xi+1
ˆ | + |yˆi − yi+1
ˆ |) for 1 ≤ i ≤ nj

where nj is the number of scan cells in tier j.
Each instance runs separately, minimizing the tier’s scan chain length. Once each tier’s scan
chain is ordered, the GA-based VIA3D connects them together, and reports the order of the 3D
scan chain. It also reports the 3D scan chain wirelength according to Equation 2.1, as well as
the number of TSVs (T − 1 for T tiers).
2.4.2.2

GA-based MAP3D

The GA-based MAP3D implementation also uses a 2D version of the GA-based scan chain
ordering algorithm. However, it uses only one instance of the GA algorithm. The GA-based
MAP3D extracts the locations of all the scan flip-flops from all the tier’s DEF files. It creates an
instance of the 2D GA algorithm, and inputs the 2D locations of all the scan flip-flops. The 2D
GA-ordering algorithm is then applied using the 2D wirelength of the scan chain (S) as a fitness
score:
W2D (Ŝ) =

X

(|x̂i − xi+1
ˆ | + |yˆi − yi+1
ˆ |) for 1 ≤ i ≤ n

A scan chain order with the minimal 2D wirelength is reported. The 3D wirelength of the
scan chain is calculated with Equation 2.1. The 3D wirelength and the number of TSVs are
reported for the scan chain.
2.4.2.3

GA-based OPT3D

The GA-based OPT3D extends the 2D version of the GA-based scan chain ordering into a 3D
version. In the 3D version, the node data structure now contains a triple for the location of the
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cell (xi , yi , ti ). Thus, Equation 2.1 can now be directly used for the fitness score.
After extracting the locations of the cells from the DEF files, GA-based OPT3D creates an
instance of the 3D GA ordering algorithm and inputs the locations, including the tier information.
The 3D GA algorithm is then run and reports the resulting scan chain order. It also reports
total scan chain wirelength and the total number of TSVs.
In addition, a TSV limit can be set in the GA-based OPT3D ordering method. When the limit
is set, the number of TSVs in each GA chromosome (solution) is counted during the calculation
of its fitness score. If the number of TSVs in the chromosome (solution) is larger than the TSV
limit, the fitness score is set to a very larger number to prevent this chromosome from being the
final solution.
These implementations demonstrate how the three ordering algorithms can be used. They
also permit experiments to be run on sample circuits. The next section describes the experiments
and results of the experiments, which compare the three ordering algorithms.

2.5

Experimental Results

Experiments on a set of ISCAS89 benchmark circuits were conducted on the three GA-based
implementations. The benchmark circuits contained a range of 74 scan flip-flops to 1728 scan
flip-flops. Using MIT’s Lincoln Labs 180nm 3D library, each circuit was synthesized and placed
onto 1,2,3 and 4 tiers using the MIT to show the effect of 3D ICs on scan chains. The distance
between the tiers was set to 10µm (dT SV = 10µm). Each method ordered the placed scan flipflops on all 4 instances. In addition, experiments where the number of TSVs for the OPT3D
approach are limited to below a certain number were conducted. All the experiments were
performed on a dual Intel Xeon processor (3.2GHz, 2GB RAM) Linux Machine.
The scan chain and wirelength and TSV number results for the three ordering methods are
presented in Table 2.1. The specific ISCAS circuit, with the number of scan cells in parentheses,
is in the first column. The wirelength of the 2D IC scan chain is in the second column. The
third column is the number of tiers in the 3D circuits, ranging from 2 to 4 tiers. The next
columns describe the wirelength and TSV number for each method for the 3D circuits. The last
three columns provide the wirelength reduction for VIA3D, MAP3D and OPT3D for each 3D
circuit.Table 2.2 shows the wirelength and TSV number results when the number of TSVs are
limited in the OPT3D method. The first column again shows the ISCAS circuit and number
of scan flip-flops. The second column shows the number of tiers in the 3D circuits. The next
two columns show the wirelength and TSV number with the TSV limits, while the next two
columns show the wirelength and TSV number without TSV limits. The last two columns show
the wirelength reduction in comparison to the 2D circuit. For the three smallest circuits, the
TSV limit is set to 20, while the TSV limit is 100 for the three largest circuits.
The wirelength reduction was averaged across all the benchmarks for each method according
to the number of tiers in the circuit. Table 2.3 shows the average wirelength reduction. These
results can effectively compare the performance of the different ordering methods. The results
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Table 2.1. 2D, VIA3D, MAP3D, and OPT3D Scan Chain Ordering Results
Circuits
2D
Tier
VIA3D
VIA3D
MAP3D MAP3D OPT3D
OPT3D VIA3D MAP3DOPT3D
(Scan Cell No.) Wirelength Number Wirelength TSV Wirelength TSV Wirelength
TSV over 2D over 2D over 2D
(µm)
(µm)
Number
(µm)
Number
(µm)
Number
s1423
2319
2
1776
1
1510
34
1545
22
23.4% 34.9% 33.3%
(74)
3
1523
2
1361
56
1122
22
34.3% 41.3% 51.6%
4
1429
3
1296
74
1009
30
38.3% 44.1% 56.4%
s5378
5004
2
4156
1
3477
100
3163
48
16.9% 30.5% 36.8%
(179)
3
3263
2
3173
148
2572
50
34.8% 36.6% 48.6%
4
3107
3
3411
220
2549
56
37.9% 31.8% 49.1%
s9234
6241
2
4684
1
4253
106
3868
48
24.9% 31.8% 38.0%
(211)
3
3578
2
3571
160
3067
56
42.7% 42.8% 50.8%
4
3576
3
3897
252
2771
70
42.7% 37.5% 55.6%
s15850
14913
2
10832
1
10562
236
9424
128
27.3% 29.1% 36.8%
(534)
3
8864
2
9133
432
7944
146
40.5% 38.8% 46.7%
4
7852
3
9456
600
7025
176
47.3% 36.6% 52.9%
s13207
16500
2
11907
1
11742
364
11188
144
27.8% 28.8% 32.2%
(638)
3
9946
2
11704
616
9284
180
39.7% 29.0% 43.7%
4
8667
3
11613
794
8014
194
47.4% 29.6% 51.4%
s35932
61969
2
40913
1
38674
926
36846
462
33.9% 37.5% 40.5%
(1728)
3
31834
2
33747
1436
30880
590
48.6% 45.5% 50.1%
4
26327
3
35295
2074
28057
660
57.5% 43.0% 54.7%

Table 2.2. OPT3D Wirelength Results with TSV Limit
Circuits
s1423
(74)

2D
Wirelength
(µm)
2319

s5378
(179)

5004

s9234
(211)

6241

s15850
(534)

14913

s13207
(638)

16500

s35932
(1728)

61969

Tier
Number
2
3
4
2
3
4
2
3
4
2
3
4
2
3
4
2
3
4

Wirelength
with limit
(µm)
1559
1125
1037
3545
2921
2735
4312
3285
2976
9733
7982
7463
11405
9905
8031
43524
33490
32488

TSV Number
with limit
18
18
20
20
20
20
20
20
20
100
100
100
100
100
100
100
100
100

Wirelength
w/o limit
(µm)
1545
1122
1009
3163
2572
2549
3868
3067
2771
9424
7944
7025
11188
9284
8014
36846
30880
28057

TSV Number
w/o limit

With Limit
vs 2D

W/O Limit
vs 2D

22
22
30
48
50
56
48
56
70
128
146
176
144
180
194
462
590
660

32.7%
51.5%
55.3%
29.2%
41.6%
45.3%
30.9%
47.4%
52.3%
34.73%
46.5%
50.0%
30.9%
40.0%
51.3%
29.8%
45.9%
47.6%

33.3%
51.6%
56.4%
36.8%
48.6%
49.1%
38.0%
50.8%
55.6%
36.8%
46.7%
52.9%
32.2%
43.7%
51.4%
40.5%
50.1%
54.7%

Table 2.3. Average Improvement of 3D Scan Chain Wirelength vs 2D Scan Chain Wirelength
Tier

VIA3D

MAP3D

2
3
4

25.7%
40.1%
45.2%

32.1%
39.0%
37.1%

OPT3D
w/o TSV Limit
36.3%
48.6%
53.4%

OPT3D
with TSV Limit
31.4%
45.5%
50.3%

show that OPT3D can achieve the best wirelength reduction, with an average reduction of 36.3%
for 2 tiers, 48.6% for 3 tiers and 53.4% for 4 tiers. This is expected since OPT3D considers the
3D placment of the scan cells and is a true 3D ordering method, leading to an optimized 3D scan
chain.
MAP3D has better improvement than VIA3D for 2 tiers. However, they have similar reductions for 3 tiers, and VIA3D has better wirelength reductions than MAP3D for 4 tiers. This
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occurs because of the effect of TSVs on the MAP3D method’s scan chain length. As the number
of tiers increase, the number of TSVs increase. Since MAP3D disregards the vertical distance in
ordering the scan chain, a large number of TSVs are used in the scan chain, which adds to the
scan chain length.
The effect of TSVs on MAP3D also causes the scan chain length of MAP3D to actually
increase when the number of tiers increase. For VIA3D and OPT3D however, as the number
of tiers increase, the length of the scan chains decrease. Because of the smaller area of the
circuit and the vertical design space, the scan cells are placed closer together. This allows for the
reduction in scan chain length.
The number of TSVs for each 3D circuit and each ordering method can also be compared. As
expected, VIA3D has the minimal possible number of TSVs in the scan chain. MAP3D has the
largest number of TSVs of all three methods, which contribute to its scan chain length. OPT3D
has a considerably less amount of TSVs than MAP3D since the vertical distance is considered
when ordering the scan chain.
When the TSV limit is set in OPT3D, the resulting TSV number is equal to or lower than the
TSV limit. The TSV number is equal or near the limit because OPT3D is still trying to optimize
the wirelength. By limiting the TSV number, the wire routing and gate placement congestion
can be controlled.
With the TSV limit in OPT3D, the wirelength is greater than OPT3D without the TSV limit.
The limit inhibits OPT3D from connecting all scan cells that are close but not in the same tier.
Thus, the optimal scan chain length can not be found. However, the wirelength with the TSV
limit is still a considerable reduction compared to the 2D scan chain length. This shows that
OPT3D can still provide improvements in the scan chain wirelength while being constrained to
improve other design metrics according to different design requirements.
These experimental results show the advantages and disadvantages between the different
ordering methods. These differences can be weighed and an appropriate 3D scan chain ordering
method can be selected according the needs of the design. By using a 3D scan chain, the 3D IC
can easily be tested for correct functionality.

2.6

Conclusion

Three methods (VIA3D, MAP3D, OPT3D) were introduced to facilitate the scan chain design
for 3D ICs. VIA3D uses a scan chain ordering algorithm on each tier separately, while MAP3D
maps the 3D locations of the scan cells to a 2D plane to perform 2D ordering. OPT3D considers
the 3D placement in the optimizing the scan chain length. Before these methods were introduced,
there was no work on constructing 3D Scan Chains. Now, these three ordering methods can be
used in the construction 3D scan chains in a 3D IC.
These methods were implemented using a GA based scan chain ordering algorithm to demonstrate their viability. Experiments were conducted using the implementations to compare the
results of the various methods. The results from the experiments show the advantages and disad-
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vantages of each method. VIA3D and MAP3D require little changes to a 2D ordering algorithm,
while a 2D ordering algorithm needs to be adapted for the OPT3D method. VIA3D uses the minimal amount of TSVs and OPT3D uses considerably less TSVs than MAP3D. Also, OPT3D had
the best reduction in scan chain wirelength compared to 2D ICs. MAP3D had better reduction
than VIA3D in circuits with 2 tiers. However, the wirelength reduction for MAP3D worsened as
the number of tiers increased due to the large number of TSVs, while the wirelength for OPT3D
and VIA3D continued to decrease when the number of tiers increased. The wirelength reduction
can decrease the routing blockages, as well as decrease the power consumption of the scan chain.
In addition, the number of TSVs were limited during OPT3D and compared to OPT3D
without TSV limits. The TSV limit effectively decreased the TSV to the limit. Also, it increased
the wirelength compared to OPT3D without limits, but it still offered a considerable improvement
over 2D scan chain length.
During the 3D IC design flow, one of the methods can be chosen according to design requirements and the differences in the ordering methods. For example, if the design effort and cost of
adapting an 2D ordering algorithm into a 3D algorithm is too high, VIA3D and MAP3D may be
chosen. It would be beneficial to use MAP3D on a 3D IC with only 2 tiers, but more beneficial
to use VIA3D with higher tiers due to the TSV effect on the scan chain length with the MAP3D
method. Also, if the cost of TSVs are high due to manufacturing and routing and placement
congestion, then VIA3D provides the least possible TSVs. However, if the 3D adaptions to the
2D ordering algorithm are possible, OPT3D will provide the minimal scan chain wirelength. This
will minimize the scan chain’s impact on the 3D IC design, decreasing routing congestion and
power consumption. In addition, OPT3D allows the user to control the optimization process
by placing constraints on the scan chain, This facilitates the scan chain meeting different design
requirements.
Testing is a major obstacle in the development of 3D ICs as there is little work on 3D testing.
These 3D scan chain ordering methods assist in the construction of 3D IC scan chains. Building
3D scan chains improves the testability of the 3D ICs, thus helping to fill the void of testing in
3D ICs.

Chapter

3

OpenAccess (OA) Model for 3D ICs
’

3.1

Introduction

The inability to construct a design flow due to the lack of available EDA tools is a major obstacle
to the maturation of 3D ICs into a viable technology. Without these tools, a designer cannot
design the layout of the chip, nor effectively explore the 3D design space. There have been several
attempts to create physical design tools for 3D ICs [48, 49, 50, 51, 52, 53], including various
floorplanning, placement and routing tools using thermal drive methods [54, 55, 56, 57, 58, 47, 59]
and reliability design metrics [62, 63]. However, there are two problems with current 3D EDA
tools:
• It is unrealistic to develop 3D EDA tools from scratch. Ideally, design companies want to
modify their existing 2D commercial design flow. There should be minimal changes on tool
interfacing and methodologies in order to easily integrate the new 3D tools
• Different companies use different design tool flows. The differences and incompatibilities of
data formats used by various tools impede the integration of a 3D design flow. Often, several
translators are needed for the tools to exchange data. Furthermore, one 3D methodology
modified for one design may not be compatible with other flows.
Without tool interoperability, 3D tools are unable to effectively exchange data and a coherent,
efficient 3D design flow can not be created. New 3D tools need to address the challenge of
integrating into existing 2D flows and with other 3D design flows.
OpenAccess (OA) provides a central design database and a common Application Program
Interface (API) to access the data. The various EDA tools in the design can access and manipulate
the design data with the OA API. The central point of access in OA allows for tight integration
of the tools into a coherent design flow.
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New 3D EDA tools should utilize the OA API to take advantage of the interoperability OA
provides. However, OA does not support 3D IC technologies and only represents 2D chips.
In order to allow 3D EDA tools to access the OA API, OA needs to support 3D design data.
Therefore, a 3D IC OA model extending the current 2D model is described in this chapter.
After defining the model, one of the first needs to realize the defined model is an OA 3D
technology database. Therefore, a tool called “create3dTech” is developed to create the 3D
technology database from an existing OA 2D database. The created 3D technology database will
allow EDA tools to use the defined 3D OA model.
The 3D OA model will provide EDA tools the ability to manage 3D data. This will help in
the development of available 3D EDA tools and allow interoperability between other OA EDA
tools. Thus, OA will aid in fulfilling the need to to construct a tightly integrated 3D design flow.
In this chapter, Section 3.2 describes the current OA model of 2D designs and Section 3.3
defines the developed 3D OA model. Section 3.4 describes how the “create3dTech” tool creates
a 3D OA technology database, and Section 3.5 provides a conclusion for the 3D OA model.

3.2

Current OA Model

OA was formed by the Silicon Initiative Integration (SI2), which consists of several leading
companies from industry. It is a community effort to provide interoperability, not just data
exchange by implementing an open API and reference database [70, 71, 72]. In a design flow
using OA, multiple tools can access the same database through the same API (Figure 3.1).

Figure 3.1. OA Database and OA API Design Flow [2]

By providing a standard interface to all tools, OA offers the following advantages:
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• Reduced translation steps between tools
• Prevention of conflicts in data representation and misinterpretation
• Centralized access of all design data
• Interchangeability between tools from different vendors.
OA adoption has been considered and realized in both industry [79, 80], academia [81] and
with the open source tool OAGear [82]. Also, OA has even motivated a move to standardize
data modeling in IC photo mask-making [83].
In order to understand the changes to OA necessary to facilitate 3D design, the current OA
API needs to be understood. OA provides several classes for a tool and flow to store design
information and the methods to modify the data. OA will also check the data according to
constraints defined and set by design tools. This section briefly describes the existing model of
the OA sections that pertain to the 3D OA model. First, the overall organization of the OA
database is described. Secondly, the technology database is overviewed. Lastly, the design model
shows the information needed to describe a design. There are several more components of the
OA and a more complete description of OA can be found in the OpenAccess API tutorial [3].

3.2.1

Organization of OA database

OA organizes data into libraries, cells, and views (Figure 3.2). A library, represented by the oaLib
class, is a collection of cells, views and other data that represents a whole design, part of a design,
or is shared among other designs. Also, a library is associated with one particular technology by
linking to an oaTech database. All data in the library is implemented in its associated technology.

Figure 3.2. OA Database Organization [3]

Libraries are usually used in a way to organize the data, such as a technology library to contain
technology information, a reference library to contain standard cells used in other designs, and
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a design library to store the information of a design. The actual organization of libraries into
technology, reference, design and other libraries is user-defined.
Libraries contain cells, which are individual components or devices in a design, and views
which are different representations of a cell. A cell, represented by the oaCell object, can be a
standard gate (AND, OR, etc), a block or macro (adder, flip flop), or complex blocks and whole
designs. Each cell must have a unique name within a library. A view, represented by the oaView
object, describes a cell by different levels of abstraction (behavior or gate), different stages in the
design (placed, routed, etc.), and different versions or implementations of the cell. Each view
has a oaViewType attribute that describes the view in terms of the data’s properties or position
in the flow, such as a netlist or schematic.
Each cell may have different views, and different cells may be described by the same view.
However, a design, represented by the oaDesign object, consists of a specific cell and a specific
view. For each design of a cell and view, an oaCellView object is created to model the relationship between the cell and view. When creating a design the cell, view and cell-view objects
are created if they do not already exist. The oaDesign model, described after the technology
database, contains all the information for a specific design and cell-view combination, including
the connectivity and netlists, physical placement, parasitics and constraints.

3.2.2

Current Technology Database

Each library and design is associated with a specific technology. The technology database (Figure
3.3) defines the attributes, parameters and objects associated with a type of IC manufacturing
technology. A technology contains layers in the manufacturing process (e.g. polysilicon, ndiffusion, metal) and purposes for those layers, as well as defining the base properties of vias between
the layers in oaViaDef and oaViaSpec. A design uses the oaViaDef and oaViaSpec to create an
oaVia object in the actual design. The technology database also has constraints that a design
must adhere to while using the technology, as well as extensions allowing for additional information. Because of the significant changes to the technology used for 3D ICs, the current technology
database needs to be extended to handle multiple device tiers and TSVs.

3.2.3

Current Design Model

The OA design model (Figure 3.4) illustrates the structure of an oaDesign. The design maintains
links to its associated library, technology and cell-view. The logical and physical information of
the design is contained in three different hierarchical domains: the block, the module and the
occurrence domain. The design also contains any constraints and parasitics that are related to
the design information.
OA implements the three domains using a hierarchical structure where a design can be segmented into smaller component designs. The ”top” design at the top of the hierarchy uses
instances of the component designs. These instances are represented by oaInst objects in the
”top” design and point to the component oaDesign objects. The hierarchical model can be
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Figure 3.3. The Current OA Technology Database [3]

Figure 3.4. The current OA Design Model [3]

folded, in which two or more instances of the same component points to the same component
object, as in Figure 3.5. The hierarchical model can also be unfolded, in which each instance of
a component points to its own component object.
The module domain contains the logical and connectivity of the design. The block domain
contains the physical implementation of the design as well as keeping some connectivity information of the design. The block and module domains can be folded. The occurrence domain is
a fully unfolded union of the block and module designs.
OA integrates these different domains, maintaining correspondences between all the objects
in the design. Figure 3.6 shows an example of the correspondence between the module domain
(on the left) and the block domain (on the right) of a Half Adder design. It is possible to traverse
across the different domains and vertically through the hierarchy in each domain. Also, it is
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Figure 3.5. OA Folded Hierarchy [3]

Figure 3.6. The Correspondence between Block and Module Domains [3]

possible to edit the design’s logical information in the block and module domains and edit the
design’s physical information in the block domain. Any edit of the logical information of the
design in either the block or module domains is propagated to all other domains. The logical
or physical information cannot be edited in the occurrence design. However, annotations can be
added to the unfolded occurrences of the folded block or module objects. Together, these three
domains compromise all the information in a design.

3.2.4

Current Block Domain

The block domain (Figure 3.7) contains the physical representation of the design. In order to
access the physical information of a design from the module or occurrence domains, the tool
must traverse to the block domain. Physical information of the block domain is represented by
geometry classes such as oaShape, which creates a shape on a layer of the technology. In addition,
wiring information, such as an oaVia, may contain a specific physical location. The block domain
also provides classes to aid placement tools. For instance, oaCluster groups a collection of subblocks (represented by the oaInst class) to be placed within a certain area and the oaRows class
implements a row of sites where an instance can be placed. Along with physical information, the

30
block domain also contains information regarding the netlist connectivity of the design, such as
a net (oaNet), terminal of a net (oaTerm), and an instance of a sub-block (oaInst). The oaInst
also has placement information within the top block, such as a location and rotation.

Figure 3.7. The Current OA Block Domain [3]

Figure 3.8. 5-Box Block Model and Hierarchy [3]

The different objects in the block domain form the 5-box model (Figure 3.8). The block,
which is owned by the design, owns different nets and instances. These nets can have terms,
which are logical points where the net can connect to blocks in the next level of hierarchy. The
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physical location of these terms are represented by pins. The nets also connect to oaInstTerms,
which are logical points where nets in the parent block connect to the term in the instance.
The 5-box model can also show the hierarchy of OA. The instances point to the design of the
sub-block.

3.2.5

Current Module Domain

The module domain (Figure 3.9) contains the logical representation of the design. This information includes the module nets, terms and instances, as well as multi-bit nets such as bus nets
and bus terms. The module domain can be used in synthesis based flows. The module domain
has a 5-box model and hierarchy similar to the block module (Figure 3.10).

Figure 3.9. The Current OA Module Domain [3]

Figure 3.10. 5-Box Module Model and Hierarchy [3]
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3.2.6

Current Occurrence Domain

The occurrence domain is a fully unfolded hierarchy model of the design. An occurrence object
contains occurrence nets, instances and terms (Figure 3.11). In addition, the occurrence domain
has a 5-box model and hierarchy similar to the block and module domains (Figure 3.12). Because
the occurrence domain is fully unfolded, each instance in a design has an occurrence object.
Figure 3.13 shows an example of the occurrence hierarchy of a 3-bit adder. Each instance (in
a square) of a sub-block has its own occurrence object (in an oval). This differs from a folded
hierarchical model, as in Figure 3.5, where different instances of the same object would point to
a unifying design object.

Figure 3.11. The Current OA Module Occurrence [3]

Figure 3.12. 5-Box Occurrence Model and Hierarchy [3]
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Figure 3.13. Example OA Occurrence Hierarchy of 3-bit Adder [3]

Though this description only touches the surface of OA, it provides a brief introduction to
understand the 3D OA model. As this section shows, OA does not model 3D designs, but assumes
a 2D technology. Therefore, it is necessary to update OA to represent 3D ICs.

3.3

3D IC OpenAccess Model

There are two main shortcomings of the current OA model that impedes the representation of
3D ICs:
• The inability to represent more than one device tier, in an IC.
• The lack of Through Silicon Vias (TSVs) design data.
Because the current OA model is only designed for 2D ICs, the IC has only one tier. Therefore,
the gates are placed on a 2D plane. There is also no concept of TSVs since there is no support
for the 3D device tiers the TSVs would connect. Without this information, a 3D IC cannot be
designed in OA. The 3D OA model needs to overcome these deficiencies in order to represent 3D
designs. This section details how the proposed 3D OA model represents multiple tiers and the
TSV design data.
To represent multiple tiers, the device database is partitioned into a 2D database and a 3D
database. The 2D database consists of a library for 2D designs, 2D designs of each tier, a 2D
technology database, and possibly a 2D reference library of reference cells (AND, NAND, etc.).
The 3D database consists of a 3D library linked with a 3D technology database which contains
the 3D IC designs as well as designs describing a TSV. The 3D IC design combines the design
information of each tier. Figure 3.14 shows the 3D OA model with the components of the 2D
and 3D OA database. In a 3D design flow, when a tool modifies a design in one of the databases,
the flow must also change the corresponding design information in the other database.
The 2D database contains design information for each individual tier. The 2D database
consists of a 2D technology database and a 2D library of 2D designs. Because the 2D database

34

Figure 3.14. The 3D OA Model

treats each individual tier as its own 2D IC, the 2D technology is a traditional oaTech database.
The 2D database can define the design of each tier, which is an oaDesign object. The 2D design
for each tier also can be a traditional OA design with gate placements, wire routing and other
design information. The gates can be placed using instances of reference cells from a reference
library.
The purpose of the 2D designs is to allow placement of gates on multiple tiers, and allow
traditional 2D tools to work on the 2D design data. The current 2D OA model does not allow
the placement of gates in multiple tiers in a design, so a design is created for each tier. Also, an
individual tier can be inputted to a 2D placement or routing tool that has been integrated in the
3D OA design flow. Allowing 2D tools to work on the design data permits companies to build
off their existing 2D flows and tools while creating their 3D flow.
The 3D database aggregates the design data from the individual 2D devices into a 3D IC.
Because the 3D design requires multiple tiers, the 3D technology database needs to accommodate
the different tiers. A 3D technology database can be created by extending the information in a 2D
technology. For each tier, a copy of the metal, diffusion and other physical layers are created in
a 3D technology from the corresponding 2D technology. Also, constraints and via definitions can
be duplicated for each tier. In addition, the 3D technology can incorporate tiers from different
technologies to support mixed technology designs, though that is not currently supported in this
work. Section 3.4 describes in more detail the “create3dTech” tool that creates 3D technologies
in order to support the 3D OA model.
By using the 3D technology database, the 3D designs in the 3D database can now be defined.
A 3D design is defined with an oaDesign object in a 3D library using the 3D technology. The
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3D design aggregates the design information in each individual tier’s design. It can duplicate the
physical information from the individual tier’s design by mapping it to the appropriate layer in
the 3D technology.
The 3D design also has to consider TSVs. Because TSVs are inherently a 3D aspect of the 3D
ICs, they are represented by their own 3D design in the 3D technology. Figure 3.14 includes the
3D TSV design model, which consists of two 2D reference designs using the 2D technology, two
designs mapping the 2D designs into specific tiers, and a 3D TSV design using the two mapped
designs. The two 2D reference TSV designs are used to allow the placement of TSVs in the 2D
designs. Each 2D TSV design consists of the design information corresponding to its specific tier,
including shapes on the pin metal layer where the tier can connect to the TSV and blockages
on the other layers in the tier. These 2D TSV designs can be used as reference cells by the 2D
designs of the tiers to place the TSV in the 2D designs.
Because the 2D TSV reference designs are used in 2D technology, they need to be mapped to
the specific tiers of the TSV. Thus new designs in the 3D technology are created for the upper
and lower designs on the specific tiers. The 3D TSV design then uses instances of these mapped
tiers to create the 3D TSV design. Figure 3.15 shows an example of the 2D TSV reference cells
being mapped into the 3D design space and then used in the 3D TSV design.

Figure 3.15. An Example 3D OA TSV Design

In the 3D OA model, there needs to be a specific 3D TSV design between each connected
tier. For example, it is necessary to have a 3D TSV design for a TSV between tier A and tier B
and a separate 3D TSV design between tier B and tier C. If these TSVs are made with the same
specifications, they can both use the same, unmapped 2D TSV reference designs. In the 3D OA
model in Figure 3.14, the 2D TSV designs are used to implement two different 3D TSV designs.
To place the TSV in the 3D design, a tool can read the 2D design information and determine
where the 2D designs have the 2D TSV reference designs. The tool can then ensure the alignment
of the upper and lower 2D TSV designs and place the 3D TSV design in the appropriate place in
the 3D design. Also, a tool can go the opposite direction by placing a 3D TSV in the 3D design,
and then placing the upper and lower 2D TSV reference designs in the corresponding 2D tier
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designs.
Now that both multiple layers have been represented and the TSVs have been defined, a 3D
IC can be modeled. Figure 3.16 shows an example of a 3D design aggregating the 2D designs of
2 tiers. The 3D design also shows how the 2D designs can use the 2D TSV reference designs and
how the 3D designs use the 3D TSV designs.

Figure 3.16. An Example 3D OA Design combining each tier’s 2D OA Design

The 3D design is a central design that accurately models the 3D design. All the design data
can be accessed from one design, which permits the checking of 3D constraints and alignment
of TSVs. Also, all the physical design data (e.g. diffusion and metal shapes defining gates and
wires) are modeled, allowing more accurate performance and power simulations.
The 2D and 3D design data are greatly interrelated. Therefore, as the design flow changes
one of the designs in the database, the flow has to ensure that the changes are also present in
the other database. For example, if the design is partitioned into tiers, and a 2D placer places
the gates in each tier, the design flow should define the physical information of the gates from
the newly placed 2D designs in the 3D designs. Though there may be interfacing requirements
between the 2D OA database and the 3D database, this 3D model will allow 2D and 3D tools to
work on the 3D IC data.

3.4

Creating a 3D OA Technology Database

Once the 3D OA model has been defined, the 3D designs need a 3D technology database. Therefore, a tool called “create3dTech” was developed to create a 3D technology database from a 2D
technology database. It duplicates the information from a 2D technology for as many tiers as
specified. As of now, it does not support mixed technology databases as it only duplicates the
tier information from one 2D technology. The tool can also read in a TSV definition file which
is used to create the 2D and 3D TSV designs that the 3D designs will implement.
The “create3dTech” program is run on the command line with the command “create3dTech
[options]”. Figure 3.17 shows the input options to the tool, as well as the default values. The
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‘lib2d’ option is the name of the 2D library which uses the 2D technology. The tool opens the
2D library to access the 2D technology. The ‘libdefpath’ is the path where the library definition
file can be found. The library definition file is used by OA to define libraries. The ‘minTSVsize’,
‘TSVspacing’ and ‘TSVpitch’ are TSV constraints. The ‘minTSVsize’ is the minimum width
and length of a TSV. ‘TSVspacing’ is the minimum spacing between a TSV edge and any gate
or wire, while ‘TSVpitch’ is the minimum distance between two TSVs. The ‘TSVfile’ is a file
defining how to build the TSVs, which will be described later. Also, the ‘TSVLib’ is a library
where the TSV designs will be saved, and ‘RefLib’ will be a library where the 2D designs of the
TSV will be saved.

Figure 3.17. The “create3dTech” Command Line Options

The 3D technology is created by duplicating the layer, via definitions, and constraint information of the 2D technology for each 3D IC tier. A suffix is added to each layer, via, and constraint
indicating its tier. For example, if the 2D technology has the layers nwell, metal1 and metal2, for
a 3D tech with two tiers, the 3D technology would have the layers nwell A, metal1 A metal2 A,
nwell B, metal1 B, and metal2 B. The create3Dtech tool also reads the different via definitions
and duplicates them for each tier, linking them to the appropriate layers in each tier. Similarly,
the 2D constraints of the 2D tech, such as layerConstraints or layerPair Constraints, are duplicated for each tier and linked to the appropriate layers in the tier. In addition, the ‘minTSVsize’,
‘TSVspacing’ and ‘TSVpitch’ constraints are created for the 3D technology. Figure 3.18 shows
an example of a 3D technology being created from a 2D technology. By duplicating the layers,
vias and constraints for each tier, the 3D technology now has the appropriate layers to define
multiple device tiers.
3D designs need to use TSVs to fully describe the design information. Therefore, the “create3dTech” tool has the capability of creating the 2D and 3D TSV designs. It needs to input a
TSV definition file, which defines the specifications of a TSV. The TSV definition file contains
one or more TSV definitions. The format of a TSV definition is shown in Figure 3.19. The “create3Dtech” tool reads the TSV definitions. It then creates the 2D upper and lower tier designs
according to the specifications of the TSV definition, and then creates the 3D designs according
to the tiers specified.
The TSV definition consists of a a TSV cell name, which will be the TSV’s 3D design name,
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Figure 3.18. Creating a 3D OA Technology from a 2D OA technology

with the added suffix of the two specific tiers for each 3D TSV. The pin layers define where
the designs can connect to the TSV on either the upper or lower tier. The width and length
define the dimensions of the TSV, and is checked against the minimum size of the TSV. The
blocked layers specify which layers in the upper or lower tier that TSV tunnels through. For
each blocked layer, a blockage is created on that layer. Similarly, a placement blockage is created
on the upper or lower tier if the TSV tunnels through the placement regions of the specified
tier. This prohibits placements of gates in the same area as the TSV. The upper and lower cell
name specifies the name of the appropriate 2D lower and upper designs. Lastly, the line ‘Tiers’
in the TSV definition defines which tiers the TSV is applied to. If the same TSV technology
is used between multiple pairs of tiers, the ‘Tiers’ line in the TSV definition can be repeated.
The “create3dTech” tool would create the 2D TSV reference designs. It would then use these
reference designs in creating each 3D TSV specified by mapping the 2D TSV designs into 3D
upper and lower designs on the appropriate tier, and then the 3D TSV design using the mapped
designs.
By duplicating the layers, vias, and constraints of a 2D technology and by creating 3D TSV
designs, the “create3dTech” creates a 3D technology database that can be used in the 3D OA
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Figure 3.19. A TSV Definition for create3Dtech’s TSV Definition File

model. 3D OA tools can be created that make and manipulate 3D designs that use the 3D
technology. A 3D design flow can be developed from the 3D and 2D OA tools to synthesize,
place, route and test a 3D IC using the 3D OA model.

3.5

Conclusion

Developing a tightly integrated 3D design flow is challenging given existing 3D EDA efforts.
Because each EDA tool is developed independently, there may be differences in design data and
semantics which limit the tools interoperability. Though OA provides interoperability between
EDA tools, OA does not support 3D designs. Therefore, a 3D OA model has been created to
allow 3D EDA tools to take advantage of the interoperability provided by OA.
The 3D OA model splits the designs into a 2D design database and a 3D design database.
The 2D design database contains the design information on the individual tiers while the 3D
design aggregates the tiers’ designs into one central design. This allows existing 2D OA tools to
work on a tier while allowing 3D OA tools to work on the 3D design data. The 3D OA model
does not require any changes to the OA API. However, because the 3D OA model keeps separate
2D and 3D design databases, the design flow needs to ensure that the design information in each
database is consistent.
To realize the 3D OA model, a 3D technology needs to be created. Therefore, the “create3dTech” tool was developed. It creates a 3D OA technology database from an existing 2D OA
technology base. The layer, via and constraint information of the 2D technology is duplicated
for each tier. However, the tool does not support mixed technology databases since each tier in
the created 3D technology database is derived from the same 2D database. By using the created
3D technology, 3D OA designs can be made with the physical information of each tier.
The 3D OA model gives a central design database where all tools in a flow can access data.
This allows efficient data exchange between tools because the design data does not change format.
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In addition, the flow can be easily modified by inserting and removing OA tools. Since these
tools also use the 3D OA model, no major changes and data translation is necessary to update
the design flow.
A coherent and tightly integrated 3D design flow will make designing 3D ICs much easier.
The synthesis, placement, routing and testing of 3D ICs will be more efficient and allow for more
complete exploration of the 3D design space. Thus, a 3D OA design flow will be influential in
the maturation of 3D ICs into a viable commercial product.

Chapter

4

3D IC Floorplan and Power/Ground
(P/G) Network Co-synthesis
4.1

Introduction

Floorplanning and Power/Ground Network (P/G) synthesis both play an important role in the
early stages of the design flow of an IC. The floorplanning stage defines the placement of the
major blocks and components of the IC, affecting the optimization results of the subsequent stages
including placement and routing [84]. P/G synthesis sizes and places the power and ground lines
for the chip. It must ensure proper power distribution, delivering the power and ground voltage
within the acceptable ranges for each gate. Though there have been many studies on 3D IC
floorplanners, most do not consider the P/G delivery to the floorplan blocks. In addition, there
has been little research on 3D P/G networks. Therefore, the design considerations of 3D P/G
networks and the effects on the P/G network due to 3D ICs needs to be explored. In this chapter,
a 3D Floorplan and P/G Network Co-synthesis tool is developed to allow the P/G Network to
be considered in the floorplanning stage and to analyze 3D P/G networks.
There are several representations to model a 2D floorplan, including normalized Polish Expression [85, 86, 87], O-tree [88, 89, 90], Sequence Pair [91, 92], B*-tree [4], and Transitive Closure
Graph (TCG) [93]. All these representations capture the geometric relationships between the
blocks in the floorplan. There have been several projects extending these representations for
3D ICs. Hung et al. used multiple B*-trees (one for each tier) in their 3D-IC floorplanner [56].
The Combined Bucket Array consists of a 2D representation for each tier and a bucket structure that stores the vertical relationship of blocks [61]. Also, TCG was extended to support 3D
ICs with Layered-TCG (LTCG) [94]. When optimizing the floorplan, current 3D floorplanning
tools mainly consider the 3D IC’s wirelength, area and temperature, but usually neglect the P/G
network.
The P/G Network synthesis has become more important due to the continued scaling of
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technology. As the wires shrink with smaller feature sizes, the resistances along the power lines
increase. This increases the IR drop in the P/G network, decreasing the power supplied to the
blocks. It is extremely important that design considers the IR drop of the P/G network. Considering the IR drop in all stages of the design eliminates power supply violations and decreases
the voltage drop seen by the circuit, thus improving the performance of the circuit.
Another consideration in designing P/G networks is the routing area of the P/G wires. The
P/G wires consume area which could be used for routing other wires in the circuit, causing
congestion during routing stages. Therefore, it is important to control the area of the P/G
network. However, there is a relationship between the P/G routing area and the IR drop of the
circuit. If more routing area is dedicated to the P/G network, such as wider wires or a more
dense P/G network, it is easier for the P/G network to deliver power, thus decreasing the IR
drop of the circuit. An acceptable balance between the P/G area and IR drop is needed when
designing P/G networks.
In traditional design flows, the design is first floorplanned, and then the P/G network is
synthesized. Most floorplans try to minimize the half-perimeter wirelength between blocks as
well as minimizing the total area of the chip [84]. However, if the floorplan does not consider the
P/G network, the resulting floorplan may lead to an inefficient P/G network with high IR drops
and several P/G voltage violations [95, 96]. It is very difficult to repair a P/G network after
the post-layout stage, so the P/G network should be considered as early as possible. Floorplan
and P/G Network Co-synthesis is an efficient method of considering the P/G network during the
floorplan stage [96].
In Floorplan and P/G Co-synthesis, the P/G network is created during floorplanning. During
co-synthesis, the floorplan not only tries to minimize the wirelength and area of the design, but
also ensures that there are no power violations to the blocks in the floorplan. This results in a
floorplan with an efficient P/G network. However, the current research on Floorplan and P/G
Co-synthesis only supports 2D ICs and is not extended to 3D ICs.
Many 3D EDA tools consider the P/G network as an afterthought. Because of the increasing
problems due to IR drops, 3D EDA tools need to consider the construction of P/G networks.
Only a few 3D IC works have explored 3D P/G construciton. Decoupling capacitors (decaps)
can be used during placement to reduce the power supply noise [44, 45, 46]. In these works, the
resistive and inductive effects of a 3D P/G grid were used to calculate the decap budget for each
placed module. Considering decaps during placement reduced the total number of decaps needed
to adequately reduce the power supply noise. As the number of tiers increase, the number of
necessary decaps decrease [46]. In addition to using decaps to reduce P/G noise, the density
of P/G TSVs can be adjusted to reduce the power supply noise [47]. Each tier is divided into
square tiles and each tile is represented as an electrical-RLC in the P/G network. The P/G TSV
density of each tier can be adjusted according to the power supply voltage drop in each tier.
Using decaps and adjusting the power TSV help to reduce the power supply noise of the 3D
IC. However, the existing works on the P/G network do not completely adjust the characteristics
(size and pitch) of the 3D P/G network, or consider different P/G topologies. Therefore, the 3D
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P/G design space is not fully explored. In addition, the effects of the 3D ICs on the P/G metrics
are not completely presented.
In this chapter, the 3D Floorplan and Power/Ground Co-synthesis tool is extended to 3D
ICs. The tool allows 3D ICs to optimize the floorplan in terms of wirelength, area and P/G
routing area and IR drops. In addition, the tool will permit the exploration of different P/G
network methodologies on 3D ICs. Two different P/G mesh topologies are analyzed: a uniform
mesh with the same mesh for each tier and a non-uniform mesh with different sized meshes for
each tier. The co-synthesis algorithm can also examine how the 3D IC affects the P/G routing
area and the IR drop of the circuit, which will allow an efficient 3D P/G network design that
balances each P/G metric. By exploring the properties of 3D P/G networks, the effect of 3D
ICs on P/G networks can be analyzed, giving a more complete understanding of the benefits and
limitations of 3D ICs.

4.2

3D Floorplan and P/G Co-synthesis Algorithm

The algorithm for 3D Floorplan and P/G Co-synthesis adopts a B-tree floorplan representation
for each tier, similar to the method used by Hung et al. [56]. In addition, a simulated annealing (SA) technique explores the floorplan solution space to find a near-optimal floorplan. The
algorithm also creates a P/G mesh topology, and uses a resistive P/G model to analyze the P/G
network.
This section first formulates the 3D Floorplanning and P/G Co-synthesis problem. Then, it
details the 3D B-tree representation and the SA optimization technique. Next the P/G synthesis
methods are described. Lastly, the overall algorithm is presented.

4.2.1

Problem Formulation

The 3D Floorplanning and P/G Co-synthesis can be formulated as follows: Given the module
information of a design and a netlist connecting the modules, construct a feasible floorplan and
P/G network for the design.
Input
• A set of m modules (M = {mod1 , mod2 , ...modm }. Each module in M is described by
modi = (wi , hi , Pi ) for 1 ≤ i ≤ m where hi is the height of the module, wi is the width of
the module, Pi is a set of pi pins in the module (Pi = {pin(i,1) , pin(i,2) , ..., pin(i,pi ) }.
• A set of pio I/O pins for the circuit (Pio = {pin(io,1) , pin(io,2) , ..., pin(io,pio }
rel
Each pin, pin(j,k) , has a location (xrel
(j,k) , y(j,k) ) which is relative to the module (or to the

entire chip if j = io).
• A netlist, which is a set of n nets (N = {net1 , net2 ...., netn }. Each net, neti , for 1 ≤ i ≤ n,
connects a set of pneti pins from the modules and possibly the I/O pins:
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neti = {pin(j1 ,k1 ) , pin(j2 ,k2 ) , ..., pin(jpnet

i

,kpnet ) },
i

where

jq = io or 1 ≤ jq ≤ m and 1 ≤ kq ≤ pjq , for 1 ≤ q ≤ pneti .
Thus, pin(jq ,kq ) indicates the kqth pin in Pjq of module modjq (or of the IO pins if jq = IO).
One of the nets is indicated as the power net, and another net is indicated as the ground
net. Each pin pin(jq ,kq ) in a power or ground net has an associated current, I(jq ,kq ) , which it
consumes. For power pins, this value is positive indicating current flowing into the module,
and for ground pins this value is negative indicating current flowing out of the module.
• Technology information, including :
– The maximum number of tiers in the 3D IC (T )
– The input voltage of the power supply (Vin )
– The minimum voltage (Vmin ) required at each pin in the power net which is not an
I/O pin
– The maximum voltage (Vmax ) required at each pin in the ground net which is not an
I/O pin
– For each metal layer, the minimum width of a wire (wmin ), the sheet resistivity (rsq )
and an electromigration constant (σ)
– The size of TSVs, and the distance between two adjacent tiers (sT SV , dT SV )
– The sheet resistivity and electromigration constraint of the TSV material
Output
• A floorplan F which describes the 3D placement and rotation for each module. For each
module modj , 1 ≤ j ≤ m, its placement is (xj , yj , tj , rj ), where xj is the x-coordinate, yj
is the y-coordinate, tj is the tier, and rj is the rotation (0◦ , 90◦ , 180◦ , 270◦) of modj .
Once all the modules are placed, the chip’s Area A, can be determined. The Area is the
width of the chip multiplied by the length of the chip (A = wchip ∗ hchip ), where the width
is in the direction of the x-coordinate of the chip, and the height is in the direction of the
y-coordinate of the chip.
Using the relative location of each pin pin(j,k) in module modj , and the width, height,
abs
placement and rotation of modj , the absolute location of the pin ((xabs
(j,k) , y(j,k) )) can be

calculated. From the absolute position of the pins, the wirelength for each net that is
not a ground or power net is calculated using the Half Perimeter Wirelength (HPWL).
The HPWL is (xmax − xmin ) + (ymax − ymin ) + (tmax − tmin ) ∗ dT SV , where xmax is the
maximum x-coordinate of all pins in the net, xmin is the minimum x-coordinate of all pins
in the net, and likewise for the y-coordinate and the tier. The total wirelength W of the
floorplan is equal to the sum of the HPWL of all nets excluding the power and ground net.
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• A P/G network which can be described by a graph G = (V, E) with v nodes (V =
node1 , node2 , ...nodev ) and e edges (E = edge1 , edge2 , ..., edgee ). Each node nodei , 1 ≤
i ≤ v has a 3D location (xi , yi , ti ). Each edge edgei , 1 ≤ i ≤ e connects two nodes nodej
and nodek , 1 ≤ j, k ≤ v.
The P/G Network must meet several power integrity constraints: the IR drop constraint,
the minimum width constraint, and the electromigration constraint. These constraints are
described below.
– IR-drop Constraint: For every P/G pin pin(j,k) in a module, its corresponding
voltage of V(j,k) must satisfy the following constraints:
V(j,k) ≥ Vmin if pin(j,k) is a power pin
V(j,k) ≤ Vmax if pin(j,k) is a ground pin
where Vmin (Vmax ) is the minimum (maximum) required supply voltage for power
(ground) pins in the circuit. This constraint ensures that the chip the modules with
enough power to function correctly and with an acceptable performance.
– Minimum Wire Width Constraint: For every P/G edge edgei in the P/G Network
G, its width is greater than the minimum width allowed on the wire layer in the
technology:
wi ≥ wmin , where wi is the width of edgei and wmin is the minimum width allowed.
– Electromigration Constraint For every P/G edge edgei , it must meet an electromigration constraint:
Ii /wi ≤ σ
This is to provide an upper bound to the current density in the edge to ensure the
wires do not break down.
The P/G Network must consider these constraints when supplying voltage to the modules.
To compare the quality of P/G Networks in delivering supply voltages, a P/G penalty
(Φ) can be calculated for the P/G Network in a floorplan. The penalty considers any
electromigration violations, and any IR-drop violations, as well as the value of the IR-drop
at each pin. For pin pin(j,k) with a voltage of V(j,k) , the IR-drop is:

ir(j,k)


V in − V
(j,k)
=
V
(j,k)

if pin(j,k) is a power pin
if pin(j,k) is a ground pin

The P/G Network penalty is calculated as follows:
Φ(G) = η ∗ eem /e + θ ∗ pv /p + κ ∗ iravg + λ ∗ irmax

(4.1)

where G is the P/G network, η, θ, κ and λ are weight factors, eem /e is the ratio of branches
with electromigration constraint violations, pv /p is the ratio of power/ground pins with
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voltage drop violations, iravg is the average IR-drop of all power/ground pins, and irmax
is the maximum IR-drop of all power/ground pins.
Objective
The objective of the algorithm is to find a solution of the floorplan and P/G network that
balances the wirelength between the modules, the total area of the chip, the P/G routing area
and the P/G IR drop. This can be done by calculating a cost for each floorplan (F ):
Ψ(F ) = α ∗ A + β ∗ W + γ ∗ Dev + ǫ ∗ Φ + ζ ∗ P Garea

(4.2)

where α, β, γ, ǫ and ζ are weight parameters. A is the area of the 3D IC, calculated by
multiplying the width of the tier with the largest width by the height of the tier with the largest
height. W is the wirelength between the floorplan blocks. Dev is the sum of the difference of
the height and width of each tier with the average width and height of the tier. This is used to
balance the dimensions of each tier. Φ is the total penalty of the P/G network, and P Garea is
the routing area of the P/G network.
The floorplan with the minimal cost is considered an optimal floorplan. Thus, the algorithm
creates a floorplan and P/G network that minimizes the cost.

4.2.2

3D B*-Tree Floorplan Representation

The representation for the floorplan used in the 3D Floorplan and P/G Co-synthesis algorithm
is the 3D B*-trees, similar to the representation used by Hung et al.

[56]. In the 3D B*-

tree representation, a B*-tree is used to represent the floorplan in each tier. The B*-tree, a
2D floorplan developed by Chang et al.

[4, 84], is an ordered binary tree that has a unique

correspondence to a compacted floorplan. A compacted floorplan means that no module can be
moved to the left or the right of the floorplan. The unique correspondence means that given a
compacted floorplan F , a unique B*-tree can be produced, and the packing of the B*-tree to a
floorplan is the same as F . Figure 4.1 shows an example floorplan and the B*-tree representation.
The root of a B*-tree corresponds to the module in the bottom right of the floorplan. In the
B*-tree, if a module modj is the left child of module modi , then modj is placed adjacent and
on the right hand side of modi . In this case, xj = xi + wi . If module modj is the right child of
module modi , then module modj is placed with the same x-coordinate as modi (modj = modi ),
and above modi . Thus, the x-coordinates can be efficiently computed in one pass of the B*-tree.
To compute the y-coordinates of the B*-tree, a contour structure [88] is used. A horizontal
contour outlines the top (largest y-coordinate) of the currently placed floorplan across all the xcoordinates. First, the root module is placed at (0,0), and the horizontal contour is updated with
the top vertices of the root module. Using a depth-firth order to traverse the tree, each module in
the B*-tree is then placed. Its x-coordinate has already been computed. Its y-coordinate is the
largest y-coordinate of the contour across the module’s x-coordinates. After a module is placed,
the contour within in the module’s x-coordinates is updated with the module’s y-coordinates.
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(a) An Example Floorplan

(b) B*-tree of Floorplan

Figure 4.1. B*-tree Floorplan Representation [4]

To obtain a B*-tree from a compacted floorplan, the left sub-tree and right sub-tree is recursively constructed. The module in the bottom-left of the floorplan becomes the root of the
B*-tree. Then, the lowest module adjacent to the root module becomes the left child. The
lowest module above the root module with the same x-coordinate becomes the right child. The
assignment of left and right children are repeated until all modules are in the B*-tree.
In 3D B*-tree, a B*-tree is used for each tier of the 3D IC. The modules in a tier’s B*-tree
are placed on that tier with the 2D placement of the B*-tree. Figure 4.2 shows how each tier has
its own B*-tree that maps to the placement of modules on that tier.
To explore the 3D floorplan solution space, the 3D B*-trees can be modified in the following
ways:
• 1. Node swap, which swaps two modules in the same B*-tree
• 2. Rotation, which rotates a module
• 3. Move, which moves a module to a different location in the same B*-tree
• 4. Inter-tier swap, which swaps two modules at different tiers
• 5. Inter-tier move, which moves a module to a different tier
The first three perturbations are the original perturbations of a B*-tree [4]. These perturbations only change a single B*-tree and thus modify the floorplan of only one tier. The last
two perturbations were devised by Hung et al. and change the tiers of the modules. Because the
original perturbations only modified the floorplan in the 2D space, the inter-tier perturbations
were created to explore the 3D design space of the floorplan. By using these perturbations,
different floorplans can be modeled, analyzed and compared.
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(a) An Example 3D IC Floorplan

(b) 3D B*-tree of Floorplan

Figure 4.2. 3D B*-tree Floorplan Representation

4.2.3

Simulated Annealing Floorplanning

A popular method to explore the solutions space of the floorplan representations is to use simulated annealing (SA) [84, 97]. An initial floorplan, F is created and its cost (Ψ(F )) is calculated.
This floorplan is saved initially as the best floorplan Fbest , with a cost of Ψ(Fbest ). To explore
the solution space, F is perturbed into a new floorplan F ′ . The cost of the new floorplan Ψ(F ′ )
is calculated and compared to the Ψ(Fbest ) and Ψ(F ). If Ψ(F ′ ) is less than Ψ(Fbest ), then F ′
becomes the best floorplan Fbest . Also, if Ψ(F ′ ) is less than Ψ(F ), F ′ replaces F . However if
Ψ(F ′ ) is more than Ψ(F ), then F ′ replaces F with a small probability, which depends on the difference in costs between the two floorplans and the search time. Keeping a higher cost floorplan
is used so that the solution is not trapped in a local optimum, and the solution space is more
thoroughly explored. The probability of accepting the new floorplan is defined by:

Prob(F ← F ′ ) =


1

e−(∆Ψ/T emp)

if∆Ψ ≤ 0
if∆Ψ > 0

where ∆Ψ = Ψ(F ′ ) − Ψ(F ), and T emp is the current temperature in the search.
A high temperature is initially selected, but as SA progresses, the temperature decreases
to limit the selection of worse floorplans. The process of perturbing the floorplan is continued
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until a certain point where the floorplan is considered acceptable. Simulated annealing is nondeterministic and is not guaranteed to find the best solution possible. However, since SA explores
a large portion of the design space, the solution is considered near optimal.
The SA engine used in this work is similar to the one used by Hung et al. [56]. It consists of
two stages. The first stage consists of floorplan perturbations involving the whole 3D floorplan;
during the second stage only floorplan perturbations on a single tier are performed. In the first
stage, the floorplan moves consist of either moving or rotating a block in its tier, or moving or
swapping blocks between tiers. In the second stage, a single tier is picked, and a block is moved
or rotated within that tier. There are two stages because the first stage attempts to find the best
partition of the blocks into separate tiers. However, because blocks are moved from tier to tier,
each individual tier may not be optimized. Thus the second stage tries to optimize each tier.

4.2.4

P/G Synthesis

A P/G Network is represented by nodes and branches, with a branch connecting each node. Each
node has a voltage and the branches can have resistance, inductance, and capacitance. Current
flows from the IO power pads, through the branches from node to node to a module’s P/G pins.
The P/G Network created in this project is based on the mesh structure (or grid), as shown in
Figure 4.3. The pitch of the grid determines the distance between each power/ground line. The
pitch can be adjusted to control the P/G area and the IR drop. As the pitch increases, the P/G
edges are longer and farther apart, decreasing the P/G area and making it harder for the P/G
network to deliver supply voltages to the chip. As the pitch decreases, the P/G edges are shorter
and closer, increasing the P/G area, but making it easier to deliver supply voltages.
In this work, a node is used to represent each intersection of the horizontal grid lines and the
vertical lines. Similar to the 2D Floorplan and P/G Co-synthesis [96], each power and ground
pin of the floorplan block is connected to the closest P/G node. This limits the number of nodes
in the P/G network to the number of branch intersections. Because the complexity of P/G mesh
analysis depends on the number of nodes, this increases the efficiency of the P/G analysis. Each
power pin in the IC will consume a given amount of current at the given node. Each power pin
from the IO pad will supply the network node with the supply or ground voltages. The module’s
P/G pins and the IO pins connect to the nodes in the P/G mesh.
Once the P/G network is created from the floorplan and pitch, it needs to be analyzed by
calculating all the voltages at the nodes and pins, as well as checking electromigration constraints.
In this work, static P/G methods are used to achieve a fast analysis of the P/G network. More
sophisticated P/G network simulation techniques may be too time-consuming for co-synthesis in
the early design stages. Therefore, the P/G networks are analyzed using a resistive model, where
the branches are replaced with resistances. Figure 4.4 shows a resistive model of the P/G mesh
from Figure 4.3 The resistance of edge edgei is calculated by Ri =

rsq ∗li
wi ,

where rsq is the sheet

resistivity of the material of the edge, li is the length of the edge and wi is the width of the edge.
To check the constraints of the mesh, the voltages of the nodes must be known. Modified
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Figure 4.3. An Example of a P/G Mesh Network

Figure 4.4. Resistive P/G Model

Nodal Analysis (MNA) is used to calculate the voltages. MNA solves Gx = i, where G is the
conductance matrix (the conductance of edgei is Gi =

1
Ri )

of the mesh, containing all the

conductance information of each branch of the mesh; x is a vector containing all the unknown
voltages of the nodes; and i is a vector containing all the currents consumed by the nodes,
as determined when placing each pin to a node. Gx = i can be solved using linear algebra
techniques. Once all the voltages for the nodes are known, then the voltages supplied to the pins
can be determined. For a P/G pin in a module, pin(j,k) , its voltage is calculated by V(j,k) =
Vnode −

I(jq ,kq ) ∗d∗rsq
,
w

where Vnode is the voltage of the node connected to the pin, d is the distance

between the pin and the node, w is the width of the strap connecting the pin and the node. Once
all the voltages for the nodes and pins are known, the various constraints can be checked, and
the P/G penalty Φ can be calculated.
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A P/G Mesh can be constructed for 3D ICs to supply power by using a global mesh, where
there is one P/G network for the entire chip. Each tier has its own 2D P/G mesh, and each
tier’s 2D mesh is connected using TSVs. These TSVs are also represented by edges in the P/G
network. In this work, two methods are used to construct the global mesh: a uniform mesh and
a non-uniform mesh.
In a uniform mesh (Figure 4.5), the pitch of each tier’s 2D mesh is equal. Therefore, the
2D mesh for each tier is the same. This pitch can be adjusted by the algorithm to control the
properties of the P/G network. This type of mesh is simpler than the non-uniform mesh, but it
does not give the flexibility of having different pitches. If the power consumption differs between
the tiers, than the ideal pitch for each tier may be different. However, the pitch for each tier
must be equal, possibly leading to inefficiencies in the P/G area and IR drops.
In the SA algorithm, the pitch from the previous floorplan F is adjusted to create a pitch for
the new floorplan F ′ . If the previous floorplan has any IR drop or electromigration violations,
then the pitch is decreased. If there are no violations, then the pitch either increases, decreases
or stays the same, all with the same probability of 33%.

Figure 4.5. 3D Uniform P/G Mesh

In a non-uniform mesh (Figure 4.6), the 2D meshes for each tier could have a different pitch.
Each tier’s pitch can be adjusted individually to control the P/G network. Constructing a nonuniform mesh requires more effort by the designer, but it gives more flexibility for each tier’s
P/G mesh. Depending on the floorplan of each tier, it may be beneficial to use different pitches.
For example, if one tier consumes more current and power, or if there is a higher density of power
pins, it may need a smaller pitch to effectively supply the input voltages. However, if another
tier does not consume as much current or power, the pitch could be increased to decrease the
P/G area on that tier. Thus, a non-uniform mesh may balance the P/G area and IR drops in
the circuit more efficiently.
To update the pitch for each tier from F to F ′ in the SA algorithm, a tier penalty for each
tier is calculated. The tier penalty is calculated from the electromigration violations, voltage
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drop violations, average voltage drops and maximum voltage drops occurring on the pins on that
tier. The pitch for each tier is updated with the same strategy as a global pitch. If a violation
occurs on a tier, then that tier’s pitch is decreased. If there are no violations in the tier, then
the tier’s pitch either increases, decreases or stays the same, again all with a probability of 33%.

Figure 4.6. 3D Non-uniform P/G Mesh

TSVs are used to connect the 2D meshes of each tier for both the uniform and non-uniform
3D mesh. In this work, a TSV is constructed between two adjacent tiers when both tiers have
nodes aligned with the same (x,y) location. In addition, a P/G TSV interval (iT SV ) controls the
interval of aligned nodes that are connected with a TSV. For example if iT SV = 2, every other
aligned pair P/G nodes on adjacent tiers is connected with a TSV. The TSV interval allows for
the density of the TSVs to be altered which controls blockages. In the uniform mesh, the TSV
interval is adjusted because every node is aligned, and there may be many TSVs in the P/G
mesh. In the non-uniform mesh, because nodes in adjacent tiers may not be aligned, the TSV
interval is set to 1.

4.2.5

Algorithm and Design Flow

The methods above describe how to represent the 3D floorplan and construct the P/G network
for 3D ICs. The 3D Floorplan and Co-synthesis algorithm (Figure 4.7) integrates them in order
to produce a floorplan and P/G network that consider the design metrics of chip area, wirelength,
P/G routing area and P/G IR drops.
The algorithm starts by receiving the design information, which includes the module information, the initial P/G pitch and the P/G constraints. The module information includes the
modules’ height, width, pin locations and power consumption, as well as a netlist connecting the
modules’ pins. Then, random floorplans are created to normalize the wirelength, area, P/G area
and penalties, and the total cost of the floorplan. Then an initial floorplan F is created and
saved as the best floorplan Fbest .
After receiving the input and normalizing the costs, the first SA stage starts. In each iteration
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Figure 4.7. 3D Floorplan and Power/Ground Co-synthesis Algorithm

of the first stage of SA, the floorplan is perturbed with one of the five 3D B*-tree perturbations
and a new P/G pitch is calculated, creating the new floorplan F ′ . The wirelength and area of
F ′ is calculated, and the P/G network is analyzed to obtain the P/G penalty Φ(F ′ ). Using this
information, the cost of the F ′ Ψ(F ′ ) is computed. Ψ(F ′ ) is compared with Ψ(Fbest ) and Ψ(F ),
and replaces F and Fbest according to the policies described by the SA process.
After the first stage of SA, the second SA stage begins. The second SA stage is the same as
the first stage, except that only the floorplan on one tier is perturbed. A random tier is selected,
and of the first three perturbations (Node swap, Rotate, or Move) is applied to the B*-tree of
that tier. Again, this is to try to find the best floorplan on each tier. Once the second SA stage is
complete, the algorithm returns the best floorplan Fbest . It also returns the cost of the floorplan,
the wirelength, area, P/G routing area, and P/G voltage drops.
The 3D Floorplan and P/G Co-synthesis algorithm can be inserted into an overall 3D design
flow (Figure 4.8). Once the netlist has been synthesized and contains floorplan modules, these
modules and the P/G constraints can be inputted into the 3D Floorplan and P/G Co-synthesis
algorithm. The algorithm will return a floorplan and a P/G network which are used in the
placement, routing and verification of the design. The P/G network can be further optimized in
later stages of the design using more sophisticated and dynamic P/G analysis.

4.3

Experimental Results

Experiments were conducted on the 3D Floorplan and P/G Co-synthesis algorithm using three
MCNC floorplan benchmark circuits. The number of tiers in the 3D IC varied from 1 to 4
for each circuit. When the tier number was more than one, experiments for both uniform and
non-uniform meshes were conducted. This section reports the results for the floorplan and P/G
co-synthesis for uniform meshes and for non-uniform meshes.
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Figure 4.8. 3D Design Flow with Floorplan and P/G Co-synthesis

Technology specifications and weighting factors in the P/G penalty and overall cost function
must be set for the experiments. The input voltage was set to 1V (Vin = 1), and the minimum
power voltage and maximum ground voltage was set to 15% of the input voltage. Thus Vmin =
.85V and Vmax = .15V . For the P/G network, the width of the P/G edges between P/G nodes
was set to 30 µm, the sheet resistivity of horizontal P/G rails was set to .095 and the sheet
resistivity of the vertical P/G rails was set to 0.055. The TSV distance was set to 50µm (dT SV =
50µm) and the TSV width was set to 10µm (sT SV = 10µm), and the TSV sheet resistivity
was 0.055. Also, the width of the P/G straps from a node to a module’s pins was set to 1µm.
The weights in the P/G penalty function were set to the following values: η = 3, θ = 7, κ = 1
and λ = 1. Lastly, the weights of the algorithm’s cost function was set to the following values:
α = 0.3, β = 0.3, γ = 0.1, ǫ = 0.025 and ζ = 0.275.
Table 4.1 shows the results for the experiments with uniform meshes, while Table 4.2 shows
the results for non-uniform meshes. In each of these tables, the circuit name is in the first column,
the number of tiers in the circuit is in the second column. The area, deadspaces and wirelength
of the floorplan are in the next three columns. Then, the P/G routing area, the average IR drop
of all the pins in the P/G network and the maximum IR drop of the P/G network are presented
in the next three columns. The last three columns show the percent differences between the 3D
P/G results and the 2D P/G values. These values compare the 3D P/G networks for each circuit
with 2D P/G networks.
Table 4.1. Uniform Mesh Floorplan and P/G Co-synthesis Results
CircuitTiers
ami33

apte

xerox

1
2
3
4
1
2
3
4
1
2
3
4

Area Deadspace WirelengthP/G Area Avg IR
Max IR P/G AreaAvg IR DropMax IR Drop
(um2 )
(um2 )
(um)
(um) Drop (mV)Drop (mv) vs 2D
vs 2D
vs 2D
2144583 988133
183869
1392195
60.369
132.783
1092982 1029514
130134
1755210
45.659
108.513 -26.08%
24.37%
18.28%
927595 1626334
120520
2426625
44.527
97.779
-74.30%
26.24%
26.37%
758018 1875621
109133
3103620
39.419
90.727 -122.93%
34.70%
31.67%
59634951 13073323
841105
5978040
32.739
73.588
32079783 17597938
639091
9669480
24.761
43.713
-61.75%
24.37%
40.60%
21601316 18242320
552394
8907180
27.939
54.372
-49.00%
14.66%
26.11%
15875922 16942060
459532 12778710 24.180
57.938 -113.76%
26.14%
21.27%
25717209 6366913
1085891 4919565
28.109
78.686
13624879 7899462
766575
5726310
23.587
69.417
-16.40%
16.09%
11.78%
9484354 9102767
616025
8118885
15.371
52.689
-65.03%
45.32%
33.04%
6883398 8183294
533435
9649170
17.193
44.571
-96.14%
38.83%
43.36%
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Table 4.2. Non-uniform Mesh Floorplan and P/G Co-synthesis Results
CircuitTiers
ami33

apte

xerox

1
2
3
4
1
2
3
4
1
2
3
4

Area Deadspace WirelengthP/G Area Avg IR
Max IR P/G AreaAvg IR DropMax IR Drop
(um2 )
(um2 )
(um)
(um) Drop (mV)Drop (mv) vs 2D
vs 2D
vs 2D
2144583 988133
183869
1392195
60.369
132.783
1192783 1229115
139647
1905105
41.665
100.815 -47.55%
30.08%
23.23%
844356 1376617
118414
2641875
36.453
83.637 -104.61%
38.83%
36.31%
636216 1388414
116095
3331950
40.175
99.034 -158.05%
32.58%
24.58%
59634951 13073323
841105
5978040
32.739
73.588
33837308 21112988
707557 10224750 39.510
96.855
-31.95%
6.25%
15.56%
23820011 24898405
577274 14915670 31.379
87.731
-92.49%
25.54%
23.52%
15508714 15473228
474003 13732140 27.646
81.225
-77.22%
34.40%
29.19%
25717209 6366913
1085891 4919565
28.109
78.686
14330332 9310368
699783
6526200
18.794
61.943
-30.02%
34.08%
22.82%
9757603 9922512
610275
8932740
17.401
52.810
-77.96%
38.97%
34.20%
8041782 12816832
524265 10035120 15.010
43.616
-99.92%
47.36%
45.66%

The results demonstrate that the area and wirelength decrease as the number of tiers increase,
as expected and cited in previous works. These values decrease because 3D placement leads to
higher packing densities and the decreased distance between modules. Also, the amount of
deadspace generally increases with the number of tiers. Deadspace is the amount of area in the
chip that is not occupied by a module. An increase in deadspace may be caused by the increased
number of tiers and the difficulty of equal packing distribution of tiers. Therefore, even though
the area of the chip has decreased due to possessing more tiers, the total possible area in a 3D IC
where a module may be placed may increase. The results of the area, wirelength, and deadspace
in this work validate the effects of 3D ICs on these circuit properties.
The experiments also show the resulting values of the P/G networks of the floorplans. First,
the maximum IR drop shows that all of the pins receive an acceptable power or ground supply
voltage. Because Vin = 1V, Vmin = .85V and Vmax = .15V , the maximum allowable IR drop is
.15V = 150mV . The maximum IR drop column indicates that all maximum IR drops are within
150mV . This shows that the floorplanner can effectively create a P/G network which successfully
supplies the circuit with the necessary voltage.
In addition, the results demonstrate important effects of 3D ICs on the P/G network properties. First, as the number of tiers increase, the total routing area of the 3D P/G network generally
increases. This is not advantageous due to the routing resources the P/G network consumes.
The percent difference of the 3D P/G area versus the 2D P/G area is negative, indicating that a
larger P/G area is less beneficial. However, both the maximum and average IR drops of the 3D
P/G networks generally decrease as the number of tiers increase in the circuit. A decreased IR
drop means that the modules are receiving a higher input voltage difference, which ensures correct functionality of the module without any performance delays. The percent difference values
for the IR drops are positive, showing the improvement in the IR drops of the 3D P/G networks.
Though the 3D P/G area generally increases and the 3D P/G IR drop generally decreases
as the number of tiers increase, there are a few exceptions. These exceptions may be explained
by the relations between the P/G area and IR drop, as well as the non-deterministic property
of SA. P/G area and the IR drop can significantly affect each other. By devoting more area
to the P/G area through wider wires or increased P/G pitch, the resistance and current of the
P/G edges decrease, leading to decreased IR drops. Therefore, because the cost of the floorplan
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considers both the P/G area and IR drop, larger P/G areas and smaller IR drops may have
the same cost as smaller P/G areas and larger IR drops. In addition, SA is non-deterministic
and will not search the whole solution space. Therefore, the resulting properties of the floorplan
of the experiments may vary slightly. Lastly, the specific circuits may have certain properties
that dictate its results. Even though there are exceptions to the P/G result trends, they are
observable.
To more effectively observe and analyze the trends in 3D P/G networks, the percent differences
between the 3D P/G results and the 2D P/G results are averaged for each tier across all of
the circuits. Table 4.3 shows these average percent differences for both the uniform and nonuniform meshes. The first column shows the tier number. The next two columns show the
percent differences for the P/G routing area for uniform and non-uniform meshes. The percent
differences for the average IR drop for both types of meshes are in the next two columns. The
last two columns report the percent differences for the maximum IR drops for both meshes.
Table 4.3. Average Percent Difference of 3D P/G Networks vs 2D P/G Networks
Tier
2
3
4

P/G Area
Uniform Non-uniform
-34.74%
-36.50%
-62.78%
-91.69%
-110.94%
-111.73%

Avg IR Drop
Uniform Non-uniform
21.61%
23.47%
28.74%
34.44%
33.23%
38.11%

Max IR Drop
Uniform Non-uniform
23.55%
20.54%
28.51%
31.34%
32.10%
33.14%

The average percent differences show the trends of increased P/G routing area and decreased
IR drops. For 2 tiers, each type of mesh exhibits approximately a 35% increase of P/G area and
a 22% decrease in IR drops. For 3 tiers, each mesh’s IR drop decreases by about 30%. For 3
tiers, the P/G area increases by 63% for uniform meshes, but increases by 92% for non-uniform
meshes. For 4 tiers, the P/G area increases by approximately 100%, or 2X, and the IR drops
decrease by 33%.
The increase in P/G area can be attributed to the need to construct a P/G mesh on each
tier. The area the P/G network needs to cover is larger than the area of the chip because the
stacked tiers allow higher packing densities. Because modules can be placed in each tier, the
P/G mesh is also stacked throughout the chip in each tier. The area the P/G mesh consumes on
each tier accumulates, resulting in a larger P/G routing area even though the area of the chip
decreases and the modules are closer. A larger P/G routing area consumes wire space, increasing
the challenges when routing the wires of the chip.
Even though the higher packing density does not benefit the P/G routing area, it assists in
decreasing the IR drop. Because the area of the chip is smaller and the modules are closer in
the 3D design space, the P/G edges are shorter, similar to the global interconnects. The shorter
P/G edges have less resistance, resulting in smaller IR drops in the P/G network. In addition,
by placing modules in the 3D space, the current consumed by different modules may be diverted
to different P/G edges in other tiers. Therefore, the individual 3D P/G edges have less current,
which also results in smaller IR drops. Although 3D P/G networks are larger, they result in
less IR drops. Because larger IR drops cause slower and even incorrect devices, smaller IR drops
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increase the performance of the circuit.
The properties of 3D ICs make them more susceptible to larger P/G areas and smaller IR
drops. However, due to the relationship between the P/G area and the IR drops, if needed
or wanted, these effects may possibly be mitigated by controlling the 3D Floorplan and P/G
Co-synthesis Algorithm. For instance, a different pitch updating policy or changing the weight
values in the P/G penalty and floorplan penalty may put more emphasis on either the P/G area
or the IR drop. Also, a different P/G structure could be used. Although it seems to be plausible
to effectively increase the IR drop yet stay within the acceptable values, it may be difficult to
keep the P/G area at a comparable level to 2D P/G areas due to the P/G meshes on each tier.
The average percent differences of the 3D P/G networks can be used to compare the two
different topologies. The main difference between the two topologies is that the non-uniform
mesh has a slightly better improvement in the average IR drop than the uniform meshes. This
may be because seperate pitches for each tier can more effectively deliver the power to the
modules. In addition, for 3 tiers, the non-uniform mesh has a higher P/G routing area than the
uniform mesh. However, there are no significant differences between the two types of meshes for
the P/G area for 2 and 4 tiers and the maximum IR drop for all tiers. Though non-uniform
meshes are more efficient in reducing the average IR drop in the circuit, both types of meshes
have similar advantages and disadvantages.
These results show the effects of 3D ICs on the area, wirelength anddDeadspace of a design,
which have already been cited in previous studies. The results also demonstrate the effects of
3D ICs on the P/G network, leading to increased P/G area and decreased IR drops. These
properties can aid in the designing of the 3D P/G network of the chip.

4.4

Conclusion

A 3D Floorplan and P/G Co-synthesis tool was developed using a 3D B*-tree floorplan representation, a 3D P/G mesh and resistive model, and a SA engine. The co-synthesis algorithm
can create the 3D floorplan and the 3D P/G network simultaneously. The new algorithm can be
inserted into a 3D design flow and can be utilized to help create 3D ICs.
3D Floorplan and P/G Co-synthesis addresses the growing concern of IR drops in P/G networks which are exacerbated as device scaling increases. By using 3D Floorplan and P/G Cosynthesis, a floorplan can be generated with consideration of the P/G network. This can help
ensure that the 3D floorplan would not result in an inefficient P/G network with several IR drop
violations.
3D Floorplan and P/G Co-synthesis allows more effective exploration of the 3D design space.
The algorithm effectively searches the floorplan configurations and different P/G network pitches
to find a suitable floorplan given the design metrics. Also, two types of P/G meshes were
constructed, a uniform mesh where each tier has the same pitch; and a non-uniform mesh where
each tier may have a different pitch. By comparing different floorplans and P/G networks for a
3D design, the most appropriate design can be chosen.
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In addition, this results from the experiments using the co-synthesis algorithm can be used
to analyze the effect of 3D ICs on the P/G network, which have not been exhaustively studied.
As the number of tiers increase,the P/G routing area tends to increase due to the construction
of P/G meshes on each tier. For 2 tiers, the P/G area increased by approximately 35% for both
uniform and non-uniform mesh. For 3 tiers, the P/G area increased by 62% for uniform meshes
and 91% for non-uniform meshes. For 4 tiers, the P/G area increased by approximately 110% for
each mesh. An increase in P/G routing area leads to more wire and routing congestion further
in the design.
Though the P/G routing area increases with the number of tiers, the IR drop of the P/G
network decreases as the number of tiers increase. For 2 tiers, the IR drop decreased by approximately 22% for both types of meshes; for 3 tiers the IR drop decreased by approximately
30% for both types of meshes; and for 4 tiers, the IR drop decreased by approximately 33% for
both types of meshes. The IR drop decreases because the higher packing density of 3D ICs bring
modules closer, reducing the length of global interconnects, including P/G wires. In addition,
the 3D placement of modules may divert the current consumed by the modules throughout more
P/G edges across the 3D P/G network. The decreased resistance and decreased current results
in smaller IR drops across the P/G networks. This ensures correct functionality and can lead to
higher performance from the devices.
The results of the experiments also indicate that non-uniform meshes have an increased
improvement in the average IR drop in the circuits compared to uniform meshes. This may be
caused by the ability of the different pitches on each tier to more effectively deliver power to
the modules. The other difference between the two topologies is P/G area for 3 tiers, in which
the non-uniform meshes have a larger P/G area. Other than these differences, the two types of
meshes have similar results.
There are several other extensions that can be made to the 3D Floorplan and P/G Cosynthesis tool. First, the algorithm does not consider the thermal effects of the 3D IC. Because
of the performance, power and reliability concerns induced by the high temperatures of 3D ICs,
the co-synthesis algorithm needs to be updated to include the temperature or thermal effects in
the optimization process. Also, in order to utilize the interoperability of OpenAccess, the tool
should be extended to use the 3D OA model. Other extensions, such as redistributing white
space in the floorplan, placing decaps [44, 46, 45] and varying the P/G TSV densities [47], can
improve the co-synthesis tool. It may also be possible to efficiently use dynamic analysis of the
P/G network and consider the inductive and capacitive effects of the P/G network. Lastly, the
P/G synthesis could consider multiple voltage supplies.
The 3D Floorplan and Co-synthesis Algorithm developed in this chapter contributes to the
development of 3D ICs by effectively considering the IR drops of the circuit, exploring the 3D P/G
design space and studying the effect of 3D ICs on the P/G network. 3D ICs can help alleviate the
IR drop problem because of the higher packing density which shortens P/G wires and distributes
the current consumption across the P/G network. However, the P/G area increases because of
the construction of the P/G network across different tiers. By considering the IR drop while
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floorplanning, exploring the 3D P/G design space, and evaluating 3D IC’s effect on 3D P/G
networks, a more efficiently designed P/G network can be developed, improving the performance
of the entire design.

Chapter

5

Conclusion
3D ICs can improve existing chip designs. They offer higher performance, lower power consumption, smaller chip area and the ability to support mixed-technology chips. However, there are
several challenges in the development of 3D ICs. First, the current 3D EDA tools still do not
offer enough support to effectively design 3D ICs on a widespread basis. Also, there is a lack
of testing and verification tools and methods to ensure the correct functionality of the 3D ICs.
In addition, integrating existing 3D EDA tools may be challenging because of the differences
between the tools. Because of the early development of 3D ICs and the challenge of constructing
a design flow, the design space of 3D ICs have not fully been explored. This leaves several design
techniques that can still be developed to exploit the benefits of 3D ICs. Lastly, because of the
high power density, the thermal effects of 3D ICs must be considered during all stages of design.
These issues need to be solved before 3D ICs are developed into a viable commercial product.
To aid in the development of 3D ICs, this thesis helps address these challenges. To facilitate
3D IC testing and verification, scan chain ordering methods were developed and analyzed. In
order to promote the interoperability of 3D EDA tools and the feasibility of a tightly integrated
design flow, a 3D OA model was presented. A 3D Floorplan and P/G Co-synthesis tool was
developed to enable further exploration of the 3D design space, as well as consider the effect of
3D ICs on the P/G network. These three research areas tackle various challenges faced by 3D
ICs and thus advance 3D IC technology.
Because no previous scan chain methodologies existed for 3D ICs, three 3D scan chain ordering
methods were developed: VIA3D, MAP3D and OPT3D. These methods were implemented and
analyzed. VIA3D and MAP3D required no changes to a 2D ordering algorithm. In addition,
VIA3D had the lowest possible number of TSVs in the scan chain, while MAP3D resulted in the
most number of TSVs among the methods. However, OPT3D resulted in the best scan chain
wirelength, with improvements over 2D wirelength of 36.3% for 2 tiers, 48.6% for 3 tiers and
53.4% for 3 tiers. In addition, OPT3D allowed the user to control the optimization process by
placing constraints on the design metrics. These three methods can be used in a scan chain
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ordering algorithm to construct the 3D scan chains. The construction of 3D scan chains provides
the ability to test and verify the 3D ICs, which is essential to produce functionally correct 3D
ICs.
Since the current OpenAccess model only supports 2D technologies, a 3D OA model was
developed to provide interoperability between 3D EDA tools. The model consists of a 2D database
containing 2D tier designs and a 3D database containing TSV designs and a 3D design. The
3D design aggregates the design information from the 2D tier designs. In addition, a tool which
creates a 3D technology for the 3D database was created. The 3D OA model provides a central
database for 2D OA tools and 3D OA tools to access, which leads to a tightly integrated 3D
design flow. An integrated design flow with the ability to easily insert and remove tools can
effectively and efficiently create 3D designs and explore different 3D design techniques.
Because the characteristics of the P/G networks of 3D ICs are not fully researched, a 3D
Floorplanner and P/G Co-synthesis tool was developed to help design the P/G network of 3D
ICs. By considering the P/G network during floorplanning, it can help alleviate IR drop problems
in the circuit. Also, the algorithm will effectively explore 3D P/G design space to determine the
P/G network which correctly balances the needed design metrics. Different 3D P/G network
topologies can be compared using the results of the algorithm. Two topologies were studied in
this work: a uniform mesh in which each tier has the same pitch; and a non-uniform mesh in
which each tier may have a different pitch.
The results of experiments using the two topologies can show the effects of 3D ICs on the 3D
P/G networks as well as compare the two different topologies. As the number of tiers increase,
the P/G routing area also increases due to the construction of P/G meshes on each tier. For 2
tiers, the P/G area increased by approximately 35% for both uniform and non-uniform mesh.
For 3 tiers, the P/G area increased by 62% for uniform meshes and 91% for non-uniform meshes.
For 4 tiers, the P/G area increased by approximately 110% for each mesh. Though the P/G area
increases as the number of tiers increase, the IR drops decrease due to the shortened P/G wires
and distribution of the P/G network throughout the tiers. For 2 tiers, the IR drop decreased by
approximately 22% for both types of meshes; for 3 tiers the IR drop decreased by approximately
30% for both types of meshes; and for 4 tiers, the IR drop decreased by approximately 33% for
both types of meshes. An increased P/G routing area increases the routing congestion in the
chip, but a decreased IR drop leads to faster and more reliable performance.
The 3D Floorplanner and P/G Co-synthesis experimental results show that non-uniform
meshes have a better improvement in the average IR drop than uniform meshes. This may be
caused by the ability of the different tier pitches to more efficiently deliver power to the modules
in the tiers. In addition, the non-uniform mesh has a larger increase in P/G area for 3 tiers.
However, the P/G area for 2 and 4 tiers and the maximum IR drop in the circuit are similar
for each type of mesh. Therefore, the non-uniform mesh may be more efficient in reducing the
average IR drop across the circuit, but both meshes have similar advantages and disadvantages.
The 3D Floorplanner and P/G Co-synthesis tool considers the IR drop while floorplanning,
explores the 3D P/G design space and evaluates the 3D IC’s effect on 3D P/G networks. This
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information can be used to design a more efficient 3D P/G network, which improves the entire
design.
Though the tools and methods developed in this thesis assist in solving the challenges faced by
3D ICs, they can be extended to further meet the needs of 3D ICs. First, thermal analysis should
be added to the 3D Floorplan and P/G co-synthesis to make it temperature-aware. Also, P/G
network methodologies can be applied to improve the quality of the P/G network. In addition,
both the 3D scan chain algorithm and the 3D Floorplan and P/G Co-synthesis algorithm can be
extended to use the 3D OA mode. Lastly, a complete design flow using the 3D OA model can
be developed.
Although a significant amount of work still needs to be accomplished before 3D ICs become
commercially feasible, the tools and methods developed and presented in this thesis help solve
these issues and they can be utilized and enhanced in the maturation of 3D ICs. As 3D ICs
develop into a practical technology, computers and systems will be able to exploit the benefits,
leading to improved products for the user.
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