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Abstract

In recent years, the needs for more processing power, faster circuits, and less power con-
sumption lead the semiconductor industry to investigate innovating methodologies and
technologies to continue the chip scaling process.

Moore’s law, indicating that every 18 months the number of transistors is duplicated [1],
comes to an end. The size of the transistors will not be able to be further reduced, while
the manufacturing cost will continue to increase for each new technology node. In parallel,
wires’ delay cannot be scaled as transistors can, making the adoption of new technology
nodes more challenging.

A solution allowing higher density is to stack transistors in multiple tiers, by utilizing a
third dimension. Three-Dimensional (3D) integrated circuits (ICs) allow chip scaling, just
like skyscrapers can accommodate more and more people at the same building block. By
designing 3D ICs, there is neither need for new material usage nor is it necessary to spend
large amounts of money on investigating smaller technological nodes. So, mature technology
nodes can be used for 3D ICs, as the benefits of stacking transistors in multiple tiers may
surpass the total benefits of utilizing new technology nodes.

Although the 3D ICs design has been around for decades, it is not being employed in
mass manufacturing. Therefore, the semiconductor industry will have to deal with a number
of new challenges due to the introduction of the third dimension. One of these challenges
is higher density which results in higher circuit temperature, while the efficient linking of
different tiers is another challenge. The absence of Electronic Design Automation (EDA)
tools is another impediment to the mass manufacture of 3D ICs. Most of the attempts to
design a 3D IC used traditional two-dimensional EDA tools and physical design flows, with
modifications. However, circuit quality is low when the convectional two-dimensional flows
and tools are used, as they do not inherently take the third dimension into consideration.

Our objective in this study is to investigate and evaluate different methodologies that
provide the ability to separate a design into tiers, i.e. the tier assignment problem. This is one
of the first steps for the 3D integration, while each methodology significantly impacts integra-
tion quality. Our main target has been to improve power consumption, circuit performance,

circuit size, and achieve a limited number of interconnections across several tiers.
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viii

Firstly, we investigated several Block-Based techniques to divide and tackle the problem
of assigning a large circuit to tiers. Since modern designs contain billions of standard cells,
designing a chip that takes all of the components at once into account is quite challenging.
To simplify the three-dimensional design, transitional two-dimensional divide-and-conquer
approaches are employed. So, we developed and consequently we analyze three-dimensional
floorplanning and clustering algorithms for tier assignment in this study, to handle very large
designs. This floorplanning algorithm aims to partition RTL functional modules into tiers of
equal size, while the clustering algorithm aims to generate well-formed (e.g. balanced, low
connectivity) groups of standard cells that will be allocated to tiers.

Despite the fact that Block-Based techniques can handle very large designs, their quality is
restricted due to their higher level of circuit abstraction. So, we also investigated Fine-Grained
techniques as partitioning and three-dimensional legalization. Fine-grained approaches
provide greater freedom, which can lead to better solutions. However, these approaches must
be able to handle today’s very large circuits, that contain billions of standard cells. But, the
Fine-Grained techniques that we propose to assign standard cells to tiers do handle these
very large designs.

Finally, we evaluate the merits and limitations of suggested techniques, algorithms, and
flows by comparing the placed and routed designs. We also provide assistance on how to
apply the methods, algorithms, and flows on three-dimensional circuits, to select the optimal

one for the specified metrics.
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Abstract

To tehevutala yedVIL OL AVAYXES YId TEQLIOCOTERT) UTOAOYLO TIXT Loy L, ToryOTERPOL Q0T
AEXTEOVIXG. XUXAWDUATO XL UE YUUNAT) XATAVIAWGCT) EVEQYELNG €Y OUV OBNYHOEL TNV Bloprn-
Yovior NUIY YWV 0TV ovayxn EVPECTNC VEWY UETOBOAOYLOY X0l TEYVOAOYLOVY, (OTE VA
AATUC THOOUY EQPIXTY| TNV CUVEYLON TNG XAUAXWOTNG TWV ORNOXANPOUEVODY XUXAWUATOY.

O vopoc Tou Moore, Yo Tov BITAACLAOUS TwV Teavl{oTop 0TNY ETLPAVELN EVOS TEOV-
Liotop x&e 18 ufveg [1], et prdoet oe téhua. O Adyog elvon apoavids 6T oL Blao THoELS
TV TeavlloTop BeV UTopoUV VoL UiXpUVOUY TEQLIOGOTERO KoL UPETEQOU OTL TO XATUOHEUO-
oTixd x60710¢ ebvar Tdpa TOAD peydho. Ilapddinia, n xaductépnorn Twv xohwdiwy Oev
urmopel va xhaxwdolv, 6mwe meaypatonoteiton Ye Ty xotuotépnor 1wy teaviioTop,
eumooiloVToC €T0L TNV XAAXWOT] TOV XUXAGUATOY.

‘Evag guowde tpémog yio va emtpomel 1 abénon tng muxvotntac twv TeaviicTop,
OLUTNEWVTAS OTAdEP TNV ETLPAVELXL TOU OAOXANPEWHUEVOU XUXADUATOS, EiVOL 1) YEHOT) TTOA-
Mm@V 0p6gnvy. ‘OTeg ol ToALXATOIXIEG ETLTEETOLY TEPLOGOTEROUS avipMOTOUE VoL dlo-
UEVOLY GTO (BlO OWOBOULXO TETEAYWVO, O GYEDT UE TIC LOVOXUTOLXIES, £TOL XL TA TELO-
OL3C TOTOL XUXADUATA UToEoVY VoL ETLTEEDOUY TNV GUVEYLST) TNG XAAXMOTS TWV ONOXAT-
POUEVODY XUXAWUATLY. Me TNV ToloBldo TaTn oyedlaor) TV XUXAWUATOY, deV amouteitol
1 YPNON VEWY UAXOVY, AAAG OUTE XAl XUTAVIANGT) OXOVOUXOY TORMY YAl TNV TEQUTER®
ouixpuvon twv teavlictop. ‘Etot, umopolv va yenoworoindody teyvoloywol xouBol
oL €y0uV doXAcTEL xou BeV eUPaviCouy TEOBANUUTH AOY( TWV ULXEOY DLUC TACEWY.

(d61600, TUEOLO TO YEYOVOC OTL 1) TEPLOOIACTATY OYEDINOT) UTdYEL E0W Xou DEXAE-
tieg, Oev ypnotpornoteiton yior palix mapoywyr xatd To €noxeov. O Aéyog eivon 6Tt
APEVOS XATA TNV TELOOAOTATY OYEdiooT EpavioTnxa TEoBAAHaTY, OTwWS 1 adENnon TNg
VEQUOXPUCTOC TOU XUXAWUOTOS, 1) XOTAUOXEUT) X0l OLotyElplon TwV GUVOECEWY PETAE) TCV
OLOUPORETIXWY ETUTEDWY, AN apeTéPOL 1) ENAELT EpYareidY Xou POV Yior TNV oyedlaom
TWY TELOOIACTATOY OAOXANEWUEVLY XUXAWUATWY. Adyw Tng éMkewdmng epyolelwy, yia
TNV XUTUOXELY| TOV TELOOWEO TATOY OAOXANPOUEVODY XUXAOUITLY YENOHOTOLOUYVTOL To
oudPotind epyaheio xon oL poég oyedlaomg BLoBIAOTATWY XUXAOUGTLY. (26TOCO, T GUU-

/ /7 Ve / / 7 / /
Botixd epyahela oyedlaong BIOOLEC TUTWY XUXAWUATOY, OEV UTopolV Vo AdBouv urddiy
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TOUG TAPWE TO TAEOVEXTHUNTA TTOU ETLPEQPEL 1) TRt DLdoTaoT %o ETOL TOAES PORES OEV
UTOEOVY Va. YenouloTotnloly anoTEAEGUITIX.

H ev Moy €peuva €yel ¢ 0Toy0 TNy e€epelivnor xot alloAGYNOT) DIUPORETIMY |UE-
YodohoyidV avddeons TwV OTOLYEIWY £VOC XUXAGUATOC ot ToAlamholg opogpous. H
avédeon 1wy oTolyelwy amotehel Evo amd To TEWTA BAUNTH OTNV XATACKEUT| EVOS TELO-
OLAC TUTOU HUXAWUATOS, EVEM Ol ATOQACELS ToU AopfdvovTon 68 aUTO TO GTAd UTOpPEL
VoL AmOBELY TOVY XOTOAUTIXES VIOl TNV TOLOTNTO TOU XUXAWUATOS. ATWTEROS 0TOY0¢ Elvor
1 em{TeLdn TWV XUAITEQHY BUVATOY ATOTEAECUATWY OF XUTOUVIAWGT) EVERYELUS, Tay 0T
TOC XL EXTACTC TOU XUXADUATOS, GAAd xat To TAHDOC TV BLIGUVOECENMY UETAL) TV
OLUPOPETIXWY ETUTEDMV.

Apyind, e€epeuvriooye SapopeTinég peodoloyieg xat ahyopiuoug opadortoinong tewv
OTOLYEIY TOU XUXADUTOS YLoL VO ATAOTIOLCOUUE TNV OYESlooT UE TNV TEYVIXT| Olodpet
xau Baoiieve. O teyvinéc ouadomoinong etvar apxetd onuavTnés xadde ETTEETOUY TNV
dloryelplon aExeTd HEYSAWY xuxhwudtwy. Etol eletdooue tnv Teiodldototy yweolétnon
TWY LEPUPYIXMY GTOLYEIWY TOU XUXAOUATOS UE YproT alyoplluou Tou €yl Gav apyLxo
OTOYO TOV IGOUOLRUCUO TV IERAURYIXMY OToyElwY oTo dlaopeTixd enimedo. Ilopdihnha
ovamTOZoe Eval VEo alybprluo opadomoinone oTolyelwy, MOTE Vo ONUOVRYHOOUUE THO
TEOGLTY, YLl TNV TELOOWOTATY OYEDUOT), TUNUATOTOMGY) TOU AEYIXOU XUXADUATOG.

‘Encita, yenowonouinxo xou e€etdotnxay alyopriupol xar uedodoloyleg oTo emine-
00 TWV TUAWY. XTO EMNEDO TwV TUAWY UTdpyel UeyahlTteen vehi&ia yior TV Bedtinon
TV BLoPopwY PETEXOY (61w xatavdhnon evépyetag xa ypoviouds). Tlopdha autd, n
Oloyelpton Twv oY YEOVKY OAOXANPWUEVLY XUXAOUATWY, UE DEXADES EXATOUMOPLY G TOL-
xeto, xahotd npdxdnon Ty yehon Twy yedodoroyiwy 6To eTinedo Twv Tuhwy. ‘Etot, ot
uedodoloyleg Tou ToEOUGLALOUUE €YOUV GXOTO TNV ATOBOTIXY OYEBIAOT UEYTAWY TELOo-
OLO TATOV XUUAWUATWY.

Tehixd, ot drapopeTixéc yedodoroyieg, ahydpriuot xou poéc ouyxpivovtouw oto enine-
00 TNC TomOVETNONG XoU BLGUVOEOTNC, XUl TO ATOTEAECUATO OUTMY ATOOEYOOLY OTL 1)
xenon tng xdie piog anooxonel ot BeATio TOTOINOT| BLUPORETIXMDY UETEXOY, AVANOYL UE
TNV XATAOXEVAC TIXT TEYVOhoyia oL €yel emAélel o oyedotrc. 'Etol, mapoucidcou-
ue to VeTind xou apvntind otolyelor Tng xdde pedodohoylag, MOTE vor xateUdUVOUNE TOV

oYEdLOTH oo EMYUUNTE ATOTEAEGUOTAL.
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Chapter 1
Introduction

It is a fact that Integrated Circuits (ICs) combine more and more functional blocks year after
year, while their size decrease. As a result, conventional Two-Dimensional (2D) ICs’ density
and wire complexity grow substantially, resulting in longer interconnections. Moreover,
despite the fact that smaller technology nodes present shorter gate delay, interconnect delay
does not follow the same trend. As a result, in deep submicron technologies, interconnect

delay dominates gate delay, while it remains a critical bottleneck of modern System-on-Chips

(SoC).
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Figure 1.1 Interconnect and Gate Delay [2]

Figure 1.1 depicts interconnect and gate delay trends in correlation to various technology
nodes. It is clear that due to the increasing interconnect delay, the total circuit delay is also
increased at more resent technology nodes. Moreover, SoC incorporates multiple circuit types
in one chip, such as logic, memory, analog/RF blocks, etc. Because different circuit families

may require different substrates, this diverse integration in a single die becomes difficult.
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2 Introduction

Consequently, the semiconductor industry has began to seek new options due to the increase
in power, performance, and cost barriers, specifically beyond 28 nm. Thus, three-dimensional
integrated circuits (3D ICs) have been introduced to provide higher integration density and
higher Power, Performance, and Area (PPA) gains.

Several studies have demonstrated that 3D ICs can result in 30% to 50% wirelength
reductions [9—11] and correspond footprint area reductions (Figure 1.2). The reduction in
wirelength leads to less power consumption in wires, buffer insertion reduction, and also
increasing chip performance. The wirelength reduction occurs when long horizontal wires,
i.e. wires on a 2D plane, become shorter by connecting cells vertically, as depicted in Figure
1.2.

Wire Counts

2D Interconnection 3D Interconnection Wirelength

>
>

Figure 1.2 2D and 3D Interconnections

As a result, 3D integration is an up and coming technology that can assist the semi-
conductor industry in overcoming the challenges of shrinking technology nodes. To build
integrated circuits in a vertical manner a number of options are available, as shown in Figure
1.3. However, this study focuses specifically on 3D ICs.

3D ICs integration technologies can be classified into two categories: sequential and
parallel processes. In the case of a sequential process, the devices and metal layers of the
second layer are developed on top of the first layer, etc. As a result, this integration approach
is often termed as monolithic. The key technology in this method is the formation of a
high-quality active layer that is separated from the bottom substrate. This bottom-up method
has the advantage of establishing exact layer alignment. It does, however, have certain
drawbacks. Top layer crystallinity is often low and imperfect [12], making high-performance
device creation in the upper layers prohibitive. Furthermore, the high temperatures required
to create the new top layers might harm the bottom layers. Monolithic integrated circuits are
still in their early phases, and manufacturing performance is limited due to their sequential

nature.
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Figure 1.3 3D Stack Options [3]

The parallel process, on the other hand, employs standard production processes to handle
each layer individually. These layers are then bonded together to form 3D IC by stacking
each layer on top of the other ones. As parallel stacking doesn’t involve a modification in the
regular production process, it is more adaptable by the industry, compared to the monolithic
approach. The parallel stacking can also be categorized as wafer-to-wafer, chip-to-wafer,
or chip-to-chip based on the stacking method (Figure 1.4). In chip-to-chip stacking, wire
bonding or Through Silicon Vias (TSVs) can be utilized to link chips vertically. TSV is
the vertical connection utilized in wafer-level 3D integration, such as chip-to-wafer and
wafer-to-wafer stacking, with the latter being the most cost-effective technique. On the
other hand, chip-to-chip presents higher yield, since it allows the use of Known-good dice.
Currently, R&D efforts are concentrated on chip-to-wafer integration.

Wafer thinning and handling, alignment, TSV creation, and bonding are all phases in this

integration process, and the various options for each are summarized in Table 1.1.

Table 1.1 Integration Process Steps

Bonding Style Metal-to-Metal | Dielectric-to-Dielectric | Hybrid Bonding
TSV Formation Via First Via Middle Via Last
Stacking Orientation || Face-to-Face Back-to-Face Back-to-Back
Singulation Level Chip-to-Chip Chip-to-Wafer Wafer-to-Wafer

An important choice for 3D integration is the stacking orientation of stack (Table 1.1).
The two most important orientations are Face-to-Face and Face-to-Back. Figure 1.5 shows
processing examples for these two stacking methods. At the latter orientation, the face of the
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4 Introduction

Wafer-Scale Chip-to-Wafer Chip - Scale

‘ﬁ‘

Figure 1.4 Schematic representation of different 3D IC stacking options [4]

bottom wafer is bonded to the backside of the top wafer. The top wafer is thinned from the
backside using a handling wafer attached to the front-side after being prepped with TSVs.
On the front-side of the bottom wafer, the necessary dielectric and metal are deposited before
bonding with the backside of the top wafer. On the other hand, in the Face-to-Face approach,
TSVs are fabricated on the front-side of the top wafer, while the top wafer is then bonded

Face-to-Face with the bottom wafer.

Face-2-Back (F2B) Face-2-Face (F2F)
M5
M4
—TSV  Underfill ”_;
RDL
uBumps M2
Metal " il ——-
. M54 M5
. I ms  Layers g
: L Device
«— Layers ﬁ
Substrate —

Figure 1.5 Face-to-Face and Face-to-Back wafer stacking process steps [5]

Apart from the integration process, the stack orientation, or the singulation level, it is
important to have the appropriate EDA tools to design and test 3D ICs. The first attempts to
manufacture 3D ICs used traditional 2D EDA tools, but yield was low. From the initial effort
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1.1 Motivation and Structure Of The Dissertation 5

to the present, EDA companies have made significant progress in providing a variety of 3D
integration capabilities. Besides the fact that large EDA companies have released tools that
enable 3D ICs features, 3D EDA tools are still in their early phases of development.
Synopsys, for example, introduced the "3DIC Compiler," a platform for advanced multi-
die system design, implementation, validation, and signoff [13]. According to Cadence,
"OrbitlO" is utilized for chiplet planning and managing system connectivity for complicated
multi-fabric systems. Despite academic and commercial efforts to completely enable 3D
integration, there are no complete solutions to all 3D IC levels and methods [14].

1.1 Motivation and Structure Of The Dissertation

Based on the growing interest of both academia and industry for the vertical chip integration
as well as the shortage of 3D EDA tools, this research provides not only benefits but also
disadvantages of distinct 3D integration approaches, techniques, and processes. The main
topic of this research is physical design, and in particular to solve the problem of the tier
assignment. Tier assignment can be defined as the problem to find a tier for all standard
cells of an 3D IC, where final circuit PPA gains will be maximized. This selection affects
numerous parameters, including the 3D IC’s power, performance, and area (PPA), as well
as several additional restrictions, such as the number of vertical interconnections. Due to
the fact that assignment is a general-purpose problem, the proposed methodologies and
algorithms are applicable to various integration process options, which are summarized in
Table 1.1. However, some approaches may be more appropriate for a specific process option,
as observed by the experimental results. Furthermore, by taking the limitations of each
integration technique into account, the investigated methodologies may be employed for
either monolithic or TSV-based 3D ICs. So, in this work we do not focus on a particular type
of 3D IC.

Based on the granularity of the assignment problem, we investigate two primary strategies,
the Block-Based and the Fine-Grained 3D IC assignment. For each of these strategies, we
provide several solutions, either by leveraging external tools or by developing algorithms.
Furthermore, we evaluate alternative design flows based on the techniques investigated, using
an industrial tool for placement optimizations and routing.

The remaining part of this dissertation is organized as follows:

The physical design background for 2D and 3D ICs is presented in Chapter 2. Several
procedures, strategies, and algorithms are presented briefly to introduce the key terminology
that are utilized in the next chapters. First, we present the major floorplaning principles.

Then, an overview of placement techniques is provided, followed by detailed descriptions
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of the most important placement categories. Following that, we will cover clustering, an
essential approach for reducing design complexity of very large circuits. Chapter 2 includes
a brief overview of 3D placement strategies, while the most significant 3D floorplanning
algorithms and placement flows are presented in Chapter 3.

The multiple Block-Based tier assignment techniques that we utilize in this research
are presented in Chapter 4. First, we propose a 3D floorplanning algorithm with the goal
of creating balanced levels. Then we employ the well-known multi-level partitioning tool,
METIS, in two variants. The first one utilizes the tiers as partitions, thus the objective is to
assign all the cells to tiers (partitions), by reducing vertical interconnections. The second
is to construct multiple partitions, each of which is considered as a cell group (or cluster),
while each group will be assigned to a tier.

Chapter 5 presents the Fine-Grained tier assignment methodologies. A bin-based parti-
tioning methodology is presented, capable of handling very large designs. Moreover, the first
3D legalization algorithm is presented, with or without vertical connection constraints.

Chapter 6 presents the physical design flows that have been used to compile the experi-
mental results for the investigated approaches. We also present the results of the investigated
methods and algorithms, while we give recommendations for the better use of each method-
ology and algorithm. Finally, the conclusions and future work are presented in Chapter 6 as
well.
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Chapter 2
Background

This chapter provides a quick introduction of cutting-edge concepts for 2D and 3D physical
design. The physical design flow is composed of multiple phases and sub-stages with strong

connections between them (Figure 2.1).

2.1 Physical Design Flow Overview

The physical design flow consists of multiple stages, while some of the stages may be
performed multiple times. In general, the flow starts from a synthesized netlist, extracted
from a Register Transfer Level (RTL) code (either Verilog or VHDL). The first step of the
physical design flow, is floorplanning, which determines the dimensions and the positions
of the functional blocks in the chip area by minimizing a set of parameters, e.g. area (see
Section 2.1.1). Furthermore, the top level I/Os pins are inserted at this step. The partitioning
phase is optional but crucial for particularly big designs, while power planning defines the
chip’s power grid. The placement stage (see Section 2.1.2) is the most significant since
it determines the position of standard cells, intellectual properties, blocks, and so on, by
minimizing various sets of cost functions (e.g. wirelength, circuit delay, power, thermal and
wire congestion). The placement stage is also essential because it has a global perspective of
the circuit for all standard cells and macros, while it is responsible for effectively meeting the
Power, Performance, and Area (PPA) requirements. The clock tree synthesis also specifies
the clock network and provides buffers for more consistent delay sharing. Furthermore,
routing is the stage at which the nets acquire physical form. Finally, additional optimizations
and verification tests are performed to ensure that the chip’s behavior is proper and that the

various constraints are satisfied.
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Figure 2.1 Physical Design Flow

Floorplanning is an essential part of the physical design flow since it serves several purposes.

By providing a collection of hard blocks (with fixed geometries) and/or soft blocks (whose

geometries can be changed) and their connectivity, floorplanning determines the geometries

of soft blocks and finds the locations of the blocks inside chip area, in order to optimize

predefined cost metrics such as wirelength and chip area [15].

Floorplanning offers early feedback on the P&R stage since it is a pre-processing phase

that recommends modifications, while it determines the core area and estimates circuit delay

and wire congestion as well. Furthermore, floorplanning is utilized to hierarchically split a

design into manageable smaller functional blocks, resulting in the reduction of the complexity

in modern designs, due to its divide-and-conquer nature.
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Figure 2.3 3D Floorplanning Example [6]

Floorplanning can be conducted for arbitrary dimensions, such as 1D, 2D, 3D, (Figures
2.2 and 2.3). Similar to conventional 2D floorplanning, 3D floorplanning likewise results in a
compact packing area, short wirelength, low power consumption, and high performance [6].
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3D floorplanning distributes blocks on several tiers without overlaps allowing design parame-
ters such as chip area, wirelength, TSV number, and maximum on-chip temperature to be
optimized or met.

The third dimension makes floorplanning a much more complex task since a multi-tier
structure escalates solution space substantially, while higher density accentuates the thermal
problem. As a result, shifting to 3D designs becomes a more challenging goal.

Most 2D and 3D floorplanning algorithms may be categorized as slicing or non-slicing,
according to [16]. The most significant differences between 2D and 3D floorplanning are that
the latter must manage an additional (third) dimension, while it must meet more constraints,
such as thermal issues.

The third dimension can be handled by algorithms such as 3D transition closure graph,
sequence triple, and 3D slicing tree [17] where the circuit blocks are notated by a set of 3D
functional modules that determine the volume of the 3D system. By utilizing such a notation
for the circuit blocks, an upper bound for 3D slicing floorplans is determined. In general, 3D
floorplans result in larger unused space as compared to 2D slicing floorplans primarily due to
the highly uneven volume of the 3D modules. For high flexibility ratios, however, this gap
is reduced considerably, and, in certain cases, the upper bound for 3D floorplans becomes
smaller than in 2D floorplans. For the second challenge of 3D floorplanning, the exploration
of the solution space, a multi-level approach can often be more efficient for floorplanning 3D

circuits than a flat approach, as discussed in the following subsections [16].

2.1.2 Placement

Following floorplanning, the next stage is placement, which is considered as one of the
most significant and powerful steps in the physical design flow. Placement converts a
block/gate/transistor-level netlist into an actual layout for timing convergence [18], i.e. it
determines the exact locations of logic netlist components inside a particular area and
establishes the design’s overall timing characteristic. Furthermore, substantial optimizations
are performed at this stage to optimize the timing of the design and to ensure a legal
placement solution. As a result, the majority of industrial and academic physical design tools
are developed around a placement infrastructure.

The typical objective of placement is to minimize its wirelength, and a fundamental
constraint is to avoid any cell overlap. This is because wirelength can easily be modeled which
serves as a good first-order approximation of real objective functions such as timing, power
and routability of a design. There are three types of placement techniques, the stochastic,
the partition-based, and the analytical, as presented in Figure 2.4. The first category uses
randomization to optimize placement cost functions (e.g. TimberWolf [19]). Partition-based
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2.1 Physical Design Flow Overview 11

placers, on the other hand, utilize a divide-and-conquer strategy to split the netlist and chip
area into smaller regions [20-22]. Despite the fact that these approaches have short execution
time, the solution may not converge to global optima. The third type is analytical placers,
which are further split into two major sub-categories based on their objective function. These
two categories are the non-linear and the quadratic. The former minimizes a non-linear cost
function, e.g. a log-sum-exponential [23] or a weighted-average [24] function, which is
minimized by non-linear optimization techniques like conjugate-gradient optimization [25].
While the objective function of the latter is quadratic and can therefore be minimized

efficiently by solving a system of linear equations.

Placement

Techniques
Technique
. Partition- q Level
Stochastic Based Analytical
i ]
. N— 1 Objective
Timberwolf Capo Non-Linear Quadratic Function Level
Dragon
FengShui |
N A Overlap
Partition- Force Reduction
Aplace Based Directed Level
NTUplace
ePlace h‘—l
N Density
: Fixed Points- Density- Formalisation
Gordian
BonnPlace Based Based Level

FastPlace
FDP
mFAR

Kraftwerk2

Figure 2.4 Placement Techniques

Analytical Placement Techniques

Analytical placement methods solve the placement problem as a single nonlinear or quadratic
program, according to [18]. Instead of an accurate wirelength metric and exact non-
overlapping constraints, the non-linear program uses wirelength approximations. The wire-
length metric is a continuous differentiable function that is more complex than quadratic
functions but more accurate in approximating HPWL. Moreover, density constraints are
used to replace non-overlapping constraints in the placement region. The exact bin density

function is a piece-wise linear function and hence not differentiable. The density of a bin
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is a smooth version of the exact one. Examples of placers in this category are APlace [26],
NTUplace [23], and ePlace [24]. To approximate the wirelength, APlace and NTUplace use
the log-sum-exponential wirelength function, while ePlace uses the weighted average. To
smooth the density function, APlace and NTUplace use a bell-shaped function proposed also
by [27], and ePlace uses the local smoothness of the gradient function.

On the other hand, quadratic placers are often employed because they produce high-
quality results while consuming little CPU time [28]. However, they encounter two challenges.
First, they require a model to express a linear objective, such as a linear wirelength, in the
quadratic objective function. Second, a method is required to decrease the module overlap
that is common in quadratic placement. Quadratic placers are classified into two types based
on the approach used to eliminate module overlap: (1) partition-based quadratic placers
such as Gordian [29] and BonnPlace [30], which accomplish overlap-free placement using
center-of-mass restrictions. These quadratic placers frequently partition the placement area
recursively and assign modules to the placement partitions to improve the center-of-mass
constraints. (2) Force-directed quadratic placers, such as Kraftwerk2 [31], FDP [32], and
mFAR [33], use an additional force to distribute modules on the chip and therefore decrease
module overlap. The additional force required for this category appears to be implemented in
a variety of ways. For example, mFAR expresses the additional force using two distinct fixed
points. One is to decrease module overlap, while the other is to establish force equilibrium.
Kraftwerk?2 calculates extra forces based on module density, which drives the modules from
high to low-density regions.

Force Directed Placement

The force-directed quadratic placement algorithms imitate cell connections as springs, and
their movement is governed by Hooke’s law [34]. Cells are considered as points, regardless
of their physical shapes or sizes, and each cell pin is located in a single point, usually near
the cell’s center. The single point model has the advantage of grouping wires that connect
terminals of the same pair of cells. Because standard cells are small in comparison to the total
placement area, this assumption is acceptable in standard cell design. Such an approximation
cannot, however, be utilized in macro-cell placement as there is considerable error. In some
cases the largest cell can occupy over half of the entire placement region, so approximating it
as a point and gathering all its terminals to that point is obviously not efficient as it can affect
the compactness of the final placement. As a result, the actual shapes and dimensions of
the cells must be used to result in a more realistic solution. However, by utilizing the actual

dimensions, overlaps between the cells will occur.
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To solve the placement problem, force-directed placers model the components’ connec-

tion as spring forces, while these forces are assigned to the netlist graph (Figure 2.5).
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Figure 2.5 Forces Representation

Each graph node represents a component with physical dimensions (Figure 2.6). As a
result, by minimizing only the wirelength, the placement solution will suffer from excessive
high density, causing the router to produce poor results or even fail routing. Therefore, there
are different approaches to spread components by optimizing not only wirelength, but also
components density or overlaps. There are two ways to represent the overlap metric as an

additional force: placing a pseudo-pin (e.g. [35]) or inserting additional forces based on the
component density (e.g. [31]).
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Figure 2.6 Overlapping Components

Components must be distributed evenly within the core area to avoid component overlaps.
As a result, a two-dimensional bin building is formed in the layout area. Spatial forces are
generated by transferring "supply" bins to "demand" bins. The density of each bin is defined
as the ratio of the total area of the bin to the total area of the cell that overlaps with the bin.
Additional forces are employed to transfer cells from supply to demand places to make the
supply-demand system uniform, i.e. removing cell overlaps. Following cell spreading, the

legalization process is conducted to completely eliminate cell overlap and place the cells on
the placement grid.
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Figure 2.8 Overlap Free Placement

2.1.3 Clustering

The constant increasing amount of components in modern designs makes the placement
process harder to solve. The large number of components has an impact not only on the quality
of the results, but also on the execution time. Many placement techniques (for example,
simulated annealing) become inefficient when dealing with large designs. To address this
issue, a preparation phase that decreases the number of objects for placement while preserving
placement quality is required. One widely used method is to form component groups (clusters)
that decrease the amount of items to be handled by the placer. Clustering is a technique that
contains various methods of extracting groups (e.g. First-Choice [36] and Best-Choice [37]).
The selection of the components that form a cluster must be made very carefully, because
it has impact on the quality of the placement. Clusters are made up of highly connected
components, and depending on the clustering methods, these clusters may or may not be
balanced. Clustering can enhance the quality of analytical placers particularly by "hiding’ the
large fanout nets by clustering the components that belong to the same net. The size of each
cluster, however, affects the behavior of the placer and hence affects placement quantity.
Modern placers use multi-level clustering and partitioning to reduce circuit complexity.
Figure 2.9 depicts multi-level partitioning in which clustering is employed at various levels

and subsequently clusters are assigned to partitions. The first stage is known as coarsening,
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2.2 3D Placement and Partitioning 15

while the second is known as uncoarsening. The netlist or pre-placed components are grouped
into tiny clusters during the coarsening process. Then, clusters from previous levels are
grouped again to form new larger clusters of the current level. This technique is repeated
until there are a few hundred clusters where the placer would be able to place them efficiently.
Then, a partitioning algorithm assigns the clusters of the top level to partitions and then
clusters are placed inside their partitions. After placing the top level clusters, the method

proceeds by uncluttering the clusters from the previous level, and so on.

Figure 2.9 Multi-level Clustering-Partitioning

2.2 3D Placement and Partitioning

3D placement is an expansion of 2D placement that includes a vertical dimension. Place-
ment for 3D ICs becomes considerably more difficult, similar to 3D floorplanning (Section
2.1.1). As with 2D placement, the primary goals of 3D placement are 1) wirelength min-
imization, 2) delay optimization, 3) thermal management, but it also considers 4) vertical
interconnections [38]. Placement may also account for specific 3D stack properties, such as
thermo-mechanical stress caused by Through Silicon Vias (TSVs). Currently, a variety of 3D
placement approaches are also being developed to solve the problems associated with 3D IC
technology, [6]. The majority of these methods, particularly at the global placement stage,
can be thought of as expansions of 2D placement approaches. Partitioning-based techniques,
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flat placement approaches, multi-level placement approaches, and folding-based approaches
are four primary placement methodologies that can be used for 3D placement.

* The partitioning-based approach [39, 40] applies similar divide-and-conquer strategies
as the well-known partitioning-based 2D placement approaches. The bi-section of the
placement area in the z-direction is performed in parallel to the bi-sections in the x-direction
and the y-direction. And the cost of partitioning is measured by the estimated wirelength
and the TSV number, where the nets can be further weighed by thermal-aware or congestion-
aware factors to consider temperature and routability.

* Flat placement approaches are the variations of quadratic placement, including the
force-directed approach [41], the cell-shifting approach [42], and the quadratic uniformity
modeling approach [43]. Since the unconstrained quadratic placement will introduce a
great amount of cell overlaps, different variations are developed for overlap removal. The
minimization of the quadratic wirelength, as well as the quadratic form of TSV number, could
be transformed to the problem of solving a linear system. These flat placement approaches
append a force vector (as previously described) to the right-hand side of the linear system,
which is computed from the density distribution and helps to reduce cells overlaps. The
vector is updated and the linear system is solved iteratively until the area in every predefined
region is not greater than the area capacity of that region. These flat placement approaches
differ by the definition of this force vector.

* The multi-level placement approach [44] constructs a physical hierarchy from the
original netlist, and solves a sequence of Placement problems from the coarsest level to the
finest level. An analytical 3D placement solver is applied at each level, which optimizes the
log-sum-exp wirelength [45] and the log-sum-exp TSV number estimation subject to the
overlap-free constraints. To model the 3D overlap-free constraints pseudo tiers are used for
area projection, to guarantee the legality of the final solution.

* Folding-based placement reuses 2D placement solutions/tools and derives a 3D place-
ment by folding modules and applying local refinements [38]. The main benefit is that proven
2D placers can be applied; the disadvantage is the limited consideration of implications

arising from die stacking, e.g., increased routing congestion.
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Chapter 3

3D Flows Literature Review

3.1 Block Based 3D Integration

3.1.1 Floorplanning

Several works have been proposed for 3D integration within the floorplanning stage. Cong
et al. [46] presented a thermally driven 3D floorplaning algorithm, which included thermal
awareness selectively with a rapid but less precise hybrid resistive model and another precise
but slow resistive model. They provide a trade-off between accuracy and runtime, which is
reduced to 3.2x, when the less accurate model was used, compared to the accurate but slow
model which results in approximately 10x runtime overhead.

In [47] authors proposed a thermal aware 3D floorplanning algorithm for microproces-
sors, which also takes interconnections into account. The algorithm identifies the thermal
hotspots and utilizes power consumption in interconnections during the simulating annealing
optimization step. By using the information about the interconnections of 2D floorplanning,
they normalize the interconnections’ wirelength of a 3D chip.

Healy et al. [48] have developed a multi-target micro-architectural floorplaning method
that is used for 3D ICs. Taking thermal reliability, area, wirelength, vertical overlap, and
bonding-aware partitioning into account, it defines the dimension and position of the func-
tional modules by utilizing linear programming and utilizing simulated annealing technique.

For wirelength optimization, LI et al. presented a hierarchical 3D floorplanning method
[49]. The algorithm provides a statistical approach for partitioning and placing small groups
of modules in each device layer, followed by 2D floorplanning in each device layer with no
inter-layer movements. As a result, it divides the 3D floorplanning problem into many 2D
floorplanning problems, where existing 2D floorplanning algorithms can be used.
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Zhou et al. [50] employ a three-phase force optimization method along with legalizing
approaches which remove block overlaps during floorplanning. This was the first work that
used force-directed techniques for 3D IC floorplanning, compared to previous works that
utilized the simulated annealing technique. A temperature-driven leakage model is also
utilized to optimize the thermal profile and leakage power consumption based on a feedback
loop [51].

3.2 State of the Art Fine Grained 3D Integration Flows

Since no commercial EDA tool that supports cell placement in 3D space is currently mature
(there is an early endeavour with tools such as Innovus of Cadence [52] and IC Compiler
of Synopsys [13]), several monolithic 3D and TSV-Based design methodologies which
utilize 2D commercial EDA tools to implement Monolithic 3D designs are introduce [53—
58]. In [53, 54], the authors propose design flows for gate-level monolithic 3D designs,
whereas [57] presents block-level Monolithic 3D design flow. On the other hand, in [58]
authors propose a TSV-Based methodology for gate-level designs. These methodologies
achieve significant less wirelength results compared to 2D designs, reducing it from about
20% to 30%. Table 3.1 compares the flow of the four 3D implementation methodologies.

Table 3.1 State of the Art Monolithic 3D Placement Approaches

’ Property H Shrunk2D \ Derated2D \ Cascade2D \ Compact2D ‘
Granularity Gate-Level Gate-Level Block-Level Gate-Level
Tier Partitioning Min-cut Timing Slack | Architects Decide Min-cut
Tier Interconnection MIV Together | MIV Together | MIV Tier-by-Tier | MIV Together
Placement Optimization Together Together Together Together
Routing Optimization Tier-by-Tier Together Together Together

3.2.1 Shrunk2D Flow

As the z dimension is negligibly small, Shrunk2D flow (Figure 3.1) starts with scaling the
x-y dimensions of all cells and metal layers by a factor of (1/4/2). A Shrunk2D [53] design
is implemented in half of its 2D equivalent footprint, by using shrunk cells. During the
Shrunk2D design implementation, placement optimization is conducted, resulting in x-y
location cells in the final monolithic 3D design. The Shrunk2D design cells are then scaled up
to their original size, resulting in cell overlaps. Cell instances are then partitioned on the two

tiers (i.e., identify z position of cells) using an area-balanced min-cut partitioning method,
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minimizing the number of vertical connections between the two tiers while balancing the cell
area of the top and bottom tiers. The original metal stack is copied to establish the location
of monolithic vias, creating the metal stack of the monolithic 3D design, i.e. both the metal
stack on both the upper and the lower tier. Furthermore, the cells are labeled with their tiers,
so that their pins are positioned on metal layers of the appropriate tier.

The design is routed using EDA tools with the complete metal stacks. The positioning of
the monolithic vias depends on the position of the vias between the top metal layer of the
lower level tier and the top tier’s bottom metal layer.

Next, trial routing is performed on the netlists of each tier which uses the original design
to achieve time constraints for each tier. Once the time constraints are determined, the timing
driven routing is performed for each level, which leads to a final monolithic 3D design.

Manual Floorplanning / > Top-Level Shrunk2D |
Pin Partitioning L]
¥ Replace 3D Blocks with
| Initial Block Shrunk2D | 2D Blocks Per Tier
v ¥
| Pin Planning | | Tier Partitioning |
v
| Final Block Shrunk 2D | | Tier-by-Tier Route |

v v
[Extract LIB / LEF / Flattened LEF— [ 3D Timing and Power Analysis |

Figure 3.1 Shrunk2D Flow

3.2.2 Derated2D Flow

The monolithic 3D design flow given in [54] applies derived resistance and capacitance
of wires, instead of utilizing shrunk cell models for three-dimensional placement since the
shrinking cells are susceptible to DRC violation.

Derated2D starts from the 2D footprint, by utilizing the actual geometry of cells and wires.
The footprint will be reduced by half at a later stage of the flow which will be described
shortly. To force the P&R tool to embody with the third dimension, the resistance and
capacitance of wires are derated by 1/+/2. The final Derated2D design’s cell arrangement is
then projected onto the Monolithic 3D design’s footprint, by performing partitioning into two
tiers. Due to the use of the derate factors, it is expected that the paracitics of the placement
projection will be equevalent to that of the monolithic 3D design.

The remaining steps of the flow include vias planning, routing of each tier, timing

optimizations and routing optimizations, shown in Figure 3.2.
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| Derated 2D Design | Initial Tier-by-Tier Routing

| Placement Projection | Timing Constraint Update

3
| Deg-Aware Tier Partitioning | Deg-Aware Optimization

Deg-Aware MIV Planning Final Tier-by-Tier Routing

] FEOL degradation | 3D STA and Power Analysis
[ FEOL & BEOL degradation

Figure 3.2 Derated2D Flow

3.2.3 Cascade2D Flow

In contrast to the previous two design flows, which implement two tier gate-level monolithic
3D ICs, Cascade2D flow [57] operates on functional blocks, that are divided into two tiers,
implementing block-level monolithic 3D design. The flow (Figure 3.3) begins by separating
RTL into two groups, one for the top and one for the bottom tier, which functional blocks
must be set at the top and low tiers, respectively. The RTL partition is performed in two
ways: (1) Based on the architectural structure of a design, a pair of modules with a limited
time budget is selected and allocated to separate tiers, allowing them to profit from short
vertical connections. (2) The number of time paths connecting to a couple of modules must
be utilized in the absence of awareness of the design architecture. The first option completely
delegated partitioning to the designer. If the first option is not practicable, the second option
is selected.

Based on the findings of the 2D design, the authors first fix the critical paths on different
tiers to reduce the distance between the cells that consist of these paths. The remaining cells
are then partitioned to maximize the number of timing paths crossing the tiers while keeping
tiers utilization balanced. Following tier assignment, the next stage is vias planning, which
involves determining monolithic vias locations. This is done in a different fashion than in
Shrunk2D and Compact2D. The top tier of Cascade2D is designed independently of the
bottom tier, with monolithic vias port locations positioned on top of its appropriate receiving
or driving cell to reduce the distance between monolithic vias and cell-pin. The bottom tier
is then optimized separately using the vias port locations derived from the top tier. Then, a
new die with both bottom and top tiers placed side-by-side is created with the same total area
as the original 2D design.

Based on the locations of the monolithic vias, calculated in the previous step, the vias are
placed at the top metal stack layer, while the layers below the top one is used to connect the
monolithic vias to different tiers. In each partition, anchor cells are placed at the locations of

vias, to be used as placeholders and bond the bottom metal layer of the top partition and top
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metal layer of the bottom partition without delay emulating the behavior of monolithic vias.

Finally, a transitional P&R flow is used for the entire design .

3.Cascade2D Stage

Define top and bottom
partitions in a new design

Place MIV ports in each
partition

Route MIV ports in two
partitions in top view

Place anchor cells
in each partition views

Assemble and implement
design

Final M3D Design

Figure 3.3 Cascade2D Flow

3.24 Compact2D Flow

Similar to Derated2D (Section 3.2.2), Compact2D [58] does not shrink the cells for the 3D
placement. However, contrary to Derated2D, Compact2D is used for TSV-based placement
and more specifically for Face-to-Face bonding as the vias are negligibly small. The most
important advantage of TSV-based placement is the better correlation with the 2D tools and
the process variation. For example, the authors of [58] present the industrial level users’ view
for Shrunk2D, reporting that the design rule violations have been increased exponentially,
resulting many times in low-quality layouts. Compact2D, firstly places all the cells in the 2D
floorplaned area and then shrinks the interconnect RC by 1/ /2, avoiding the redundant buffer
insertions caused by the increased geometrical length. Then it introduces tier partitioning
that utilizes bin-based placement-driven Fiduccia-Mettheyses [59] to assign each cell to a tier.
High vertical interconnection leads to routing congestion, while low vertical interconnection
decreases the PPA benefits of 3D ICs. Therefore, a sweet spot exists along the partitioning
and the bin size. After partitioning, a legalization step is performed to legalize the cell of
each tier and finally TSVs are placed based on the position of the cells.
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| Compact-2D Design | +| Compact F2F Via Planning
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¥
| Tier Partitioning |~ | 3D Timing & Power Analysis |

Figure 3.4 Compact2D Flow
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Chapter 4

Block-Based 3D IC Tier Assignment
Methodologies

Modern circuits, which contain billions of standard cells, lead circuit physical design to its
limits. To enhance PPA gains, optimal positions and routing traces must be found for each
standard cell. Moreover, similar to 2D integration, 3D integration is becoming increasingly
difficult due to the complexity of contemporary circuits. As a result, circuit floorplanning
and clustering approaches can be used to minimize circuit complexity by enabling higher
levels of circuit abstraction. For the rest of the dissertation, the term Block-Based will be
used to describe the methodologies that use blocks of cells, instead of flat standard cells.

4.1 3D Floorplanning

Many 3D Floorplanning algorithms strive to discover a solution to arrange functional blocks
with the fewest number of inter-connections across tiers, the minimum wirelength, and the
least thermal issues. However, area balancing across tiers is also essential since it might result
in sub-optimal solutions by under-utilizing the die area. So, in this section, we will discuss
the basic concepts of our 3D Floorplanning (3DF) algorithm, with the goal of reducing
total (intra-tier and inter-tier) wirelength, the number of vertical connections, and tier area

imbalance. Our 3DF algorithm can be divided into two main steps:
* Tier assignment of the functional modules to divide the circuit to equal size tiers
* Floorplanning of each tier to reduce the total wirelength.

Despite the fact that the 3DF algorithm can be applied at multiple tiers, it will be applied

on two tiers, for fair comparison with other proposed approaches.
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4.1.1 Number Partitioning Problem

Our 3DF algorithm’s initial aim is to allocate netlist modules with the optimum tier area
balance to fully use the core area. So, the first step is to determine the tiers’ areas based
on the areas of netlist modules. To estimate the tier area of the ideal area balancing tiers,
we utilize the technique provided in [60]. The worst case complexity to solve the optimal
balancing bi-partitioning problem is NP-complete, however there are various heuristics to
minimize the complexity. Pruning heuristics are used to branch and bound the solution space
without having any accuracy overhead.

In this section we describe a mathematical approach, proposed in [7], to find an optimal
solution to the integer-partitioning problem. Then, we adopt this approach to evenly assign
the module areas to tiers.

A binary tree structure is utilized to identify modules’ assignment, while each branch
represents a partitioning assignment. Figure 4.2, for example, depicts a binary tree containing
six numbers, i.e. 6 55 4 3 3, ordered in decreasing fashion.

15433

2033

22466824810810141622484101016612121814202026

Figure 4.1 Complete Karmarkar—Karp (CKK) algorithm tree with pruned nodes of a six-
element set example [7]

The left branch of each node indicates that the investigated numbers will be assigned to
distinct partitions, while the right branch indicates that they will be assigned to the same
partition. So, to build the root’s left child node, we first replace the two greater numbers of
the root node, and then sort the result, i.e. 1, and the remaining numbers of the root node that
have not yet been assigned to a partition, i.e. 5, 4, 3 and 3. In the case of the right child, the
root’s two grater numbers are assigned in the same partition, thus their values are summed,
i.e. 11. This method is used until there are no numbers to assign to partitions, i.e. only leaf
nodes remained.

The complexity of this technique is O(2") once all the nodes for the binary tree are

explored. The branch-and-bound technique, on the other hand, can be used to trim branches
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4.1 3D Floorplanning 25

during exploration. For example, if a node’s first value is greater than or equal to the sum of
the remaining numbers, the tree node will be pruned since no better solution can be found by
examining the remaining branch nodes.

So, in Figure 4.2, the red nodes indicate where the pruning heuristics were applied, and
the dashed nodes indicates where the nodes were trimmed. This figure demonstrates how

pruning algorithms can minimize the size of the binary tree.

4.1.2 Proposed Area Balanced Modules Assignment

Floorplanning in physical design defines the relative locations of modules on the chip
depending on many criteria such as connectivity, area occupation, and aspect ratio [18].
Floorplanning algorithms can serve as a guideline in the placement process, reducing the
design’s complexity. Thus, floorplanning is critical since it impacts the whole physical design
procedure. In this section we present how we applied the partitioning approach described in
Section 4.1 to our 3D Floorplanning (3DFP) algorithm for two-tier 3D ICs with best area

balance.

Area Balance Tier Assignmenet

Our 3DFP algorithm’s major objective is to allocate netlist modules to tiers with equal area.
As a result, the first step is to compute the tier areas based on the netlist module areas, while
the second is to find the best modules’ arrangement. We demonstrate our 3DFP with a simple

example, where the names of the submodules and their regions are provided in Table 4.1.

Table 4.1 Netlist Modules to be Partitioned

Submodule Name | Total Components Area (um?) ‘

446.39
273.20
216.85
128.56
49.46
21.07
14.83

Q|| m| T O = >

The first step is to construct a binary tree (Figure 4.2) in which each node has the
necessary information to choose the optimal modules for tier assignment. Starting with the
root node, where all the modules are listed as members of the node in decreasing area order,
we choose the two larger modules, i.e. A and B (similar to the Number Partitioning Problem).
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26 Block-Based 3D IC Tier Assignment Methodologies

Nodes 2 and 3 are then formed. A new H member is added and sorted at the left node, i.e.
node 2, based on the area difference between root members A and B.

As in [60], the left child nodes indicate that the examined members of the parent node
are assigned to different tiers, so a mock-up member with area equal to the difference of the
examined members is created. On the other hand, for the right child node, e.g. node 3, a new
mock-up member is inserted. The area of the new member is equal to the sum area of the
examined members, indicating that the two members have been assigned to the same tier.
This procedure will be continued until the examined node does not have any members.

As described in Section 4.1, several heuristics [60] can be used to reduce the size of the
the tree. For example, at node 3 the area of the member I (719.59) is greater than the sum
area of the other members of the node, i.e. C, D, E, F, G (431.37). So, it is guaranteed that
even if we create the entire tree, there is no combination of its members that leads to better
balance assignment. So, there is no need to create left and right branches from this node. As
a result, in Figure 4.2 the terminal nodes are: Node 3, 5, 9, 17, 32, 64 and 65.

A B C D E F G
446.39 273.20 216.85 128.56 49.46 21.07 14.83

@ECHDEFG][loDEFG}@
216.85 173.19 128.56 49.46 21.67 14.83) |719.59 216.85 128.56 49.46 21.67 14.83

D E J F G K D E F G e

@{1 28.56 49.46 43.66 21.67 14.83} [390.04 128.56 49.46 21.67 14.83 | He>AB

{1 <>A+B

J«—>CH

q L J F G ] { M J F G | Ke—>C+H

79.01 43.66 21.67 14.83) (178.02 43.66 21.67 14.83 | L<>DE

N F G } [ (o) F G 'l\\IA:ETJE
35.44 21.67 14.83 ] 1122.76 21.67 14.83 :

i O<«—>L+J

G P Q G | P<—>N-F

@%4.83 13.77} [57.11 14.83}@ Qe NiF

Ofa

Figure 4.2 Pruned Area Balance Partitioning Tree

When the tree creation is finished, we have to find the tier assignment with the best
area balance, between the terminal nodes. As in the example presented in Figure 4.2, the
node with the best area balance is Node 64, where the difference between the tiers’ area is
1.06um?. Now, starting from the node with the best area balance, a backward traversal is
performed to assign all modules of the root node to tiers. Table 4.2 presents the members,
of the node where they have been created (in parenthesis) and their tier assignment. Since
Node 64 is a left child and has the smallest area difference, which means that the first two
members, G and P, of the parent node, i.e. Node 32, are assigned to different tiers. So, lets
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assume that member G is assigned to the top tier and member P is assigned to the bottom
tier. However, member G is an actual netlist module, while member P is not. So, mock-up
member P is replaced with the members that part it, i.e. the N and F. Figure 4.2 present a
dashed legend, that correlates the mock-up members with the members that created them. As
a result, member P has been created with the assignment of members N and F to different
tiers. In this way, member P is replaced by member N and F, while F is assigned to the other
tier, i.e. top tier. Similarly, member N is replaced with member L and J is assigned to the top
tier. To find the member to replace, as fast as possible, we use the node where the member
had been created. For example, at tree depth 3, Table 4.2, the node with the greatest index is
replaced first, i.e. member L with index 8. The final tier assignment, at tree depth 0, will
consist of only actual netlist modules. So, modules G, F, C, E and B are assigned to the top
tier, while modules D and A are assigned to the bottom tier.

Table 4.2 Balance Partitioning Lookup Table

’ Tree Depth | Top Tier \ Bottom Tier ‘
5 G() P (32)
4 G),F@) N (16)
3 G),F@),J#4 L (8)
2 G1),F@),J@),E((1) D (1)
| G1),F@),C@a),E() D (1), H (2)
0 G@),F(),C),E),B(l) | D(),A)

4.1.3 Floorplanning Per Tier

The next step, after the modules tier assignment, is to perform floorplanning. In this work,
we use a traditional 2D min-cut floorplanning algorithm per tier, similar to [61], to reduce the
total wirelength. Due to the fact that the first step of our 3D FP approach evenly divide the
modules to tiers, based on their areas, it is important to keep the modules to the tier that have
been assigned. So, modules are not to change tier. Figure 4.3 presents the final floorplanning
of the bottom and top tiers. Since the area of the tiers in most cases cannot be equal, i.e. there
is no perfect area balancing, the final core area of each tier will be defined by the largest tier.

Then, the modules that have been assigned to the current tier are placed, based on an
2D min-cut floorplanning algorithm, similar to [61]. After the initial floorplanning, the
optimization step will further reduce the total wirelength, through a Simulating Annealing
(SA) process [62]. SA process allows escaping from local minimums to find better solutions
till the temperature is high.
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(a) Bottom Tier (b) Top Tier

Figure 4.3 3D Floorplanning Example

Our algorithm is capable of swapping and moving nodes (i.e. modules or groups of
modules) of the floorplan tree, while it is able to change the cut type (vertical or horizontal) of
node. Figure 4.4 illustrates the floorplan trees, of the bottom and top tier floorplans, depicted
in Figure 4.3.
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(a) Bottom Tier Floorplan Tree  (b) Top Tier Floorplan Tree

Figure 4.4 Floorplan Trees of Figure 4.3 Example
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4.2 METIS-Based Partitioning

As previously mentioned, it is very difficult to handle very large modern circuits in a flat way.
Floorplanning is a very good solution that can be used as a divide-and-conquer technique to
reduce the circuit complexity. However, floorplanning is more related to the functionality
of the SoC. For example, CPU, modem, and DSP are some functional blocks in a modern
SoC, that are developed independently from different groups in most cases, while they are
connected together to form a SoC which are used as blocks in the floorplanning process.
Besides floorplanning, we investigate an alternative solution to handle large designs, without
relying on designer interference to separate SoC in functional modules. The idea is to extract
the circuit modularity automatically and then perform floorplaning or placement on the
extracted blocks.

In this concept, we first use the well-established multi-level partitioning tool METIS
[63, 64] that is able to partition a large circuit very fast, by using coarsening and uncoarsening
phases. In the coarsening phase, clustering is performed into several levels, while in the
uncoarsening phase, the clusters are assigned to partitions till all the standard cells are
assigned to a partition. METIS provides several features that can be used for the 3D
integration. First of all, it aims to minimize cutsize, i.e. the number of connections between
the partitions, while it handles area balance constraints.

In this work, we utilize two different flavors of METIS to

* partition the circuit into two tiers (hMETIS) [64],
* create clusters that are as floorplan modules (kMETIS) [36].

The former is used as a Fine-Grained tier assignment methodology in the experimental
section, to assign the flat cells in tiers. On the other hand, the latter flavor is used to create new
modules, instead of using netlist functional modules as mentioned in Section 4.1. As a result,
the design hierarchy does not influence the modules assignment to tiers. This is important,
because it is feasible to assign each cluster of cells without considering the hierarchy created
by the designers, which may be sub-optimal for 3D ICs.

However, it is also important to notice that METIS is a closed source tool, that does not
provide information for the clusters that are created, but only for the partitions. As a result, to
divide a large design into blocks, we use the final partitions as clusters, by using the KMETIS
flavor. More specifically, KMETIS is a multi-level hypergraph partitioning algorithm, that
is able to create multiple partitions simultaneously, i.e. without performing bi-partitioning

iteratively.
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4.3 Clustering

As described in the previous section, METIS can be used to assign each standard cell to
a tier to form a 3D IC with few vertical connections, while it provides area balanced tiers.
However, due to the fact that the tool is a closed source, it is not easy to adjust different costs,
or to force the tool to meet custom constrains. Thus, we developed a clustering algorithm
similar to the Hyper-Edge Coarsening (HEC) phase of METIS [64], to explore the clustering
benefits on 3D integration.

Starting from a synthesized netlist, our clustering algorithm first sorts the nets based on
their fanout. Compared to the original version of HEC [64], that sorts the nets in ascending
order, we investigate both ascending and descending orders. Ascending order can be used to
reduce vertical connections, while descending order can be used to reduce the impact of high
fanout nets on timing by providing higher priority to cluster the cells, of a high fanout net,
together.

More specifically, modern circuit complexity leads to increased connectivity between the
cells. As a result, multiple cells are connected to the same nets (specifically when buffering
is insufficient). High connectivity influences both placement and routing (P&R), since con-
nectivity has direct impact on the final placement and is related to the complexity of the P&R
process. Moreover, the complexity of the partitioning algorithms like Fiduccia—Mattheyses
[65], commonly used for 3D integration, is related to the number of nets and the number of
cells/objects. So, by reducing the number of nets or the members of the cells that belong
to the same nets (i.e. fanout degree), the partitioning algorithms can result in faster solu-
tions, without significant impact on the quality of the results. As a consequence, multi-level
partitioning algorithms, just like [64], can be applied to very large modern designs.

:
B
%
i
a
B A

(a) Connectivity Example (b) Ascending Fanout (c) Descending Fanout
Clustering Order Clustering Order

Figure 4.5 Fanout Clustering Order Example

Figure 4.5 presents a simple example of ascending and descending fanout order clustering.

In ascending order, standard cells, with low fanout are grouped first, by reducing total number
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of objects from 12 to 6 (Figure 4.5b), at the fist clustering level. However, the connectivity
of the larger fanout net has not been reduced, so the clusters will be strongly connected. On
the contrary, the descending order provides not only less objects, but also less connections.
For example, in Figure 4.5c¢, the cluster absorbs all the connections that belong to the large
fanout net, while the final number of objects will be 7.

Additionally, the connectivity of high fanout nets also slow down the placement step.
Most of the state-of-the-art placers solve the placement problem as a convex minimization
problem Ax = b, where A is the adjacency matrix of the circuit, b is a vector with the
positions of the fixed cells and top-level ports, and x is the positions of the cells that lead
to the minimum wirelength. At this point, it is important to point out that for large designs
the size of the adjacency matrix is very large. But, the most important issue is that high
fanout nets influence sparsity of the matrix. So, in the case where cells that belong to the
same high fanout net are clustered together, the adjacency matrix becomes sparse enough
to efficiently solve the Ax = b problem, without any significant accuracy loss. Apart from
cells’ connectivity, the clustering algorithm must take either soft or hard area ratio constraints
between the clusters into account. In the case of extremely unbalanced clusters, the physical
design algorithms, such as placement, do not function properly.

Our multi-level clustering implementation aims to create groups of standard cells to
reduce interconnection density and the total number of objects to speed up either the partition-
ing or placement process, while the clusters’ area ratio meet the users constraints. Clusters’
formation is achieved in two ways, either by clustering first the cells from the same net or by
different nets that belong to a netlist path. The next sections describes these two clustering
algorithms, that build the clusters in either breadth or hybrid fashion.

4.3.1 Breadth Hyper-Edge Coarsening Algorithm

In this section we present the Breadth Hyper-Edge Coarsening (BHEC) algorithm, that aims
to create clusters from the same net per level, to reduce the connectivity or density of the
circuit.

This algorithm performs clustering in multiple levels by taking the area ratio of the
clusters into consideration. Figure 4.6 presents a simple example of the algorithm. For
simplicity, there are three parts of a larger design containing 30 standard cells, as presented
in Figure 5.1a, while the three parts are unconnected at the current level of abstraction.
Additionally, the cells’ areas vary, so for example Cell 11 is 8 times larger than the area of
Cell 1, while Cell 21 is 2 times larger than Cell 1. To guarantee the area ratio of clusters, this

algorithm takes the cells’ areas into account.
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(a) Flat Design

(j) Level 3 - 2nd Step (k) Level 3 - 3rd Step (1) Final Clusters

Figure 4.6 Breadth Hyper-Edge Coarsening Algorithm Example
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In this example, we aim to build three clusters with maximum 2.5 area ratio. The algo-
rithm sorts the nets based on their fanout, and the loading cells based on their "importance".
The importance of the loading cells can be their size, their delay, etc., but for the purpose
of this example the importance of all the cells will be the same, and so their selection is
arbitrary.

Moreover, to generate clusters with guaranteed area ratio, the clusters grow by one cell at
a time except for the st step of each level, where two cells are selected to create a cluster.
This is because we assume that each cluster will have a minimum of two members. Figure
5.1b presents the first step of the first level, where the three clusters have been created (red,
orange and blue) and each one contains 2 cells. However, despite the fact that the nets are
sorted in decreasing order, in term of their fanout, the net that it is driven by Cell 11 is not
part of a cluster. This occurs due to the fact that Cell 11 is large enough and will lead to
area ratio violation. More specifically, if the blue cluster contains Cells I and 2, and the red
cluster Cells 20 and 21, then their size will be 2 and 3. Based on the target area ratio, i.e.
2.5, the largest cluster can be 5, i.e. 2.5 times larger than the smaller cluster of the level. As
aresult, Cell 11 cannot be part of a cluster in this step, and so its driving net is ignored in
this step. Finally, the third cluster (the orange one) is created from the next net in sorted list,
while it will contain Cell 7 and 8, with total size 2.

When the required number of clusters is created, the clusters grow by inserting cells that
belong to the common nets with the clustered cells. So, at the 2nd step, a new unclustered
cell is grouped at each cluster. At this stage, all of the cells that belong to the net driven by
Cell 1 are clustered, and so this cluster will not grow any further at this level. So, our BHEC
algorithm stops growing the blue cluster. Then, the other two clusters will continue to grow
till there are either no unclustered cells in the starting net, or the clusters’ area will reach the
upper bound area ratio. In step 3, Cell 22 and Cell 10 are assigned to the red and orange
clusters respectively. Since, the net driven by Cell 20 is entirely part of the red cluster, this
cluster cannot grow any more, while the only cell that can be assigned to the orange cluster
is Cell 11. However, this cell is grouped together with the orange group, the size of the latter
will be 10, and as a result it violates the clusters’ area ratio. In this case, the first level of the
BHEC algorithm stops, and the second level starts based on the already created clusters and
the remaining unclustered cells.

Based on the nets fanout order, the first unclustered cell is Cell 11, but starting from this
cluster the target area ratio will be violated. So, lets assume that the next candidate net is
the net driven by Cell 26. Starting from that net, the yellow cluster with area equal to 2.5
will define the maximum cluster area as 6.25, at this step. Moving on to the next steps, the

algorithm creates the light green cluster (area: 6), pink cluster (area: 3.5), and yellow cluster
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(area: 3.5). Since the size of the clusters has been increased, Cell 11 will be clustered in the
next level to form the blue cluster, presented in Figure 4.6i.

Finally, Figure 4.6l presents the final level of clusters that guarantees the area ratio. It is
important to note that this is a mock-up example to intuitively describe the algorithm, while

several corner cases that have been handled are not presented.

4.3.2 Hybrid Hyper-Edge Coarsening Algorithm

A key disadvantage of the Breadth Hyper-Edge Coarsening algorithm is that the levels depend
on the net fanout, i.e. clustering at this level stops when all the cells that part the net have
been clustered. As the average fanout in a flat circuit is approximately 3-4, this algorithm
leads to small, in terms of members, clusters. Moreover, small clusters lead to more levels of
clustering, while more levels mean higher runtime.

At this point, we introduce the multi-level Hybrid Hyper-Edge Coarsening (HHEC)
algorithm that is able to grow a cluster not only based on the starting net (as Breadth Hyper-
Edge Coarsening), but also based on the transitive nets. In this way, the clusters are not
restricted to a net so they can grow at the same level exploiting more options. To describe the
HHEC algorithm, the same example as BHEC is used (Figure 5.1a).

Similar to the BHEC algorithm, HHEC traverses the nets and assigns each cell to a cluster,
while all clusters’ area must satisfy the specified area ratio. So, based on this example, HHEC
creates the blue, red and orange clusters by adding Cells 1, 2, Cells 20, 21, and Cells 7, 8
respectively. Again, despite the fact that Cell 11 drives a large fanout, the algorithm does not
take this cell at the fist step into account, as it violates the clusters area ratio. Thus, the first
two steps will be the same as the BHEC algorithm, but as far as the 3rd step is concerned,
the algorithm inserts Cell 4 in the blue cluster as this cell is in the transitive fanout of the net
driven by Cell 1. This option, gives the algorithm the opportunity to grow the clusters much
faster and also explore alternative solutions.

In this case, the blue cluster’s area is 4.5, allowing Cell 11 to be assigned to the orange
cluster (area: 11), as in this step the upper area bound is 2.5 x4.5 = 11.25. The algorithm
continues till the next steps by adding one cell each time to each cluster. The final clusters
are depicted in Figure 4.7j, which are identical to the clusters that have been created by the
BHEC algorithm, whereas the HHEC algorithm creates the clusters in a single level.

It is worth mentioning that in large and more complicated circuits the two algorithms
result in extremely different solutions, not only in terms of the number of levels, but also in
terms of clusters. However, both of them guarantee the area ratio of the clusters, which is

very important for the physical design flow, and specifically for the placement step.
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Figure 4.7 Hybrid Hyper-Edge Coarsening Algorithm Example
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36 Block-Based 3D IC Tier Assignment Methodologies

4.3.3 Clustering Summary

Clustering is very useful to automatically identify groups of standard cells that have stronger
connectivity than other standard cells. For the tier assignment problem, clustering can be
used as a divide-and-conquer technique to reduce the complexity of the partitioning problem.

The quality of the clusters must be high, because it dramatically influences the quality
of the partitioning results. As a consequence, the clustering algorithm must take several
parameters, such as internal and external connectivity, the area of the clusters, and also circuit
delay into account.

Table 4.3 Clustering Approaches and Nets Fanout Order Options Comparison

Fanout
Order . .
Clustering Ascending Descending
Approach
BHEC Vertical Connections Reduction Conpecﬂwty Density Redu?tlon
High Fanout Nets Reduction
Vertical Connections Reduction Coqnect1v1ty Density Redu.ctlon
. . High Fanout Nets Reduction
Timing Paths Clustering .. .
HHEC . . Timing Paths Clustering
Objects Reduction Per Level . .
. Objects Reduction Per Level
Less Runtime .
Less Runtime

Table 4.3 summarizes the key results of our two examined clustering algorithms, the
Breadth and Hybrid Hyper-Edge Coarsening algorithms (BHEC and HHEC respectively)
based on the ascending and descending net fanout ordering. Due to the fact that HHEC can
grow the clusters in a hybrid way (in breadth and depth), it is able to group entirely all the
cells of a critical path, specifically when timing information is used as an important factor.
Additionally, it can result in fewer levels of clustering, and so it can create clusters in less
execution time.

On the other hand, the difference between ascending and descending orders is the purpose
of the clustering use. If the target is to use few vertical interconnections then it is better to
use the ascending order, whereas if the number of vertical interconnection is not the main
goal, as for monolithic 3D ICs, the descending order can be used to reduce interconnecting
density and also high fanout nets.
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Chapter 5

Fine-Grained 3D IC Tier Assignment

3D integration can be applied either to a finer or to a higher level of circuit representation. In
the end, each standard cell must be assigned to a tier by satisfying several parameters, such
as the number of inter-tier connections, the wirelength, and the timing delay of the design.
As mentioned in previous chapters, tier assignment is an important step in 3D integration, as
it directly influences the placement solution and as a result the final Power, Performance, and
Area (PPA).

Compared to the Block-Based methodologies that are described in the previous chapter,
we present two additional layer assignment options that function on the flat netlist, i.e. the
Flat Bin-Based Partitioning and the first 3D legalizer. We classify these methodologies
as Fine-Grained since both operate on standard cells directly. Flat bin-based partitioning
enables the use of traditional partitioning algorithms, such as Fiducia-Mattaessees (FM),
effectively on very large designs by taking the physical positions of standard cells after the
placement process into consideration. Similarly, the 3D legalizer starts from a placement
with overlapping cells, and it assigns each cell to a tier taking for example the vertical
interconnections, the impact on the initial solution, and the total wirelength into account.
In the remaining part of this chapter the flat bin-based Partitioning and 3D legalization are

presented in greater detail.

5.1 Partitioning

Flat partitioning is a physical approach for the layer assignment problem, while it is com-
monly used in the literature for 3D integration [66—69, 69, 70]. The partitioning goal is to
reduce the connections (cutsize) between the partitions, while in 3D integration, this is inter-
preted as reducing the number of vertical interconnects. However, the problem of partitioning

algorithms is that there is no easy way to force partitioning to achieve a pre-defined number
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38 Fine-Grained 3D IC Tier Assignment

of vertical interconnect. Nevertheless, partitioning remains a very important approach as it

can guarantee area constraints and minimum vertical interconnects.

5.1.1 Bin-Based FM Partitioning

Modern circuits contain billions of cells, while they lead flat partitioning algorithms, such as
FM, to extreme high execution time. However, there are several ways to reduce the runtime
of the partitioning problem, besides using divide-and-conquer techniques as clustering (see
Section 4.3). We present a placement-aware algorithm to partition a flat design not only
without high runtime, but also with insignificant accuracy loss.

The Flat Bin-based FM (FBBFM) approach is a placement-aware partitioning scheme
based on [66]. There are two options for bin-based FM. The first option, is a completely
local FM, per bin, with bin cutsize being the cost function, where nets that span beyond
the bin are ignored. This is a greedy approach assuming a fixed bin size, while it achieves
O(C) complexity [66] with C being the total number of design components. This complexity
also stems from the fact that the number of nets per bin are fixed. Another option is the
global cutsize FM, where FM is performed on a bin by bin basis, while all nets are taken
into account. This approach is not greedy, as by considering all nets, the global cutsize, and
not the bin cutsize, is minimized. Thus, global cutsize FM has a global view, but it is of
higher computational complexity. In this work we decided to implement global cutsize FM,
to assess its scalability, cutsize, and 3D Quality of Results (QoR) and compared it to other
Fine-Grained approaches, such as 3D legalization.

Figure 5.1 illustrates how the FBBFM approach works. Starting from a placement
solution (either legal or illegal), depicted in Figure 5.1a, the chip area is divided into bins
(Figure 4.6b), while the number and the area of the bins may differ for each design. We have
noticed that bin sizes affect cutsize, as in [58], and execution time significantly. If the bin
size is small, cutsize will be large, yet execution time will be reduced. On the other hand, as
bin size increases, cutsizes tend to decrease, yet execution time also increases. Then, bins are
partitioned sequentially (Figure 4.6¢) by utilizing FM algorithm (Figure 4.6d). FM cutsize is
computed incrementally, per move, and once a cell is assigned to a tier, it becomes locked
and cannot move between tiers again. Once all cells of the particular bin have been examined,
partitioning will be performed to the next bin, while the partitioning area balance factor is
per bin. Due to the fact that the FM cutsize view is global, cutsize monotonically decreases,

as bins are partitioned.
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Figure 5.1 Flat Bin-Based FM (FBBFM) Approach Example

5.2 3D Legalization

For the 2D physical design flow, 3D flow must take several constraints into consideration.
Power, performance, area, routing congestion, and thermal hot-spots are few constraints
that are important when designing a modern circuit. As a consequence, the approaches
that are used to deign a 3D circuit must be able to take all these constraints into account.
Legalization is a very flexible step, where all these constraints can be applied. As a result, we
convert a 2D legalization algorithm to perform legal moves into three dimensions, by taking
total wirelength, placement density, and the number of vertical interconnections [11] into
account. The legalizer can also be easily modified to support other important parameters for
3D integration, such as thermal hot-spots, etc.

3D legalization is essentially a form of partitioning, but it follows a sequential process.
The algorithm legalizes, and simultaneously partitions cells across multiple tiers, by iden-
tifying the minimum displacement, or minimum wirelength position, or a combination of
the two, considering all tiers, per cell. One of the advantage of this approach is that it is not
limited to two tiers. Tier to tier spacing and tier index are used to incorporate z-distance into
cell displacement and net 3D wirelength. We use the Abax [11] algorithm for 3D legalization,

but we modified it to meet a user defined maximum number of vertical interconnections.
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40 Fine-Grained 3D IC Tier Assignment

5.2.1 Unconstrained 3D Legalizer

Unconstrained 3D legalization [11] focuses on achieving optimal 3D wirelength reduction.
Thus, the results of this approach may effectively serve as an upper bound for 3D gains, and
also produce a required cutsize, i.e. number of vertical interconnection, to achieve these gains.
However, the final legal placement may contain many vertical interconnection. Consequently,
the unconstrained 3D legalizer can be used when the number of vertical interconnections is
not a target for the 3D integration, as in monolithic 3D ICs.

Algorithm 1: Unconstrained 3D Legalization

1 Input: Netlist Cells (N), Tiers (T)
2 Output: Legal Placement with Minimum Cost
3 best_cost = oo;

4 i=1;

5 for each cell c; in N do
6

7

8

9

for each tier T; in T do
Legalize c; on tier Tj;
3D_cost = compute_3D_cost();
if (3D_cost < best_cost) then
10 ‘ Update best_cost and best solution;
11 end
12 end

Algorithm 1 presents the top level pseudocode of the unconstrained 3D legaliser [11]. The
inputs of the algorithm are a set of cells (N) and a tiers’ structure (T). N contains information
about the cells, i.e. their size, their coordinates, etc., while T contains information about the
number, the dimensions, the placement rows, etc. of the tiers. The output of the algorithm is
a legal placement with minimum cost. The cost can be the wirelength, the displacement, the
delay, etc.

Each cell ¢; 1s assigned and legalized on each tier 7; (lines: 5-7), while the cost for each
assignment is computed (line 8). The legal position, i.e. X,y-coordinates and the tier, with the
smallest cost will finally be the position of the cell. The vertical distance of the tiers is also
included in the computation of the cost.

To legalize cell ¢; in tier T, the core area of the latter is divided into rows and sub-rows.
Rows are actually the placement rows, where all the cells must be aligned, while the sub-rows
are parts of the rows when obstacles (e.g. memory blocks) exist. Algorithm 2 presents the
high-level pseudocode of cell legalization to a tier. This pseudocode is the 2D algorithm
proposed in [11], however the computation of the legalization cost includes the vertical

interconnections wirelength. More specifically, each sub-row, of each row, is examined (lines:

Institutional Repository - Library & Information Centre - University of Thessaly
30/12/2021 10:19:35 EET - 137.108.70.14



5.2 3D Legalization 41

5-15) to find the best position to legalize the examined cell (line: 16). In the case where
the cell does not exceed the target density of the sub-row (line: 7), the cell is temporarily

legalized to compute the 3D cost (lines: 8-13).

Algorithm 2: Legalize Cell To Tier

1 Input: Cell (C;), Tier (T)
2 Output: Legal Position
3 B =# placement rows(7);
4 best_cost = oo,

5 for each row r; in B do

6 for each sub-row Sg of r; do

7 if cell_fits_in_subrow(C;, Sg) then

8 Legalize C; in Sg;

9 D = compute_3D_cost();

10 if D < best_cost then

11 Update best legalization; /* tentative */
12 best_cost = D,

13 B = min(cost_to_row_range(best_cost), B);
14 end
15 end

16 Select best legalization;

Figure 5.2 presents a simple example of cells’ legalization. Lets assume that there are
seven already legalized cells, i.e. Cells 1-7, while Cell 8 is the examined cell. Figure 5.2a
shows the locations where already legalized cells have been placed, while arrows present
their displacement from their initial positions. The dashed box represents the projection of
Cell 8 to the tier. As previously mentioned, the examined cell will be tentatively legalized to
the rows, while it will be legalized to the row where the cost will be minimum. As described
in [11], the cost includes either the cost of the examined cell or the cost of all influenced
cells. For example, in Figure 5.2b the total cost of the influenced cells, i.e. Cells 1, 3, and 7,
and the cost of the examined Cell 8 is greater than the total cost of legalizing Cell 8 to the

second row. So, finally, Cell 8 will be placed to the second row.

5.2.2 Constrained 3D Legalizer

The 3D legalization algorithm can be constrained [71], by imposing an upper bound for the
maximum permitted number of vertical interconnection, V. The advantage of 3D legalization
over bin-based FM, is that the former can guarantee that the bound is satisfied, albeit at
the expense of TAR. Thus, by sweeping the maximum number of vertical interconnection

constraint, a trade-off curve between the number of vertical interconnection and 3D gains
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may be obtained. Such a bound is highly relevant to Stacked Die 3D, where the number of
Hybrid Bond pads is constrained, e.g. 1 Hybrid Bond pad every 1.4um.

To guarantee the vertical interconnection bound, V, the sequential 3D legalization al-
gorithm [11] is modified to perform a limited number of different tier assignment moves.
These moves are spread uniformly across the legalization process. Algorithm 3 describes the
modified constrained 3D legalization algorithm.

Before legalizing each cell to a tier, we examined if the upper vertical interconnection
number is violated, by computing the new number of the vertical interconnections. If the
new number is greater than the upper bound, the cell will be placed to its original tier. On the
other hand, if vertical interconnections do not exceed the bound, the cell can be legalized on
both tiers. Note that if there are more than two tiers, the vertical interconnection overhead
is computed for each tier. A 3D legalization move tentatively legalizes the current cell on
all available tiers 7', taking 3D displacement or 3D wirelength cost, or a combination of
the two into consideration, and performs the minimum cost legalization move, lines 9-12.

Thus, a cell will end up on a different tier to 7y, only if lower cost is achieved. Default,
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Algorithm 3: Constrained 3D Legalization

1 Input: Netlist Cells (), vertical interconnection Bound (V), Tiers (T')
2 Output: Legal Placement with Minimum Cost
3 best_cost = oo;

4 i=1;

5 for each cell ¢; in N do

6 cutsize = compute_vertical_interconnections(c;);
7 if (cutsize < V) then

8 for each tier T; in T do

9 Legalize c; on tier Tj;

10 3D_cost = compute_3D_cost();

11 if (3D_cost < best_cost) then

12 \ Update best_cost and best solution;
13 end
14 else

15 Legalize c; on tier Tp;

16 2D_cost = compute_2D_cost();

17 Update best_cost and best solution;
18 end

2D legalization is performed otherwise, lines 15-17. In this way, we guarantee that only a
maximum of V cells is moved into another tier, line 7.

By specifying different number of vertical interconnection constraints, it is feasible to use
constrained 3D legalization to explore the solution space between the bin-based FM solution,
i.e. cutsize lower bound, and the unconstrained 3D legalization, i.e. cutsize upper bound, and
evaluate 3D QoR results. This evaluation is described in Chapter 6.
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Chapter 6
Experimental Flows and Results

The first part of this chapter presents the experimental flows that have been used, while
the second part demonstrates the experimental results of the examined approaches. Figure
6.1 summarizes the experiments for both Fine-Grained and Block-Based tier assignment

approaches.
3D Strategies
Exploration
I
v v
Fine-Grained Block-Based
|
v v v v
3D LG Partitionin Clustering oD
9 Floorplanning
! , ! l \ ) )
. Breadth Hybrid
. . Greedy Bin- hMETIS hMETIS
Constrained | | Unconstrained Based FM (2 Partitions) | (100 Partitions) Iéyper-EQge Hyper—que
oarsening Coarsening

Figure 6.1 Examined Approaches Tree

6.1 Experimental Flow

Firstly, we explain the Fine-Grained methodologies flow, that includes the Flat Bin-Based
FM partitioning, the unconstrained legalizer and the hMETIS Bi-partitioning. Secondly,
we present the Block-Based tier assignment flows for our 3D floorplanning algorithm, the

KMETIS tool, and our custom clustering tool.
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46 Experimental Flows and Results

6.1.1 Fine-Grained Tier Assignment Flow

In this section, we present the design flows used to compare the Fine-Grained approaches.
More specifically, we compare the Greedy Bin-Based FM partitioning (GBBFM), the 3D
Legalizer (3DLG), and the partitioning of hMETIS tool. We use the 2D benchmark circuits
as baseline with the 2D circuits undergoing the exact same process for timing optimization.
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Figure 6.2 Fine-Grained Tier Assignment Flow
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Figure 6.2 shows the steps of our 3D IC flow in detail. These consist of three main
parts, the initialization step, where the 2D design is prepared for 3D tier partitioning, the tier
assignment step where cells are assigned to the bottom or top tier, and the timing optimization
step where the multiple tier netlist is PPA-optimized. We describe these steps in detail below.

Initialization Step

To perform a fair comparison for 2D and 3D circuits, the 3D flow starts from the same netlist
as the 2D flow. A modified LEF file with shrunk cell dimensions is used. This LEF contains
the same cells as in 2D flow, but the width and height of the cells are modified to be equal
to the minimum acceptable placement dimensions, i.e. the placement site width and height,
respectively. This modification is necessary to enable the conventional industrial P&R tool to
place components into half of the original 2D footprint area, otherwise utilization would be
greater than 100%. Thus, by using the shrunk cells” LEF, standard industrial P&R flow can
be applied to place the standard cells into half of the area that is used for the conventional 2D
flow. After loading the netlist and the LEF file, we perform floorplanning, placement and
In-Place Optimizations (IPO) into half of the original 2D area. For timing optimization, we
use a multiple IPO strategy. Instead of performing a single IPO run, we perform three [PO
iterations, as shown in Figure 6.3, aiming to determine and use the best overall IPO result.
The reason why multiple IPOs are used, is because the IPO process is path based, while
it exhibits randomness, meaning that fixing the timing of some critical paths, disturbs the
timing of others, or even increases the cell area. In addition, the IPO algorithm sometimes
terminates prematurely, resulting in an arbitrary solution, which may be worse than the
solution prior to the IPO step. Having optimized the Shrunk 2D design, we extract the new
timing optimized netlists, i.e. three of them, are written out as a DEF file for the next step,

i.e. the tier partitioning step.

Tier Assignment Step

In this step, cells are assigned to tiers, using either the GBBFM, the 3DLG, or the hMETIS
tier assignment approach. Cell sizes are also restored, i.e. the original LEF, not the shrunk
size is used (as in the initialization step). Each partitioning approach optimizes different
metrics. GBBFM minimizes grid cutsize, i.e. number of vertical interconnections, by
assigning strongly connected components of the same grid to the same tier. Similarly,
hMETIS minimizes the cutsize of the entire circuit, by using multi-level clustering. On
the other hand, 3DLG minimizes components displacement from their original placement

position. In our flow, the initial positions of the components, for the assignment step (i.e. the
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48 Experimental Flows and Results

partitioning), correspond to the post IPO positions. In this way, cells are legalized as close
as possible to their original positions and the 3DLG assigns them into the tier, where the

minimum perturbation occurs.

Optimization Step

After assigning cells to tiers, timing-driven optimization is performed to each tier, by taking
the tier assignment changes into consideration. Thus, the optimized 2D netlist and the shrunk
cell LEF are utilized, as in the initialization step. Cell tier assignment is used to perform
IPO on a tier by tier basis, i.e. keeping other tier cells soft fixed (SOFTFIX attribute). This
allows the cells of one tier to be fully optimized, while the cells of the other tier are allowed
to only be upsized or downsized. Thus, there is no need to add any virtual I/O pins for tier by
tier optimization, as [72] proposes. We have concluded, based on our experiments that three
IPOs are sufficient and further IPO runs do not make significant QoR differences. Figure 6.3
shows the multi-stage IPO process for the 3D designs in detail.

Get Best PPA Results of Optimisation Step
A J

I
Optimisation
Step

1st 1st 1st

/

\ A A A /
[ Tier Assignment
o Step
@ 1st 2nd 3rd Initialisation
Step
Placement

Figure 6.3 3D Multiple IPOs Flow

6.1.2 Block-Based Tier Assignment Flow

Similarly to the Fine-Grained, our Block-Based methodologies flows contain several steps,
shown in Figure 6.4. At the first step, i.e. the initialization, the appropriate files are loaded,

while at the second step three different approaches are compared. The first floorplans the
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Table 6.1 Single vs. Multiple IPO Impact to 3D Flows - Best Single/Multiple IPO Results

Partitioning . Violating | Total Components
Benchmark Methodology IPO |Power (mW) | Circuit delay (ns) Paths Area (um?)
ldpc Greedy Single | 1064.763 2.0165 2046 267206.082
#Cells = 96361 BBFM Multiple| 797.023 1.6275 0 266638.970
#Nets = 98412 ADLG Single 798.605 1.6595 367 267206.082
#I0s = 4100 Multiple| 790.288 1.6275 0 266874.670
St Greedy Single 630.063 1.481 16 614178.838
#Cells = 194175 BBFM Multiple | 624.466 1.395 0 613528.728
#Nets = 194219 ADLG Single 638.795 1.395 0 615576.253
#I0s = 90 Multiple| 634.988 1.395 0 615426.188
Jjpeg Greedy Single | 2258.869 1.5264 53 1730458.782
#Cells = 576366 BBFM Multiple | 2257.626 1.4694 0 1730142.602
#Nets = 576394 ADLG Single | 2249.683 1.4954 46 1735985.287
#10s = 67 Multiple | 2244.926 1.4744 4 1735112.334

physical hierarchy modules of the netlist, the second utilizes the METIS tool, while the third
approach utilizes our clustering algorithm.

The next step is to determine the tier of each block. So, for the floorplanning flow, we use
our 3D floorplanning algorithm that is based on the circuit functional blocks, assigning each
block to a tier by aiming to create two equal size tiers. While, for the clustering approaches,
i.e. KMETIS and our clustering tool, each block is assigned to a tier, by using our 3D
legalisation algorithm. Finally, the optimization step takes the results of the previous step into
consideration (either the 3D floorplanning or the clustering step), and performs placement

and IPOs. The main steps are described with more details below.

3D Floorplanning Step

3D floorplanning is based on circuit architecture, while the netlist modules are assigned
to tiers using the approach proposed in Section 4.1. The floorplanning approach is better
applicable when the design is modular, i.e each module will be well-separated from the
others and their connectivity will contain only the appropriate connections. In this way, there
will be few connections between the modules, resulting in few vertical interconnections for
3D integration. However, since the floorplanning approach is strongly correlated with the
circuit’s architecture, which is coming from the experience of the designers, there are designs
that may contain an appropriate number of modules, while there are others that do not contain
well-defined modules hierarchy. Designs without well-defined modules present less or no
gains after 3D integration. In this way, to evaluate this approach, we first extract the design

modules, we perform 3D floorplanning utilizing the algorithm proposed in Section 4.1, and
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Figure 6.4 Block-Based Experimental Flow

then we export the positions and tier assignment of the modules to be used as constraints in

the optimization step.

3D Clustering Step

Due to the fact that floorplanning depends on the functional modules of the netlist, we

propose that clustering may lead to better PPA results for the 3D integration. Clustering
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approaches are able to identify groups of cells that have strong connectivity, similarly to a
well designed modular circuit, but without human interference.

To evaluate clustering, we compare the state-of-the-art METIS clustering tool [36] and
our custom clustering tool (Section 4.3.2). For the METIS tool, we convert the input netlist
into a hypergraph, as this is the required format of the tool, and then we execute the k-way
flavor to create the clusters. It is important to note that METIS is a closed source suite
that contain several algorithms, so it is not feasible to utilize each tool separately, as the
clustering algorithm. In several works, METIS is used as a clustering algorithm by defining
each partition as a cluster. As a consequence, in our experiments 100 clusters have been
created by requesting 100 partitions from the tool.

On the other hand, our clustering approach directly creates the required number of clusters,
i.e. 100 for the current experiments. First, we sort the nets in descending or ascending fanout
order and then we utilize either the Breadth Hyper-Edge Coarsening Algorithm or the Hybrid
Hyper-Edge Coarsening Algorithm, which have been described in Section 4.3. After clusters’
formulation, we utilize our 3D legalization tool to find the best tier and position for each
cluster, by taking the number of inter-connections, and the tiers area ratio and the minimum
perturbation of the 2D clusters placement into account, as well. Finally, we export the clusters

positions and their tier assignment to be used as constraints in the optimization step.

Optimization Step

This step is similar to the optimization step of the Fine-Grained flow, but instead of loading
just the tier assignment to the industrial P&R tool, we define the regions of the modules or
clusters from the previous step. So, in this step, we load the netlist and the shrunk cells’
library, and the positions of the modules or clusters, as well as their tier. However, the
standard cells are not placed yet, so we place the modules or clusters by taking their bounding
boxes into account. So, each cell will be placed inside the bounding boxes of the module or

cluster which it belongs to. Finally, we perform multiple IPOs for better PPA results.

6.2 3D Legalization Methods

In this section we compare the two flavors of our 3D legalizer, i.e. the constrained and
unconstrained.

To compare the two 3D Legalization flavors, we used the 45nm nanoCAS library [73],
which is a 3D variation of the 45Snm NANGATE library, featuring explicitly defined top
and bottom tier cells. This feature allows us to keep the cells of a specific tier fixed, while

timing-driven optimization is performed for the other tier by using the industrial P&R tool.
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In terms of wire delay, for the specific 45nm library, 1 Fanout-of-4 (FO4) inverter gate delay
is proportional to 300um RC wire delay. Thus, RC delay is not as significant for the library
we used, as in more advanced technology nodes, i.e. 20nm and below, where the designs are
wire-delay dominated and not gate-delay dominated, as in our case.

We selected four OpenCores benchmarks [74] for the comparison, and we utilize the
Cadence Innovus tool for physical design. 2D and 2D shrunk cells placement is thus
performed using Innovus, the latter performed by shrinking all cells to single site width.
After 2D placement, we utilize our custom tool, and after tier partitioning, we move the

design back to Cadence Innovus for timing-driven IPO.

Table 6.2 3D Legalization: Inter-tier Vias vs. 3D Wirelength Ratio

Cutsize Constraint
Benchmark || Cutsize || 100% \ 90% \ 60% \ 40% \ 30% \ 20%
3D Wirelength Ratio
pid 3361 1.00 | 1.50 | 1.82 | 1.79 | 1.77 | 1.69
aes 5755 1.00 | 1.20 | 1.59 | 1.62 | 1.69 | 1.70
aesl28 7334 1.00 | 1.55 ]| 198 | 1.99 | 2.56 | 1.87
ldpc 51599 1.00 | 1.00 | 1.96 | 2.08 | 2.11 | 2.07

Table 6.2 reports the inter-tier vias constraint to relative wirelength trade-off, for 3D
legalization, where the 100% value corresponds to unconstrained 3D legalization. The latter
achieves the smallest wirelength, while imposed cutsize constraints increase wirelength.
Stricter constraints lead to higher wirelength results, e.g. 1dpc benchmark’s wirelength
doubles, for a 40% cutsize constraint (60% cutsize reduction), compared to the unconstrained
3D legalization result. However, this trend is not monotonic, particularly for small inter-tier
vias constraint value, e.g. 20%. At this point, wirelength may be improved, e.g benchmarks
aes128 and 1dpc, as more and more standard cells are assigned to a single tier.

Table 6.3 presents comparative results, post the 3D tier assignment and timing driven IPO
for the constrained and unconstrained 3D legalizer, compared to the 2D design. Parameters
which are compared include (1) slack, (2) number of inter-tier vias (cutsize), (3) total routed
WireLength (WL), (4) Tier Area Ratio (TAR) and (5) execution time. For the unconstrained
3D legalizer, we used three cutsize constraints, i.e. 90%, 60% and 30%, relative to the cutsize
value achieved by the unconstrained 3D legalizer. Slack values in the table do not follow a
uniform trend, for the benchmarks selected and 45nm library used. This is caused, as IPO
operations significantly change the design slack profile. Further on, we do not observe a 1-1
correspondence between total WL and slack.

We observe, that despite the fact that the core area is reduced to half, the total wirelength

and the circuit delay are not reduced significantly. This can be explained due to the higher
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routing congestion and due to the fact that the examined benchmarks are gate dominated.
The two flavors of the 3D legalizer, seem to have similar behavior in terms of total wirelength
and slack, while the unconstrained flavor, results in more balanced tiers without significant
increment on the number of vertical interconnections. Consequently, it is clear that if the
number of vias is predefined, the constrained 3D legalizer will result in more unbalanced
core areas, as presented in Figure 6.3. As a result, for the next comparisons we use the

unconstrained flavor to compare the 3D legalizer to the other approaches.

Table 6.3 3D Legalization Schemes Comparison

Bench. Constrained 3D-Legalizer Unconstrained 3D-Legalizer 2D
Total Inter-tier Slack Pre-IPO | Exec. Total Inter-tier Slack Pre-IPO | Exec. Total Slack
WL Vias Ratio Tier Area | Time WL Vias Ratio Tier Area | Time WL Ratio
(um) Num. Ratio (s) (um) Num. Ratio (s) (um)
7.23E+04 | 3000 (90%) | 1.002 2.385 0.18
pid 7.38E+04 | 2000 (60%) | 1.052 5.647 0.31 || 6.80E+04 3361 1.005 1.308 0.24 || 7.10E+04 | 1.00

6.77E+04 | 1000 (30%) | 1.003 12.943 0.26
1.87E+05 | 5000 (90%) | 1.101 2.066 0.54
aes 2.07E+05 | 3500 (60%) | 1.017 5.151 0.72 || 1.89E+05 5755 1.143 1.276 0.54 || 1.57E+05 | 1.00
2.16E+05 | 1800 (30%) | 1.045 12.186 0.80
1.95E+05 | 6600 (90%) | 1.041 2.138 1.78
aes128 || 2.05E+05 | 4400 (60%) | 0.867 5.157 293 | 1.45E+05 7334 1.061 1.455 1.46 || 1.90E+05 | 1.00
2.02E+05 | 2200 (30%) | 0.949 12.387 2.69
3.24E+06 | 46500 (90%) | 1.091 2.062 32.94
ldpc 3.13E+06 | 31000 (60%) | 1.073 8.049 48.93 || 3.17E4+06 | 51599 1.049 1.153 47.92 || 3.41E+06 | 1.00
3.18E+06 | 15500 (30%) | 1.055 12.061 39.90

[AVG [ 9.14E+05 [ 0.927 | - [ - [892E+05] - ]1.065 | - | - [[957E+05] 100 |

6.3 Metal Stacking

3D integration offers two orders of magnitude, higher vertical interconnect density at a much
lower footprint area compared to 2D. Therefore, the same number of pins as with a 2D circuit,
must now be routed within half the wiring area. This situation considerably increases routing
congestion, particularly, for the lower layers of the BEOL process. The severity of routing
congestion is also a function of the interconnect metal stack (or technology) utilized in the
manufacturing process.

To investigate the correlation between congestion and interconnect stack, we use the
open-source 45nm nanoCAS library [75]. This is a 3D library, providing cells for two tier
vertical integration. Figure 6.5 illustrates the library metal stack and routing layers. We call
this metal stack Single, as the same metal layers are used for both device tiers.

The gray rectangles represent the individual metal layers, e.g. m1, m2, ..., m12, with the
rectangle height drawn proportionally to the respective layer resistance, i.e. less resistive
metals are taller. The blue cylinders illustrate layer to layer vias, with cylinder height again

inversely proportional to via resistance. The red spots, indicate the layer where the cell pin
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Figure 6.5 Metal Stacks and Tracks [8]

connects. Thus, in the 45 nm nanoCAS library [75], bottom tier cell pins are allocated to the
first metal layer, while the top tier cell pins to the third metal layer. This layer pin assignment
can lead to high routing congestion areas, as the two pin assignment metal layers are rather
adjacent to each other. This assignment will force the router to over-utilize the lower metal
layers as these are used both for intra- and inter-tier connections. To measure and compare
the effect of congestion in the lower metal layers, we have created a new, alternative pin layer
assignment for the 45 nm library, presented in Figure 6.5. Our alternative metal stack pin
assignment contains the same number of layers but tiers are integrated Face-to-Face (F2F),
meaning that bottom tier cell pins are at metal 1, top tier cell pin at metal 12. We also call
this version as Double metal stack, as there are 6 metal layers for the bottom and 6 for the

top tier.

6.3.1 Metal Stack Comparison

In this section we compare two different metal stacks, the Face-to-Face (Double) and the
Single metal stack.

Figure 6.6 depicts congestion analysis, reported by the Cadence Innovus tool [14], of
the ldpc OpenCores benchmark [74], for the 2D version and the two 3D metal stacks. We
illustrate this benchmark as its high connectivity leads to higher routing congestion. As a
result, 2D presents 0.07% over congested layers, while single metal stack presents 3.89%
and F2F 0.56%, respectively. The low routing congestion of Double metal stack is caused
because the same tier connections use their nearest metals, (i.e. the upper or lower), and do
not interfere much with tier to tier connections. However, for the Double metal stack, routing
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Figure 6.6 ldpc Benchmark Congestion Analysis

interconnections become longer, leading to greater wirelength. Figure 6.7 shows the metal

stack layout of the /dpc benchmark for a Single metal stack that is more congested.

(a) 3D Design Routing

Figure 6.7 ldpc Benchmark Routing and 3D Tiers Layout using Single Metal Stack

(b) Circuit Projection

(c) Bottom Tier Layout

Institutional Repository - Library & Information Centre - University of Thessaly
30/12/2021 10:19:35 EET - 137.108.70.14

(d) Top Tier Layout



56 Experimental Flows and Results

6.4 3D IC Methodologies Comparison

In this section we compare the experimental results of both Fine-Grained and Block-Based
tier assignment techniques. Additionally, we present results for the two examined metal
stacks, i.e. Single and Face-to-Face (Double) metal stacks, after the entire 3D P&R flow.
We use 6 OpenCores benchmarks [74], i.e. pid, aes, aes128, ldpc, [ft, and jpeg, to compare
the examined approaches, while we used the Bin-Based FM partitioning approach results as
point of reference, so all the results that are presented are ratios to the reference approach.

First, we compare the ratio between the number of needed vias and the number of nets,
i.e. the vias per net. This metric is important as it shows two different characteristics. The
first is the routed congestion and the second is the impact of the metal stack. So, in Figure 6.8
we can see that the Single metal stack needs more vias per net compared to the Double metal
stack. This is caused since the Single metal stack (Figure 6.5) leads to greater congested
placements, as mentioned in Section 6.3.1.

On the other hand, we can see that some approaches seem to be unaffected based on the
selected metal stack. For example, the 3DFP (area balance floorplanning) and the kKMETIS
(use partitions as clusters) do now show significant improvement. This is caused as the
vertical connections add many vias, i.e. 11 vias to connect a cell of the bottom tier to a cell
of the top tier (see Figure 6.5). These two approaches present low congestion for the Double
metal stack, but high number of 3D vertical interconnections. As a result, the vias per net is

higher, which leads to higher resistance and impacts circuit timing.
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Figure 6.8 Vias Per Net Comparison Results

Figure 6.9 presents the congestion results of the examined approaches. This chart

shows that the Double metal stack indeed leads to lower congested placement solutions.
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Moreover, all the approaches present almost the same congestion, except for the 3DCL (our
3D clustering algorithm). As for the METIS tool approaches, i.e. hMETIS (partitioning)
and KMETIS (create 100 partitions as clusters), higher congestion is presented, when Single
metal stack is utilized. This occurs due to the fact that METIS creates partitions with few 3D
vertical vias by using clusters. The clustered cells, that will be strongly connected, increase

the tier (or local) density. As a result, the high cell density increase the routing congestion.
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Figure 6.9 Congestion Comparison Results

For total power consumption, the examined metal stacks present similar results. Total
power is the sum of Internal Power Switching Power, and Leakage Power. Figure 6.10 shows
that hMETIS results in more power consumption than all the other approaches. This is caused
since P&R tool adds many gates to meet the timing requirements, as can be seen in Figure
6.11, and so the internal power is increased.

One more factor that influences power, but also circuit delay and area, is the total
wirelength. In Figure 6.12 we can see that 3DFP presents great wirelength both in Single
and Double metal stack. This can be justified because floorplanning assigns large blocks
of logic to a single tier, but the optimal solution may be to split the cells to different tiers,
in order to reduce the length of large nets. Moreover, 3DCL presents the worst wirelength
which is caused because the clustering algorithm groups the strongly connected standard
cells all together, but since the vertical wires are longer compared to the Double metal stack,
the total wirelength will be increased. On the other hand, 3DLG results in less wirelength
when Single metal stack is used. It is important to note that the flavor that it used for the
3DLG is the unconstrained, i.e. there is no vertical vias constrained, while the target is to

minimize the perturbation of the initial placement with overlaps.
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Figure 6.10 Power Comparison Results
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Figure 6.11 Area Comparison Results

The reason that we used the unconstrained flavor of our 3DLG, instead of the constrained
3DLG, is to investigate the impact of the number of vertical vias on the Power, Performance,
and Area results. In general 3DLG presents very good results for all the examined metrices,
as Figures 6.8 6.9 6.9 6.11 present. However, due to the fact that it is vertical vias agnostic,
the number of vertical vias is almost two times larger than the results of the BBFM parti-
tioning approach, as Figure 6.13 presents. It is clear that the unconstrained flavor of the
3DLG approach is compatible only to 3D integration techniques that allows high vertical
interconnection density, as the monolithic 3D. Besides the Unconstrained 3DLG approach,
the constrained version of the 3DLG can be used to bound the number of vertical vias, as
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Figure 6.12 Wirelength Comparison Results

described in Section 6.2. This is the only examined approach that allows the user to set
a target number of vias. This is a very important feature specifically for the via first TSV
formation, where the number of vertical vias is predefined.

What is more, Figure 6.13 presents that the approach that leads to the smaller number of
vertical vias, i.e. vertical interconnections, is the BBFM approach. This approach results in
few vertical vias as its target is to minimize the number of vertical interconnections taking
the connections inside each bin into account. Similarly, the hMETIS approach results in few
vertical interconnections (1.1 times greater than BBFM), as both approaches, i.e. BBFM and
hMETIS, perform partitioning to reduce the imber of the vias. The key difference between
the two partitioning approaches in that BBFM starts from a placed design, and performs
partitioning in each bin of the placed design, while the hMETIS performs graph partitioning
after performing clustering to reduce the partitioning complexity. It is worth mentioning
that the METIS tool, provides several heuristics for partitioning execution time and quality
optimizations. To reduce the execution time of partitioning, METIS uses these heuristics, but
they influence the final result. Moreover, it is worth pointing out that both Single and Double
metal stacks present the same number of vertical vias, as all the approaches are agnostic of
the vertical distance of the tiers, except for the 3DLG.

Figure 6.14 presents the runtime comparison of each approach, in terms of the execution
time that is needed to assign each standard cell (for Fine-Grained approaches) or each block
of standard cells (for Block-Based approaches). These runtimes do not include the P&R
execution time. Similar to the vertical vias number, both Single metal stack and Double
metal stack result in the same (or similar for 3DLG) tier assignment runtimes. As Figure 6.14
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Figure 6.13 3D Vertical Vias Comparison Results

presents, 3DLG is the fastest tier assignment approach as almost half of the time is required
to assign all the standard cells to tiers, compared to the baseline approach i.e. BBFM. In
contrary to this, 3DFP is the most time consuming because this algorithm first searches for
the best balanced assignment and then performs optimization moves, by using a simulated
annealing technique, to reduce the inter-tier wirelength.

Tier Assignment Execution Time

2.5

2.25

2

1.75

1.5

1.25

1

0.75

0.5

0.25 I

O ) )
(%] o (%] (%] o (%]
< X < A
Single Metal Stack Double Metal Stack

Figure 6.14 Tier Assignment Execution Time Comparison Results

Institutional Repository - Library & Information Centre - University of Thessaly
30/12/2021 10:19:35 EET - 137.108.70.14



Chapter 7
Conclusions and Future Work

In this work, we investigated different approaches and methodologies for 3D ICs integration.
The examined approaches aim to solve one of the first steps of the 3D integration, the tier
assignment problem. Tier assignment is a major step in the physical design flow, as it
influences the quality of the final 3D IC. Therefore, the decision to assign each functional
block or standard cell to a specific tier must be made very precisely.

Tier assignment can be performed in different ways, so we categorized the tier assignment
strategies in two categories, i.e. the Block-Based and the Fine-Grained tier assignment
approaches. The difference between the two categories is the level of circuit abstraction. The
former either utilizes the functional blocks of the circuit or it creates blocks of standard cells
automatically to take advantage of the flat connectivity of the circuit. The latter perform tier
assignment at the gates’ level, where the assignment complexity is greater, but they are more
promising, since they optimize the assignment of each standard cell, instead of blocks.

Today, Block-Based approaches are used for the heterogeneous systems, i.e. systems
with significant different device technologies as e.g. CMOS and memories. The level of
abstraction of this category provides the capability to directly separate the functional blocks to
different tiers, for example by using a 3D floorplanning approach. In this work, we developed
a slicing floorplanning algorithm that is able to create almost perfect area balanced tiers,
while it attempts to minimize the 2D wirelength. To reduce the dependency of the design
architecture, i.e. the separation of the design into functional blocks, we investigated different
approaches to create blocks of standard cells automatically, by taking the connectivity of
the flat design into account. So, we developed a clustering algorithm able to create blocks
of standard cells which aims to reduce the connectivity of the blocks and the area balance
ratio between them. For more detailed investigation of clustering approach benefits, we also
used the multi-level partitioning tool METIS, commonly used for 3D ICs tier assignment.

This tool operates in two stages, firstly it performs clustering in order to reduce the circuit
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complexity, and then performs partitioning to minimize the connectivity of the partitions. So,
we used the KMETIS flavor to create area balanced partitions with minimum connectivity
between the partitions, that are used as blocks in our flow.

Besides the fact that Block-Based approaches are easily applicable to the tier assignment
problem, due to their high level of granularity, fine-grained approaches are more promising
for better results. So, we investigated Fine-Grained tier assignment approaches, that can
be used on very large designs, and compared them to the Block-Based approaches. More
specifically, we implemented a Bin-Based partitioning approach that firstly divides core area
into bins and then performs partitioning of the standard cells to assign each cell to a tier. This
divide-and-conquer approach provides us the ability to solve the assignment problem very
fast, compared to a traditional flat partitioning. Moreover, we developed the first 3D legalizer,
that starts from a flat 2D placement with overlapping standard cells, while resulting in a
legal 3D placement. Thus, each standard cell is assigned to the position that leads to better
results. This position may be in any tier, while this approach is able to take several parameters
as cost function into account, (e.g. wirelength, number of vertical vias, hotspots), due to
its sequential nature. We investigated two flavors of the 3D legalizer, the constrained and
unconstrained, where the target is to upper bound the number of vertical vias. So, constrained
3D legalizer is more suitable when the number of vias is restricted, while the unconstrained
is more suitable when the number of vias does not have significant impact on the solution, as
in monolithic 3D.

Additionally, we investigated the impact of the 3D metal stacks on the final Power,
Performance, and Area results. So, we compared two metal stacks, i.e. the Single metal stack
and the Double metal stack (or Face-to-Face). The former assigns the cells in the first and
third metal layers for the bottom and top tier respectively, while the latter in the first and
twelfth metal layers, repressively. The Single metal stack provides higher density, however it
leads to higher routing congestion, while Double metal stack result in less routing congestion,
but it can result in greater wirelength. The selection of the metal stack must take the tier
assignment approach into consideration, as each metal stack has characteristics that are more
suitable for some approaches. For example, the Single metal stack results in less wirelength
and the number of vertical vias for the 3D legalizer, as this approach exploits the distance of
the tiers while it does not group the cells to create strongly connected groups just like the
Block-Based approaches do.

This dissertation focused on exploring the advantages and disadvantages of different
assignment approaches. However, we it did not take several parameters which influence the
3D integration into consideration. As a result, our future plans on the research presented in

this dissertation is to extend it towards the following areas:
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» Extend the examined approaches to support thermal parameters. Based on the thermal
profile of the design, the blocks or standard cell must be assigned to the tiers and

positions that resolves hot-spots.

* One more essential parameter is circuit delay. The examined parameters does not
consider the critical paths, that could cross different tiers. A future goal is to identify
the critical paths and force them to be entirely in a single tier. Moreover, tier assignment

should take wire and gate delay into account, for better PPA results.

 Last but not least, it is important to investigate the examined approaches in smaller
technology nodes, where the wire delay is dominant. In this way, the results will be
more realistic as the 45nm technology node that has been used in this dissertation did
not reveal all the benefits of the 3D integration.

To create a 3D IC, it is important to note that 3D EDA tools must be developed to natively
support the vertical integration. The transitional 2D tools can be used only for some steps of

the flow, however it is almost infeasible to be used for massive 3D IC production.
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