ABSTRACT
CHEN, XI. Adaptive Clock Design for Memory Intensi@D Integrated Circuits. (Under the
direction of Dr. W. Rhett Davis.)
Three-dimensional integrated circuit (3D IC) teclogy provides promising benefits for
advanced digital system designs. The technologynigthelps to overcome the interconnect
wire delay barrier by greatly shortening the weadth from a 2D system, but also provides
a solution to the well-known memory wall problem dtacking multiple logic and memory
dies and connecting them with Through-Silicon-\(i&SVs). All these features make 3D IC
technology an attractive option for the memorymsiee integrated system.

Clock distribution is critical to a digital systedesign. When a system is implemented in
3D technologies, it is more challenging to contieé clock skew due to cross-die process
variations, high thermal gradients and non-idesditof TSVs. Previous de-skew techniques
for 2D ICs, like delay-buffer insertion and actige-skew, introduce large overhead, require
complicated analysis, and are unable to comperatelock distribution errors caused by
TSVs and cross-die variations in 3D ICs. Recentbppsed 3D clock network designs either
do not have the capability to handle cross-tieratemns, or oversimplify the effects of TSVs.
To implement accurate and balanced clock distmiouin 3D ICs, a new adaptive clock
topology and de-skew technique are needed.

In this work, new technologies are developed todtarthe challenges in 3D clock
distribution. Firstly, a new 3D clock distributiotopology without H-tree structure is
proposed to achieve high quality and good costieficy. Secondly, a novel return-signal
de-skew method is developed to handle the crossviagiations and the 3D wiring

asymmetry. Thirdly, to achieve de-skew in a singfiage of delay buffer, a phase-mixer



based tunable-delay-buffer (TDB) circuit is desigjtieat is tunable in 360 degrees and has
good tolerance to process, voltage, and temperd®Y&) variations. Based on these
techniques, an accurate and highly adaptive clastkiloution network can be implemented
in 3D integrated systems.

The proposed adaptive clock design technologiegs walidated in a chip fabricated in the
IBM 7RF 180nm CMOS process. Three transmission liased clock paths with different
wire lengths (1.5mm, 3mm, and 4.5mm) were createddsting the return-signal de-skew
technology. The measurement results show that,Gdz1lclock frequency, the de-skew
technology is able to reduce the clock skews frdp4 to 40ps.

In order to evaluate the effectiveness of the psedoadaptive clock design techniques,
design case study is performed. Moreover, a degfgmization flow based on thermal
profiles is developed to minimize the power andaapgerhead of the TDB insertion and
further improves the adaptive clock network.

In addition to the adaptive clock design methodglothis work also includes the
development of other tools and techniques to tatdi memory-intensive 3D IC designs.
Memory models, a process-design-kit (PDK) and desapls are developed. A memory
generator tool is developed based on timing, pawedels and 3D PDK. An SRAM chip
with on-chip access time measurement was alsoctetied in a real process and it proves the

benefits of 3D integration.
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Chapter 1

| ntroduction

1.1 Motivation

The relationship known as Moore’s Law predicts tthet number of transistors on a chip
doubles about every two years, and the chip contgleoubles every 18 months. This law
drives transistor devices to shrink significanflihough device size becomes smaller, chip
size is continually increasing due to the growingmdnd for functionality and higher
performance.

Recent experiments show that, as technology scafgsrconnects become more
significant limiting factor to performance and pavagssipation of a chip. Wires get closer to
each other, and the length of interconnect inceeas®e a result of larger die size and
decreasing feature size. Because wire thickness woieshrink in the same scale as device
size reduces, interconnect capacitance and resgstaaorease while device parasitics reduce.
As shown in Figure 1.1, delay due to the globatriecnnects increases exponentially as the
feature size decreases [1.1]. The increase is reigmraficant without repeaters. Longer
interconnects require more repeaters to be insadeachieve timing closure and signal

integrity (SI). With the repeaters, delay can béuced at the cost of higher power



consumption. P. Saxena et al [1.2] expects thaeiturrent trends continue, 35% of the total
cells will be repeaters in 45nm technology node #nsl number will increase to 70% in

32nm technology node. The difficulty is that int@moect behavior and the number of
repeaters are hard to predict before detailed palysiesign. There is an urgent need for
innovative design technologies that can reducerdateect wire lengths. One potential
solution is to stack integrated circuits verticalthereby reducing wire lengths. This
technique is commonly called 3D IC technology. TiMsrk explores new techniques to

enable 3D ICs.
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Figure 1.1 Interconnect delay vs. feature size|[1.1

Specifically, this work develops a new clock methlody to help solve the so-called
“‘memory wall’. The memory wall arises because of thcreasing difference in speeds
between the processor and the memory, causingticegsor to be starved of data [1.3]. The

memory wall is typically relevant to the processmmin memory interface. However, the



processor can be starved of data even at the paeesche interface, especially if the
processor is being designed to operate at a mgtiehspeed than the cache. If the processor
is designed to operate at 16 GHz and higher, theaked memory wall can be observed at
the processor—cache interface as well. New solsitiorthe problem need to be extensively
developed.

This work proposes that a potential solution torremory-wall problem is to stack high-
speed memory on top of high-speed logic using 3Dtd¢hniques. A high-speed clock
distribution approach is needed to realize suchystemr. Here we introduce 3D IC

technologies and the challenges to clock-desi@DinCs.

1.2 Three-dimensional | C Technologies

Three-dimensional integrated circuit (3D IC) teclmgy has demonstrated great potential of
improving the performance of advanced memory intensystem design. It overcomes the
interconnect wire delay barrier by greatly shomegnihe wire length from 2D system [1.4].
3D IC technology can solve the well-known memorylyweoblem [1.5] by staking multiple
dies and connecting them with Through-Silicon-asVs) [1.6] (Figure 1.2). In this way,
massive interconnect bandwidth between logic andnong is provided. 3D ICs also
significantly reduce memory access latency anddvi@er power consumption compared to
general multi-chip system [1.7]. All these featuraake 3D IC technology attractive for

advanced digital system design.



Figure 1.2 3D memory intensive system implementatio

1.2.13D IC overview

There are a number of different approaches whelC3ibtegration technology is considered.
Depending on the assembly method, they can refatiddevel integration, wafer-level
integration, or device-level integration [1.8].

In die-level integration, wafers are processed, intd dies first, and then aligned and
stacked to either another die or a wafer. The dies electrically connected using
wirebonding or microbumps. Die-level integratiorsteaknown good yield as each die has its
own inputs and outputs so that they can be fubyeid before stacking. Die-level integration
has been most mature 3D integration technologyhtaatbeen widely used in 3D packaging

and offers a cost-effective solution, but it has BD via density [1.9].



In wafer-level integration, wafers are stackedtfasd then cut into dies. The inputs and
outputs of the chip are usually on top tier to camioate with the outside of the chip.
Through-silicon vias (TSVs) are used to communieat®ng different tiers. Tier is defined
as each active layer and its associated metalsslagethis work. Wafers can have SOI
substrate or thicker bulk substrate. Using TSVsfewacale integration provides high via
density, which can achieve higher performance wihitesults in a higher cost. Wafer-level
3D IC process technologies can be categorizedaatasi or via-first process depending on
the processing order of the 3D vias. This dissertdbcuses on the wafer-level integration.

In device-level integration, also called monolitBid integration, active layers are bonded
vertically to form stacked npn junctions and resuh vertical transistors after etching.
Monolithic 3D IC can achieve highest via densityowéver, it requires more complex

fabrication process and is unlikely to be usediass-production.

1.2.2 Challenges of clock designin 3D IC

The clock signal timing reference is critical totlb@ystem reliability and performance. In
aggressively scaled technologies, the control eflckkew becomes increasingly important.
Advanced memory intensive system requires spedlifick design for high accessing speed.
When the system is implemented in 3D, the clockigie®becomes more complex and
challenging.

3D IC technologies bring us some benefits to imprthe performance of digital system.
However, they also create new challenges for diesign, especially for high quality clock

signal distribution.



First, 3D integration is going to have larger psxevariations. In a 3D integration,
especially a heterogeneous integration, cross-aieegs variations will increase the clock
skews if the sequential elements in the same cttmrkain are located on different tiers.
Figure 1.3(a) shows the MOS transistor |-V perfanoeaof MITLL 3D process [1.10]. The
results indicate that large differences exist cthediers.

Secondly, significant thermal gradients exist ini@i2grations. A 3D integration will lead
to a higher heat density and moves some activeeevurther away from the heat-sink. The
increased thermal gradients will result in sig@ft clock skews. Another set of testing
results from MITLL in Figure 1.3(b) shows that, three tiers stacking, the temperature
increases quickly with the tier stacking goes ug(L

In addition, the TSVs introduce more parasitic psters and uncertainties. Due to
parasitics, TSVs can degrade clock signal quahty iacrease skews. Also TSVs can absorb
noise from substrate. In addition, TSVs make ificlift to design a highly symmetric clock
distribution As we can find in the basic TSV modélown in Figure 1.3(c), the parasitic
parameters will cause extra RC delay, signal distor and absorbing noise from the

substrate [1.11].
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1.3 Resear ch Contributions

This work proposes novel technologies and systemdgsign flow to handle the
complexities and challenges in the clock designsSi» memory intensive systems. The key

contributions include,

® Developed new cost-effective and robust adaptiveckcldistribution technologies
(Chapter 3).

Firstly, an efficient clock distribution topology ithout need of balanced H-tree is
proposed. Secondly, a novel tunable-delay-buffddR) circuit which is tunable in 360
degree and robust under PVT variations is developeddly, a new active de-skew method
are developed in order to handle the cross-dieatrans, thermal gradients, and wiring

asymmetry.

® Designed and fabricated a test chip for demonsggathe proposed adaptive clock
distribution technologies (Chapter 4).

A test chip was developed to validate the propastuin-signal de-skew technique. The

test chip was designed and fabricated on IBM 7RFW&8CMOS process. The testing results

show that the proposed technologies are effeativeducing the clock skew.

® Developed a new design and optimization flow to nowe the clock design based on

thermal profiles and to minimize the design ovedch@hapter 5).



A design optimization flow is developed in orderfigure out the optimal clock regions
whose dimensions are inversely proportional totfieemal gradients within them. The clock
regions will be adaptively partitioned, and the TDBertions and the return signals paths in
the physical design are updated accordingly. Atting of the flow, the optimal clock regions

based on the thermal profiles are derived.

® Proposed new design methodologies for 3D memodbajgter 6).

Physically-based modeling and delay analysis agesmare proposed to explore the 3D
SRAM designs. The new approaches can be used imipptthe 3D SRAM timing
performance at both sub-array and system level.op@en-source 3D Process Design Kit

(3DPDK) and a 3D memory generator to facilitate Gesigns in standard IC design tools.

® Designed and taped out a 3D SRAM chip with a nowethip access-time measurement
circuit (Chapter 7).
An SRAM chip was designed and fabricated in.E80m 3D silicon-on-insulator (SOI)
technology. A novel delay-locked loop (DLL) basett@ss time measurement circuit was
designed on-chip for accurate evaluation of theSI®RAM performance. The results show

that a 32% improvement in the access time is gausedy the 3D technology.



1.4 Dissertation Overview

This dissertation is organized as follows: Chagt@resents an overview of the existing 3D
integrated circuit technologies and previous cldekign techniques. Chapter 3 proposes the
new clock distribution topology and the novel dewktechnique for adaptive 3D clock
network design. Chapter 4 demonstrates the 180reptizd clock test chip design and
measurements. Chapter 5 discusses the design @masptimization and TDB insertion.
Chapter 6 introduces the 3D memory modeling aneyddsols. A 3D SRAM test chip with
access time measurement is presented in Chapt&h&pter 8 summarizes the main

contributions of this work and discusses the futuoek.
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Chapter 2

Literature Review and Related Work

2.1 3D Integration Technology

This section reviews the 3D IC manufacturing tedbgies that have influenced this work.

2.1.1MIT Lincoln Lab 3D process

One of the major 3D IC processes that have beetorexpin our work is MITLL 3D
integration process. MITLL has been the first wydabailable wafer-level 3D IC process and
provides tightly integrated 3D IC process with higéld inter-tier 3D vias.

MITLL 3D IC technology is a 0.18um process basedudly depleted silicon on insulator
(FD SOlI) fabrication. It is three tier 3D processhaa face-to-face bonding for the base tier,
Tier 1 and Tier 2, and a face-to-bottom bonding Taer 1 and Tier 3. Each tier is about
10um thick and has one poly layer and three mayark. The tiers are directly connected by
tungsten 3D vias. The resulting 3D via includingdiage is about 2um by 2um in dimension,
and their capacitance is comparable with metal ctgp®e. For instance, the parasitic

capacitance of metal 1 on Tier 1 with the widthlobm and length of 10 um would be

12



similar to the coupling capacitance between two i@r-tier vias. An illustration of the
cross section is shown in Figure 2.1 [2.1], andSE& photograph of MITLL 3D IC process

is shown in Figure 2.2 [2.2].

TSV

Tier 1

Figure 2.1 Profile of MIT Lincoln Lab 3D SOI Procei®.1]

Tier-¥: Transkstor Layer ~ Rack Watal

Ther-3: 180-nm, 1.5V FDS0OI CMOS
Twr-2 Transdilor L aye i -'/

b Tier2: 180-nm
1.5V FDS0OI CMOS

Unsily Batid
nbarice

Tier-1! Tranukvéor Loyer —3 |

Tigr-1: 180-nm, 1.5V FOSOI CMOS 10 piti

Figure 2.2 SEM photograph of MITLL 3D IC processwa tiers [2.2]

13



2.1.2 Tezzaron 3D process

The Tezzaron 3D IC process is 130 nm wafer-levelbBix CMOS process with 6 metal
layers including Cu layer for bonding per silicoert The 3D vias are formed before stacking
of silicon wafer. In this process, TSV is formedtkaftransistors are created on each tier as in
conventional process, but before metal layers eposited.

Tezzaron’s 3D IC process offers integration of mpldt tiers with Tungsten Through
Silicon Via (TSV) connection with copper bondingeZkarons 3D IC is a wafer-level 3D
via-first bulk CMOS process with multiple tiersxsimetal layers per tier including five
aluminum layers and one copper layer for coppediman Again, the TSV’s are formed after
transistors are created on each tier in Tezzaymo'sess, and then metal layers are deposited
for wiring. Each upper tier is flipped, aligned,dabonded to lower tier. And then top tier is
thinned, grinded, and have copper deposition fernibxt tier stacking. After all the tiers are
stacked, the stack is inverted. As a result, aiktare connected with the 3D vias composed
of tungsten TSVs and the copper bondpads, excepfatt two tier connections, which are

done with copper bondpads only.

2.1.3 Other processes and design cases

The 80 Core TFLOP system of Intel [2.3] demandsanban 100GB/sec memory bandwidth.
Traditional SRAM was used to demonstrate the cangepD-stacked memory-on-processor
for this multi-core system. The SRAM has the saim&dsions as the TFLOP chip. It is tile-

based, mating an SRAM to each core in the procedspr Each core interfaces to a tile in
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the SRAM chip with a 3D interconnected memory bsisl@gown in Figure 2.3. Each SRAM
tile integrates 256KB of static memory and integfdogic, and overall provides 20MB of
memory to the system. The stacked SRAM connecas 82 core processor test chip, which
demonstrated > 1 TFLOP operation and a 90% reduafomemory access /O power.
However, this design only supports two tiers stagkand is not flexible and economical

enough for more general 3D IC design.

:.1}. A On-die Mesh
e 18 141 Interconnect
(R
[ 2 | A 1
! .l,;.: 3 Processor
TT,I s . Tile
I!i i u
I'i Memory—_yT-
| Bus Memory
H Tile
i

Yy YY

Figure 2.3 3D integration SRAM stacking on the &eCTFLOP chip [2.3]

The more cost efficient 3D DRAM stacking for mutbre processors was proposed in
[2.4], based on a so-called “true” 3D DRAM concdpuses the fine-grained 3D partitioning
strategy, and distributes each rank into all stagkiers at the wordline/bitline level. The
design also separates the peripheral logic cienuit DRAM cells in different silicon layers
for best process performance based on the concept {2.5]. The wordline/bitline
partitioning strategy is similar to the 3D SRAM f#oning structure talking in [2.6]. These

3D memory design strategies essentially used subaarray 3D partitioning, which requires
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the fabrication of a relatively large amount of T$S¥nd the pitch of TSVs must be
comparable to the memory wordline/bitline pitchg(ehundreds or even tens of nm pitch).
This tends to put an increasingly stringent comstran TSV pitch as the technology scales

down, particularly for DRAMSs.

3 ""'"""---....... il
-

nm " l!‘l”’
|IH! 'rm!

'———- g, ———
.r._'—‘——__E_-——-_._-r—a-=-=
—————y ]

One Rank

Core(s) and

Data and Addr buses L2 Cache

between DRAM and MC

Figure 2.4 3D-stacked DRAM on CPU with ranks satitoss multiple layers [2.4]

2.2 Conventional Clock Designs

This section reviews the previous clocking methodws that influenced this work.

2.2.1 General topology of clock system

Figure 2.5 shows the conventional clock distribmitiopology in digital system [2.7]. Multi-

stages topology is used to distribute synchronigkatk signal to all loadings. Global
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distribution is generally a balanced H-tree withtiec de-skew. At the end of global
distribution, there are many regional distributiogtworks, which are constructed as clock
grid or binary tree. The local distributions arengeated by synthesis algorithm with clock

buffers insertion for timing optimization.

H-tree clock grid

Off-chip_| Clock >

Reference | Source

clock tree
>
| | —|_ |
I Global »'« Regional I Local _I

: Distribution : Distribution : Distribution:

Figure 2.5 Conventional clock distribution topoldgy7]

For a complicated digital system, such as micra&gseor, the task of distributing accurate
clock signals into a large chip area is very ctmgieg. To achieve good reliability of the
clock signal for all circuit blocks, sometimes theck distribution structure needs to be
divided into several domains (Figure 2.6 (a)). Theck signals will be resynchronized by a
specific phase-locked-loop (PLL) for each clock @éam(Figure 2.6 (b)). For a large system
like multi-core processor, theses PLLs consume gaifstant amount of power, also

introduce design complexity and risk.

17



[JFilter PLL

10 PLLs [ |Un-corePLL [ core PLLs
(a)
4 QPI ports
A
sl S
CPLL QPLL QPLL QPLL QPLL CPLL ﬁ
1 1 1 1 1 1
BCLK}-—.—- UPLL
¥ Reference Clocks ¥
QPLL QPLL
AN J
h'd
2 MI ports
(b)

Figure 2.6 (a) Clock Domains and (b) Clock generhterarchy for a 8-Core Intel XeBiProcessor
[2.18]
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The clock networks for processors are generallylemented as cascading PLLs (Figure
2.7). A central PLL serves as a filter to attenuhte noise from reference clock signal. A
local PLL resynchronizes the clock signal distrémufrom the central PLL, and locks the

phase of feedback signal to the reference.

analog digital
supply supply

1X
duty cycle global clock .
o ck | feedback | 2X — agjuit g Dist local clocking
divider [ 4x oca
adaptive P > .
T PLL T = 1 —1r
duty cycle
L central fe:dol;':ck _ sentinel
ref gk |filter PLL divider

Figure 2.7 Clock generation for a Intel Nehaferocessor [2.19]

2.2.2 De-skew technologies

For de-skew purpose, some components with confideirdelay are needed. A tunable-
delay-buffer (TDB) is generally used for this puspo The traditional TDB controls
capacitance loading and current to achieve theydelaing. These circuits are highly
sensitive to process and environmental variatidnaditional TDBs are usually cascaded in
the clock tree to achieve skew compensation (FiguBg This structure requires the large
effort of delay distribution analysis.

Some techniques for reducing clock skew have beepoged. One is the sensor based
method. Non-uniform thermal distribution is a magource of clock skew [2.8]. By placing

the Tunable-delay-buffers (TDB) in the appropriptsitions of clock tree, and making the
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delays correlated with the thermal profile by tenap@re sensors, it's possible to partially

compensate the clock skew. The TDB used for skewpemsation can be implemented as
analog tuning [2.9] or digital tuning [2.10]. Theawback of sensor based de-skew is that
when TDB insertion is made in more clock stagesigieoverhead increases largely, and the
error will accumulate across the whole clock padbreover, the TDB itself can be sensitive

to variations. This method heavily also relies oawsiate modeling of thermal performance at
design stage and complicated analysis is requirkdrefore, sensor based de-skew is not a

good choice for large scale and high performansgyde

{>c [>c Root of clock tree

~. TD

N

Control j’ﬂ ______ M ; _____ M Transmission >, B
signals 1 gates S
2 n )

4
7
7
e
/7

{7—’__‘} FFH ‘9—'==|—e., Calzaaﬂgve 4 Regional clock distributions

Figure 2.8 Traditional TDB implementation [2.10)dacascading structure

Another method is to use active de-skew technitjue. high performance system like a
microprocessor, the skew requirement may be leas ttOps. In this case, the clock
distribution path is usually divided into severats8ons. At the global distribution level, the
active de-skew technique is usually used to prositd@lanced clock signal to all circuit units
[2.7]. In this method, clock phases at loading fiare continuously compared to the

reference signal, and TDBs in clock path are tuaecbrding to the errors. As Figure 2.9
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shows, the regional clock is locked to a referedist¢ributed from clock source or nearby

clock region. In this method, TDBs and phase coutpas are needed for every clock region.

I
Global Distribution | Regional Distribution

. hearby region

Clock : —
Source I —
| Phase [¢
Reference from —=»{ Comparator €= Reference from
clock source |
I

Figure 2.9 Traditional active de-skew topology wigherence distribution

One way to distribute the accurate reference sigral generate a separate reference clock
and distribute it in a highly balanced fashion [3.1Figure 2.10 shows the clock distribution
hierarchy and the de-skew architecture used intamiun® 2 Processor. In this topology,
each clock region will be calibrated compared te tkference signal. The tuning code
settings for all TDBs (SLCB in the figure) will stored in the fuse unit after the one-time
tuning happens at start-up process. The tuninghgetan also be refreshed by the test unit
for any environmental condition change.

The other way is to create a hierarchical collecbd phase comparators between the ends
of different global and regional routes [2.12] (g 2.11). With one zone locked as the
reference, each of the other zones is referredaghase of a near-by zone. In this method,
the highly reliable global reference distributicandbe avoided, but the error will accumulate

with the increasing depth in the reference tregcstre.
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Figure 2.10 (a) Clock distribution hierarchy anyl de-skew architecture for an Itanifird Processor
[2.11]

Unfortunately, both methods are sensitive to preeesl thermal variations, and neither of
them can compensate the asymmetry caused by T3¥gefore, previously proposed active
de-skew techniques are not suitable for 3D clodigie The clock signal for memory often
requires intentional skewing capability. When meynand logic are separated to different
stacking tiers for process optimization purposes thock design for memory intensive

system becomes more complicated.
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Figure 2.11 (a) Phase compare structure and (B)rmrdmsed active de-skew topology [2.12]

LN

2.2.3 Previous 3D clock design cases

Extending the clock network design into three dimens will cause new difficulties such as
worse process and thermal variation and asymmetnged by non-ideal TSVs. In recent
years, several efforts have researched clock nksmor 3DICs. In [2.13], clock trees are
designed for each tier with a standard 2D approact,their delays are balanced by buffer
insertion at the root points (Figure 2.9a). Withdbe capability to handle cross-tier
variations, the skew of this case is up to 250@snulation.

In [2.14], the clock network routes the wires fie@l three dimensional space through
updated algorithms (Figure 2.9b). However, as thesging algorithms oversimplify the

non-idealities of TSV, they are too optimistic amidl be of limited use [2.15].
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Figure 2.12 (a) Separated 2D clock [2.13], (b) $bXisesized clock [2.14],
and (c) shared global clock [2.16]

In [2.16] three simple test structures of 3D clack fabricated in the MITLL 180nm SOI
process, and the Local Meshes structure (Figu® 2bws better power and skew trade-off

compared to simple 2D clock design. However, nohogtis proposed to improve the
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performance in 3D. The authors of [2.9] also extdr@design on analog sensors and TDBs
into 3DIC [2.17], but they do not provide solutiotetsdeal with the non-ideality caused by
3D integration.

To handle 3D clock design challenges, appropriasgrilbution architecture, de-skew

techniques and optimization design methods atleogiin problems.
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Chapter 3

Adaptive 3D Clock Design

3.1 Efficient Clock Distribution Topology

3.1.1 Proposed 3D clock distribution

Traditionally, the global clock is distributed in &l-tree structure (Figure 3.1). The purpose

of this structure is to achieve highly balancedritiation delays among all routing path.

Clock
Buffer

Clock
Loading CLK_IN

Figure 3.1 Traditional H-tree clock distribution
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However, the required accurate matching of H-tleays suffers variations cross the die
area, especially in 3D integration environment. Alne H-tree routing consumes large chip

area and power in cascading buffers.

Clock Source

Global Clock
Distribution

TDB

Regional
Clock
Distribution

De-skew Return Points

@
Ti /= TSV
- ] TDB

|1 Clock Region

Global
Distribution

|:| Clock Source

(b)
Figure 3.2 (a) Proposed 3D clock distribution tagygi and (b) implementation example

A new distribution topology without an H-tree isoposed to reduce routing complexity,
consume less power and minimize the impact of diesyariations in 3D ICs. As shown in

Figure 3.2, the new topology distributes the globlaick on the same tier as the clock
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generator. Tunable-delay Buffers (TDBs) are plaiceevery circuit unit on all tiers and are
driven by the clock distribution network through VS When the tuning range of TDBs
covers the full clock duty cycle, TDBs are only dee on the bottom layer of the clock tree
distribution. This will greatly reduce the desigost Meanwhile, the proposed 3D clock
distribution topology will flexibly support all lag and memory domains with only one clock
generator. It avoids multiple Phase-Locked-LoopkL&} in traditional high performance

memory intensive systems [3.1] and greatly redacea and power consumption.

3.1.2 Multi-phase clock

A multi-phase clock [3.2] is used to compensate heations in the distribution network
and improve timing accuracy. In this topology, tieck source generates several parallel
clock signals with equal phase offsets which ateetively locked and referred to the off-
chip reference. With a multi-phase clock, variattolerant TDBs can be realized by phase
interpolation [3.3]. Unlike a conventional SoC dpevhich requires multiple PLL/DLLs to
synthesize regional clock signals with higher frerggies and tunable phases [3.1][3.4], the
proposed multi-phase clock can achieve frequenclfiphcation and precise phase tuning
without an extra PLL/DLL other than the clock geater. Therefore, in the proposed
topology, one clock source can drive the whole $8tesn. The multi-phase clock generator
can be implemented as a DLL or ring oscillator PEbr a 3D clock design, high-bandwidth
DLL operation is used to avoid the supply noiseuanglation [3.5]. As device mismatch and

systematic imbalances in the physical design cad ® uneven phase spacing [3.6], a
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distributive DLL structure [3.7] and time-averagiteghnique [3.8] are also used to attenuate

the mismatch of multi-phase clock.

3.2 Return-Signal De-Skew

Traditional de-skew techniques can not handle tlessedie variations and 3D wiring
asymmetry. In this work, de-skew method based turnmesignal is proposed to handle the
cross-die variations and unbalanced clock distigoutwhich can not be calibrated by
previous technologies. The de-skew technology pstied by a new tunable-delay buffer
(TDB) design. Different from previous TDB applicatis, which rely on complicated
analysis and cause large design overhead, the BBwcan achieve 360 degree tuning range
and realize the skew compensation in a single stage TDB design for 3D clock is
variation tolerant and low cost. The circuit acleg\waccurate compensation by high tuning
resolution and good linearity.

To minimize the clock skew, TDBs located at all aBloloading regions need to be
accurately in-phase. In this work, | propose a hade-skew method. The simplified
functional diagram showing only one clock path ssRagure 3.3. The forward clock path
(blue line) distributes clock signal from sourceldading point. In active de-skew process,
by tuning the delay of the TDB (TDB_L in Figure B.&e want to compensate the delays of
global and regional distribution and synchronize finase at loading poin®{sading to the
phase at clock sourc®$.,.cd. Instead of trying to provide an accurate anchbé reference

signal to the loading point, we place a return sigrath (orange line) located closely next to
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the forward path. By going through almost sameingupath and same number of TSVs as
the forward signal, the return signal should haweosat the same delay under all conditions.
At the Phase Comparator located close to the dockce, the return signal phasevill be

compared with a reference signal phage Which is delayed by a reference TDB (TDB_ref
in Figure 3.3) from the clock source. When phas$kem@ince exists between the two signals,

phase comparator incrementally sweep the conttslibiof TDB_L until R matches R,

and the control bit® of TDB_ref is the complementary code®f That means the delay of
TDB_L plus the delay of TDB_ref always equals tlaclock period. When Pmatches R,
the phaseD ading at the loading point should be exactly in-phase@source at the clock
source. The proposed de-skew method has good addpte the cross-tier variations and
the asymmetry caused by TSVs. In addition, alldloek regions can be calibrated with only
one phase comparator, which saves large desigheaer

This return signal de-skew method has good addjpyabd the asymmetry caused by
TSVs. Since all parasitic effects are includedha path, the de-skewing does not rely on
accurate TSV modeling and avoids the over-simglifan in previous research. As all the
clock regions can be calibrated with one phase eoatpr, the return signal de-skew avoids

the accumulated phase error from region to region.
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Figure 3.3 Simplified diagram of the proposed netsignal de-skew technique

An example timing diagram for the return-signal skew is shown as Figure 3.4. At
beginning status, in forward path, skew exists betwloading and source. After the return
path delay, phase comparator detects phase entwwedre returned signal phase &d Ry,
which is delayed by TDB_ref from clock source. BessmPhase Error is larger than zero, the
phase comparator incrementally sweeps the tunidg @oof TDB_L, push the return signal
phase close to,& Since the control biP is complementary code of D, delay of TDB_ref
reduces accordingly. After several clock cyclesalfy, returned phase Pand reference
phase R: match and lock. Because TDB_ref plus TDB_L alwegsals to full clock period,
and forward path delay equals to return path debaytotal delay from source to loading will
be integral clock cycles. The phase at loading tpsimatched to clock source. The skew is

compensated.
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Figure 3.4 Timing diagram of the return-signal aetile-skew

3.2.2 Behavioral smulation results

Figure 3.5 shows the simulation results of de-stesknology at 1GHz clock frequency. The
upper figure shows the change of the tuning cddlendD. The middle figure shows the
waveforms of reference signBles and returned signd . The lower figure is the phases at
clock source (Phi_S) and at loading point (Phi Tlhe results show the signals at source and

loadingare able to lock after 10 clock cycles, and thdisgtskew equals to 15.9 ps.
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Transient Response
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Figure 3.5 De-skew transient simulation results

3.3 Phase-Mixer TDB Design

3.3.1 Circuit structure

In this work, we use multi-phase clocking to enteatite capability of locking the phases of
the TDBs with the clock generator. A Phase MixesdshTDB (PM-TDB) circuit is designed
to compensate the skew in the clock distribution.

As shown in Figure 3.6, the PM-TDB consists of agghmultiplexer (MUX) and a phase
interpolator. By interpolating the multi-phase #paelay of the PM-TDB can be tuned

precisely. The new TDB circuit has several advasgagirstly, it is capable of tuning in 360
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degree and generating arbitrary delay within omlg stage. This avoids the need for a highly
balanced H-tree and a large number of TDB insestidrnis feature is very useful for the
asymmetrical 3D clock network design. Secondly, ¢hreuit has good immunity to PVT
variations. Moreover, the TDB is convenient forioegl clock gating and intentional skew
editing as it can be tuned individually without qaliex and inefficient delay analysis [3.9].
Phase mixer can achieve about 10ps tuning stegmddler step is expected, fine tune stage

can be added into the TDB stage [3.4] [3.10][3.11].

L Interpolator - Multiplexer -

Figure 3.6 Simplified topologies of direct phaseeni

A 5-bit controlled (including MUX and interpolatdsits) quadrature phase mixer is
designed and simulated in a 45nm CMOS process.lddwng structure for the circuit is
optimized for better slew-rate and linearity. Asuks show, the total power consumption for
one mixer is 12pW (eight times of minimum inverter) at 1GHz, anck thilicon area is

10um? which is about the size of three DFFs.
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3.3.2 Variationstolerance validation

The most important specification for a phase misethe linearity. The simulated linearity

performance of the phase mixer based TDB under @oand worst PVT conditions at 1GHz

frequency are showing in Figure 3.7. We can sekdltfaough there are some deviations of

the delay transfer function, the linearity of phasieer TDB is good enough for de-skew

purpose. The fundamental requirement for a TDBhiat tthe delay transfer should be

monotonic. However, better linearity is good fomimizing static phase error when de-skew

is using.

1000
800
600
400
200

Delay (ps)

— Normal — Slow — Fast

T~

T~

S~

N

16

24

Tuning Code D[4-0]

Figure 3.7 Simulated linearity performance undeil R¥riations
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For the analog interpolation used in phase mixenegally the input rising time may

interfere the output delay value. As Figure 3.8v&hdn this work, the rising time (Tr) of the

input signal will change the intrinsic delay of gkamixer TDB, but it is not a problem for

linearity performance. We also expect the TDB caapkthe linearity performance within a
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range of frequencies to provide better design idiky. Also showing in Figure 3.10, when
we reduce the clock period (Tp), the output delegluce accordingly and as expected,

meanwhile, the delay transfer performance remamasl ginearity.

—— Tr=50ps —=— Tr=150ps Tr=250ps Tp=750p —%— Tp=500p

650

NN

” NN
2500
>
fav]
= 450
400 <

350 —

300

0 2 4 6 8
Tuning code

Figure 3.8 TDB delay with different input risingrte (Tr) and clock period (Tp)

Figure 3.9 shows the TDB linearity performance artpf the continuous tuning range.
From this figure, we can find that, although thee&rity of TDB is robust under different
input rising time, it suffers a large variation wihe decreasing effective loading capacitance.
This result comes from another important designstam for analog interpolation. To
achieve good linearity in phase mixer, the intenRIC time constant should be larger than

the time interval which is interpolated by the phasixer. By adding capacitor compensation
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at the output of TDB, we can achieve good linegrdyformance under a large PVT variation

range.
— Tr50p — Tr150p —— Ideal CL8Of — CL160f —— CL=40f
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500
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@ //
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0 I I I I I I I
0 1 2 3 4 5 6 7 8

Tuning Code

Figure 3.9 TDB linearity with different input riggintimes and loading capacitances

3.4 Variation-tolerant Clock Gener ation

3.4.1 PLL frequency synthesizer

For the multi-phase clock generation, a PLL-bageduency synthesizer is usually used.
Analog PLL is still the major choice for high qugliclock generation because its noise

performance is much better than a digital PLL. Hesve an analog PLL is also sensitive
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under temperature and process variations. In tbr&wve would like to explore the variation
performance of PLL design, and the design methachpoove the robustness of PLL.
Charge pump PLL frequency synthesizer can be imgheed as two different styles as the
VCO design, which are LC VCO and Ring VCO. The 1ogyg of PLL and VCO are
showing in Figure 3.10. Multi-phase clock signalancbe generated by dividing the

differential outputs of LC VCO, or directly fromeloutputs of the buffers in Ring VCO.

| VCO
Fref— * Rs)
e PFD _ Fout
»| Kprp R, %
lep T Kvco/ls
C, |Co

Fio N

IN (=

VDDVC’O:I>__{
VDDvco

- [Cw

I

LC VCO Vtune —|

e

Ring
VCO

Ibias

Figure 3.10 PLL frequency synthesizer and LC, Ri/@ topologies
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3.4.2 Adaptive design for PVT variations

The PLL circuit performance is impacted by procasd temperature variations. For instance,
from SPICE level simulation, the normalized bandtideviations of LC PLL and Ring PLL
are listed in the table below. It's obvious than@riPLL suffers much larger deviation

compared to LC PLL.

Table 3.1 PLL performance deviations

Bandwidth | Positive Deviation Negative Deviation

LC-PLL 1.8% @FF Corner, High Temp  -3.5% @SS Corhew Temp

Ring-PLL | 21.5% @SS Corner, High Teer13.5% @FF Corner, Low Temg

For adaptive PLL implementation, we can make chgrgmp current (Icp) and zero
resistor (Rz) in loop filter tunable to compensateations of bandwidth and damping factor.
The general topology is shown in Figure 3.11. Tradally, the tuning process relies on
complicated and unstable searching algorithms. Sg@ching algorithms will take a long
time and has the risk to unlock.

In this work, we partition the variations spacedrgcess and temperature, and decide the
settings of Icp and Rz at design stage. This me#vailds creating extra feedback loop and
searching in tuning. The partition information carfeom process and temperature sensors

(which can be implemented as Ring-OSC as well).
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Figure 3.11 Adaptive PLL implementation

Based on the equations in Figure 3.11 and the atmoul data in Table 3.1, we can find
that, with 30% tuning range of Icp, the bandwidévidtion of Ring-PLL can be constrained

within 10% of its nominal value.
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Chapter 4

De-skewed Clock Distribution Test Chip

4.1 Architecture

In order to validate the proposed adaptive cloahrifiution topology and return-signal de-
skew technique, a test chip was designed and &bdcin the IBM 7RF 180nm CMOS
technology. Although this is not a 3D integratiaiogess as the MITLL 3D SOI, the major
challenge of 3D clock — the unbalanced distributi@iworks can be represented by the
distribution paths with different lengths. In thest chip, three transmission line based clock
paths with different wire lengths (1.5mm, 3mm an&ndm) were created for de-skew
function test. The typical clock frequency for tiest design is 1GHz. The quadrature input
clock signals for the three distribution paths dreded from a 2GHz differential clock
signal, and generated by an on-chip frequency éivircuit built on dynamic logic circuits.
The 2GHz input signal can be provided by bondindBAprobe PADs, or an on-chip PLL.
Figure 4.1 shows the design schematic for the 1.4distmibution block. As the figure
shows, distribution path have five parallel wiregluding four forward wires and one return
wire. Each wire consists of three 0.5mm transmis$imes which are serially connected by

clock buffers. For design simplicity and reliahjlitthe reference tunable-delay-buffer
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(Source TDB), phase detector and control counteirdegrated into each distribution block.

The returned signal P_fb is compared to the reteresignal P_ref, which is delayed by a

source TDB, by the phase detector (PD) for phase.eVhen the phase error between two

signals is larger than the minimum resolution,gaal pulse voltage signal is generated at the

output node Diff, and its rising edge is used twalthe control counter. In order to achieve

monotonic delay tuning for TDB, the control countas built-in decoding function. A series

of voltage pulses from Diff will sweep the outpwides of the counter, and make the delay of

the Loading TDB increases linearly. The linearlgr@@ased delay tuning for the Source TDB

can be realized by simply reversing the wire cotioes of Db_Q and D_Q at the control

inputs (as highlighted in the figure).
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1
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P_Pad
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Q,\'? a ,\7 a é Qlé
—€) )) ) I
—a )] )} B
ouT
—C) ) )] 0
—a )} ) QB
) < |—6) < |_e) -
|—e ] | Loading TDB
Ay A e
3| | Slelele ) 8
é 8 g (= N [s] c:‘|
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ouvTH— D_
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Source TDB Phase Detector & Control Counter

Figure 4.1 Schematic of the 1.5mm clock distribmtidock
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The 3mm and 4.5mm clock distribution blocks arey\@milar to the 1.5mm one showing
in Figure 4.1, except that their clock distributisres consists of more serially connected
transmission line segmentsX6.5mm and % 0.5mm). The outputs of three distribution
blocks can be measured from the bonding PADs opthbe PADs, to compare the clock
skews between different distribution paths, befand after de-skew function is activated.
The detailed circuit implementations and measurénresults will be introduced in

following sessions.

4.2 Circuit Implementation

4.2.1 Phase-mixer based Tunable-delay-buffers

Figure 4.2 (a) shows the schematic of the phasemii©B circuit. Each phase-mixer TDB
has its own bias voltage generation and requiresfexence bias current input. The most
important quality of the phase-mixer is lineariyhich generally depends on the input signal
slew rate, phase-mixer’s intrinsic RC constant aming difference between input signals.
Although the phase-mixer looks like a discrete toimeuit, it is actually working in the linear
mode. The voltage swing at the output nodes “ontf ‘@utb” is much smaller than the rail-
to-rail value and can be controlled by the biagenir To bring the output signal back to rail-
to-rail for the correct detections of the followitagic circuits, a voltage comparator is added
after the TDB outputs (Figure 4.2(b)). After thendpdistance distribution, the input clock

signals’ slew rate is hard to control, but the tignidifference between inputs is well-
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controlled. Therefore, a practical method to imgrdkie linearity is adding compensation
capacitors at the outputs of the phase mixer {peats of the comparator) to increase the
phase-mixer’s intrinsic RC constant. In this desiipe capacitors (& and G-) have value

equals to 40fF.
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GND L
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Comparator
I OUTP
Out—

out |

outb |,

(b)
Figure 4.2 Schematic of (a) the Tunable-delay-bdfed (b) the comparator

Figure 4.3 shows a set of transient simulation iawes at the phase-mixer TDB output
nodes (small swing signals) and at the comparatdpud (large swing signal), with

continuously changing tuning codes. The TDB cis@te designed and simulated on IBM
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180nm CMOS process. The delay tuning resoluti@1ss. From the waveforms, we can see
that the interpolations between quadrature inpytads achieved very good linearity in delay
tuning. Because the delay tuning depends on tleepolation of input phases instead of the
intrinsic RC constant, the phase-mixer based TD8rhach better PVT variation tolerance
compared to traditional delay buffer design. Theirtg resolution of TDB can be further

improved by adding control bit to the interpolatiaat the cost of larger area and power

overheads.
Translant Response
= Jouth ol = four 0> MUTPDE = fouth<le fout<ls> STl = fauth<2> LT L FOUTP=2 . = foutb<3>
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Figure 4.3 Transient simulation waveforms of thag@imixer TDB
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4.2.2 Phase comparator and control counter

The circuit implementations of the phase comparaitat the control counter are as shown in
Figure 4.4. Reference signal phase P_ref and fe&dbignal phase P_fb are compared by a
phase-frequency-detector consisting of two SR &gchVhen a phase difference exists, the
XOR gate generates a pulse to drive the dividetbhby-frequency divider. To drive a D-
Flipflop, the pulse has a minimum width requirememd generally this value is much larger
than the phase detector resolution. Therefore nimalanced buffer stage is inserted between
the phase detector and the frequency divider tovexca small pulse. The divided signal will
be used as the clock signal for the tuning codetmuThe counter here already builds in the
decoding function to convert the binary sweepin@ twode sequence which tunes the delay
of the phase mixer linearly. The names of outpgitals in the figure are for the loading TDB

tuning code, D. For source TDB tuning code, it'$yarecessary to reverse D_Q and Db_Q.

D<1> Db<1>  D<2> Db<2>  D<3> Db<3> D<0>Db<0> D_I Db_| D_QDb_Q
Q<1> Q ) Q<2> Q ) Q<3> Q > Q<0> 2 ) Q_l Q D Q_Q Q >
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Qb<15] Q Resetfo— Qb<2>] Q Resetfo— Qb<3>] Q Resetfo— Qb<0> Q  set Qb_l Q  set X et
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Figure 4.4 Circuit topology of phase comparator emckrol counters
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Figure 4.5 shows the transfer function of the adntounter. D<3:1> controls three binary
weighted interpolation bits in the phase mixer TRBdJ D<0> has the same weight of D<1>.
So the total interpolation weight for phase mixebk3:1>+D<0>, and this structure makes
the transition between input phases linear. D_IRAn@ together, select two phases from the

guadrature inputs for each quarter of tuning range.
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Figure 4.5 Transfer function of the control counter
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4.2.3 Frequency divider

The quadrature phase signals used as input fazldio& distribution paths are generated by
the divide-by-two frequency divider, as Figure 4lws. Because the tunable delay output
of the phase mixer comes from the interpolatiomatftiple input phases, accurate matched
input phases are important to the linearity of phaxxer based TDB. This frequency divider
circuit has good performance and simple structmee of the design requirements is the
input clock signal needs to be fully differenti&nother requirement is the circuit blocks
including latches and buffers have to work at vieigh frequency (2GHz in this work). To
achieve the speed performance, both the latches tladbuffers in this divider are

implemented using dynamic logic.

D+ Q+
D- Q-
Latch

o Nt
ck-| s

Pad+ D b Pad- D b
. CK+ . CK-
Probe+ D b Probe- D D

Figure 4.6 Divide-by-two frequency divider
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4.2.4 On-chip PLL clock generation

Although this test chip receives its input refeeitock through the bonding or probe PADs,
the quadrature signals used to drive all clockrithgtions can also be generated by an on-
chip phase-locked-loop (PLL). The center frequentyhe PLL is 4GHz, and the 1GHz
guadrature clock signals for testing are generatedynamic logic based pre-scaler. The
divider ratio of the PLL is from 8 to 31, and thefarence frequency for the PLL is 50MHz
when N is 20. The bandwidth of this LC-PLL is defiharound 1MHz for stability and

reference signal noise attenuation. The schematieed”LL is as Figure 4.7.
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Figure 4.7 Schematic of the adaptive PLL frequesyythesizer
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4.2.5 Clock distribution paths

The clock distribution paths in the test chip amglemented as transmission lines with
ground shielding. The major advantage to usingaasinission line as distribution wires is
that the foundry provides an accurate process dddgtgand simulation model for it. The
return wire is placed closely next to the forwarttesw to achieve great matching. All
distribution paths are built on the metal-four (Mdyer with ground shielding on the metal-
three and parallel ground path. Figure 4.8 illussahe layout of transmission line based
clock distribution wire. The wire width and spaciage both im. For the distribution paths
design, the forward propagation delay should bepayable or larger than a clock cycle, for

the convenience of demonstrating the effectivenésise de-skew technique.

Clock wire Clock in 7 7 Clock out

Metal4 | | —> —
Metal 3 @; l—’ Z j T
S, T :

Figure 4.8 Cross section and top view of the trassion line clock wire layout

4.3 Chip Testing

4.3.1 Test board design

The test chip die photo is shown in Figure 4.% fabricated with the IBM 7RF 180nm

CMOS process, which includes six layers of metgbut clock signals can be provided by
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bonding PADs, by ground-signal-signal-ground (GS$@&bes, or by the on-chip Phase-
lock-loop (PLL). Output signals of all three pattem be directly sampled from the ground-
signal-ground (GSG) probes or from the bonding padlk buffering. All clock paths are

created on the metal-four layer, which is the hgjHayer used for signal distribution. The
two up most metal layers, TM and ML, are for metapacitors, power distributions and
PADs. As the chip is covered by metal density fittee clock distribution paths and active

devices can not be directly seen from the photo.
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Figure 4.9 Die photo of the test chip

53



The print circuit board (PCB) designed for testimgth components and chip mounted, is
shown in Figure 4.10. The chip is directly wire ded on the PCB, and signal inputs and
outputs are connected to the SMA connectors. Af'sopossible to provide input signal and
measure output signals by probing. The testing fwstsdone by cable connecting. For wire
bonding and probing convenience, the PCB is mouortea piece of wood. All large through

hole devices like polar capacitors are placed utigeboard.

oo

Figure 4.10 Test print circuit board with chip ditlg bonded
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4.3.2 Testing scheme

The example setup of measurement equipment is sirowigure 4.11. This setup is mainly
to measure the time-domain waveforms. The pulsergéor (HP8100) with 60ps rise/fall
time is used to generate a pair of 2GHz 1.8V diifidial input clock signals. Note that the
on-chip PLL was bypassed for this measurement gefhe input signals are sent through
coaxial cables and SMA connectors (or GSSG pratie)the device under test (DUT). The
output signals for all three paths are sent ineodigital sampling oscilloscope (TDS8000B),
which completes the signal path. The power suppi$2620G) delivers DC and control
voltages to DUT. An additional connection requireetween the signal source and the
oscilloscope is the Trigger signal. With propettisgt the oscilloscope can synchronize the
sampled output signals to the trigger frequencyiclvhs the integer division of input
frequency. When low jitter input signal is requiréide BERT (N4901B) can also be used as

a signal generator, sending differential bit stredimough GSSG probe into the DUT.

Trigger
oo
Pulse Generator PS2520G 9 . Pling
Oscilloscope
Power Supply
o A
Clock alal 2 Clock
in > S © out
Y \ 4 \ 4
GSSG Probe > —» GSG Probe
or DUT P> or !
——3| SMA Connector |5 3| SMA Connector

Figure 4.11 Test equipment setup diagram for tinmmegsurement
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A photo showing real lab equipment setup is asreigul2. The measured waveforms are
displaying on the TDS8000B digital sampling osatiope. The LCD monitor on the left

shows the image of the chip under test.

Figure 4.12 Lab equipments setup

4.3.3 M easur ement results

Figure 4.13 shows the screen shot of the measutsrfrem TDS8000B. In this figure, the

de-skew function was not activated yet. So theydéitierences (skews) between outputs are
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basically the intrinsic skews of the clock pathstest chip. Channel C1 is the output of the
1.5mm path, channel C2 is 3mm path, and channet @%mm path. The time resolution is
200ps per division, and amplitude is 50mV per dons Because the input impedance of the
oscilloscope is standard 50o0hm, the voltage angd@gushowing on the measurement are
actually much smaller than output voltage swindhef test chip with ideal loading. But the
timing information of the waveforms is still acctea Also because of the imperfect
impedance matching of chip outputs and oscillosdopats, some distortion shows on the

waveforms caused by reflections.

et ot EPRREY TAPEPI o v sl

Figure 4.13 Measured waveforms of three paths witde-skew
(C1: 1.5mm path, C2: 3mm path, C5: 4.5mm path)
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From the waveforms in Figure 4.13, we can find th&t delay mismatch value is about
560ps between 1.5mm path and 3mm path and aboOp&Xietween 3mm path and 4.5mm
path. Within a single cycle period, the maximumvslkamong three paths is about 440ps.
This skew value is obviously unacceptable for cldidtribution working at 1GHz frequency.

When the return-signal de-skew function on the dhipctivated, the waveforms are as
Figure 4.14 shows. In this case, the maximum skewnly about 40ps, and it's been

improved more than 90% compare to the previouséssits.
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Figure 4.14 Measured waveforms of three paths seitlrn-signal de-skew activated
(C1: 1.5mm path, C2: 3mm path, C5: 4.5mm path)
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The time domain measurements validate the effentise of the proposed de-skew

technique. The return-signal de-skew technique Wi useful for unbalanced clock

distribution on 3D integrated circuits. Table 4.dmsnarizes the chip design data and

performance.
Table 4.1 Chip summary and measured data

Process IBM 7RF 180nm CMOS
Supply Voltage 1.8V
Clock Frequency 1GHz

Before de-skew 440ps
Skew

After de-skew 40ps

Each clock path 18mW(1.5mm), 25.2mW(3mm), 32.4mBft¥m)
Power Frequency divider| 16.2mW

Total 91.8mW

4.4 Conclusion

The measurement results of the test chip proveg tha proposed adaptive clock

distribution topology and return-signal de-skewht@que have the capability to distribute

accurate clock signals through a very unbalancédaank. This feature avoids the traditional

requirements for high cost, low reliability H-tre&ucture network in distributing clock or

reference signals. The technique validated in tiéss$ chip provides a possible solution for
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high performance clock system design in severerenwients with huge process and

temperature variations, such as 3D integrated itisgatems.
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Chapter 5

Application Case Analysis

5.1 Optimization Based on Thermal Profiles

3D PDK & CloakT Delay Region Partition
ock Tree
Memory & Memory Calculation 3D Delay & Memory
Generator Array Distribution Optimization
Design -
) Optimized .
Netlist
‘ 3D Thermal Clock Regions s | T
Profiles & Memory Array .
]

Figure 5.1 Thermal Optimized Clock Network Desigpwf framework

A design flow is developed to improve the clock igesand minimize area and power
overhead. The Design flow is shown in Figure 5.1oc€ delay distribution will be

calculated based on thermal profiles [5.1]. Thertia profiles could be generated from
junction-level thermal extraction simulations [5.%] order to achieve the trade-off between

performance and cost, the flow aims to optimize ¢heek region partitioning and TDB
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insertion based on the thermal profile. The membtnying performance can also be
optimized by sizing the memory bank, array and @auwhy based on the thermal profiles.
Large thermal gradients caused by 3D stacking wdlease clock skew. Dividing the
whole system into multiple clock regions with TDBserted will help to improve the skew
performance. However, the insertion will use exraa. A design and optimization flow is
proposed to handle the tradeoff of skew performaru cost. The flow chart is shown in

Figure 5.1. More details are covered here.

Clock tree

netlist Initial clock tree partition

3

Regional skews calculation

For all regions

Return paths Merge or divide regions
routing for optimal sizes

Input Files

Thermal
profiles

Optimization
Design
TDB insertion

Physical
Re-design

Figure 5.2 Design optimization flow

We aim to figure out the optimal clock region whasee is inversely proportional to the
thermal gradient within it. As Figure 5.2 showss thitial clock tree partition starts from the
logic circuit unit or a single memory bank. The wkeistribution is calculated based on the
thermal profiles. In the optimization process, tbck regions in which the skew

performance does not meet the specification wiliusther divided. Meanwhile, regions with
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very low skew will be merged. According to the nesgion partitioning, the TDB insertion
and de-skew signal return paths will be updatedhe physical design. The process will
continue until all the regions meet the requiremBptthis process, we are able to obtain the

optimal clock region partitioning based on thermalfiles.

5.2 Clock Design Casewith TDB Insertion

5.2.1 Regular clock region partition

A design case is created to study the impact ahthkgradient, clock region partition and
Tunable-Delay-Buffer (TDB) insertion. The circuasd thermal profiles for simulation are
adopted from a 3D ORPSOC system design in [5.3¢ fEBehnology used for simulation is
the 45nm 3D CMOS process which will be presentecCiapter 6. Two tiers stacking
structure is used. Logic circuits are on the bottaer while 32KB SRAM arrays
(2KB/bankx16banks) are on the top one. The ar@aci tier is Immx1mm.

The global clock distribution for both logic and mery tiers are a standard binary tree
shown in Figure 5.3 with 12 stages and 403ps ofinanmsertion delay at room temperature.
The clock source is located at the center of Idggic The initial clock distribution is not
partitioned into regions. Simulations in HSPICE arsed to extract the temperature
coefficients of the clock buffer and metal wirestie clock tree. The accumulated delay
from the clock source to all the loading pointdath tiers is also calculated. The simulated

results show that when the environment temperasu2&C, the delay coefficient of a clock
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buffer is about 0.67% per degree, and the resistanefficient of metal wire is 0.45% per

degree. TSVs contribute up to 40ps extra delayaokepath.

| Memory TSV Clock Global
| Buffer Clock

CLK_IN L=1um

W=1um

Figure 5.3 Global clock tree before partition

The thermal profiles for both tiers are shown igufe 5.4. The highest temperature is 90
‘C. The initial skew performance under these circamsts is shown in Figure 5.5. Without
TDB insertion and the de-skew technique, large skappen at both tiers. The maximum in-
tier skew is 85.2ps for the logic tier, and 75pstfte memory tier. The cross-tier skew is
even worse because of the thermal gradient and T8Weeen tiers. The maximum value of
skew is 214.3ps. The relation of skew and thermatlignt is beyond linear because of the

delay accumulation in the binary tree.
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Figure 5.4 Thermal profiles for two stacking tiers

To improve the skew performance, we partition tleelc region and insert TDB in each
region as shown in Figure 5.6. Simulations are mnHSPICE, and the new delay
information for all the loading points is extractefhe skew performance is updated
accordingly. Figure 5.7 shows the improvement mrsults. When each tier is divided into
16 regions and with a 7.8ps tuning step TDB in e&gfion, the maximum in-tier skew are
17.8ps for logic and 21ps for memory. Because ttapiive de-skew is able to compensate
the effects of thermal variation and TSVs crosssfithe maximum overall skew is the same
value of memory skew, which improves more than 90f6.a sum, the clock region

partitioning and de-skew technology improve thexskegnificantly.
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Skews before partition: 85.2ps logic, 75ps memory, 214.3ps cross-tier
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Figure 5.5 Delay distributions of two stacking siéefore partition
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Figure 5.6 Clock distributions after regular paotit
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Skews after partition: 17.8ps logic, 21ps memory & cross-tier

Partitioned into 16 regions with 7.8ps TDB step
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Figure 5.7 Skews of two tiers after regular pantiti

The skew performance versus clock region size @ fining step is also explored. The
results are plotted in Figure 5.8. Both small cloegion and TDB tuning step will help to
improve the skew performance. However, smallericlagions need more TDBs in total.
This will increase the design area and power copsiom TDBs with smaller tuning step
will also consume more power. Both of the effectdl wcrease the design overhead.
Therefore, we need the optimization flow in Sectibrl to handle the trade-off of

performance and cost.
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Figure 5.8 Simulated skew under different clockaoagizes and TDB tuning steps

5.2.2 Thermally optimized clock region partition

In order to reduce the clock region number andgilesverhead, it is possible to create clock
regions with different sizes. By using the optintiaza design flow described above, the
application case in 5.2.1 can be modified as shiowigure 5.9. In this thermally optimized
design, small clock regions are only created ferhigh thermal gradient area. Clock regions
in lower thermal gradient area are merged intodiarggion. The optimized design uses only
half the number of TDBs compared to the reguladstiponed design.

The skew performance for both tiers is shown inuF@g5.10. The maximum cross-tier
skew in this case is 27ps. It's a little largerrth@gular partition (21ps), but still 87%

reduction compared to the traditional H-tree stiteedesign (214ps).
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Table 5.1 and Table 5.2 summarize the power consampnd routing area consumption

of different clock distribution topologies. TDB pewcost is relatively small compared to the

power consumed in driving wire loadings. In thiseabased on the process information of

45nm 3DPDK, the metal wire pitches areBfor higher level routing and 0.28 for

lower level routing. Figure 5.11 compares the t@adver and routing area consumptions

caused by clock paths and the skew performancédfefeht clock distribution methods. The

optimized partition reduces about half of the poaed routing area overhead of the regular

partition, and it can still achieve a good improegrin skew performance compared to H-

tree method.

Table 5.1 Power consumption of different topologies

Wire (mW) TDB (mW) Total (mW)
H-tree 21.28 0 21.28
Regular 23.68 8 31.68
Optimized 22.68 4 26.68

Table 5.2 Routing area consumption of differenbtogies

De-skew global| Tier 1 regional | Tier 2 regional Total

(100Qum?) (100Qum?) (100Qum?) (100Qum?)
H-tree 0 31.92 10.64 42.56
Regular 15 28.32 7.04 50.36
Optimized 8 30.12 8.84 46.96
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Figure 5.11 (a) Power, (b) routing area of cloc#l &) skew performance compare

The results above demonstrate that the thermallgiudsed optimization flow can be
used to improve the design trade-off of overallvslgerformance and the design overhead

caused by TDB insertion and clock distribution nogt
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Chapter 6

Modeling and Design Toolsfor 3D Memory

Modern SOCs (e.g. processors) tend to require asangly larger on-chip memory (cache).
SRAM, the most popular on-chip memory is power hyrand area inefficient. According to
the SIA and the ITRS, most of the area in an So&cupied by embedded memory of one
form or another [6.1]. One method to provide moremory capacity than a single die can
supply is to adopt the multi-level hierarchical latecture, and using the separated DRAM
chip as main memory. Off-chip DRAM memories providgh density with a lower cost, but
have difficulty providing the desired bandwidthsedto a restricted number of 1/Os.
Moreover, off-chip memories are a source of conceetause of their higher power
consumption. Indeed, complex and power hungry t&Ddceiver circuits are needed to deal
with the interconnections between chips [6.2]. Edussl DRAM (eDRAM) technology
incorporates both high performance logic and dddBAM in a single die to avoid huge
amount of I/Os, and as a result compromises batintdogies, yet with higher cost [6.3].
SRAM is the kernel part of on-chip memory. The 3iegration technique can improve
the SRAM design by reducing the global wire lengthl optimizing sub-array design [6.4].

The benefit of 3D cache design has been shown.% by Black et al. 3D memory-on-logic
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provides potential of significant larger bandwidthd memory size. If we can have one or
several memory tiers stacked on the logics, not i@ access time will be reduced, but also
the larger bandwidth and memory capacity coulddieexed.

For the near future, DRAM is a good candidate fom3emory-on-logic. It has the highest
density RAM devices. Moreover, its 10 count is lowkan SRAM, and the area penalty
from connecting all 10s would be lower than SRAM.G6 3D stacking DRAM may
eliminate the necessity of complicated block likb® conversion and save a big portion of
power, which is very important in applications likeobile device. The memory-wall
problem will be more obvious when the system comeea multi-core stage. 3D-stacked
memory architecture design, especially 3D DRAM, dmes a popular research topic
[6.7][6.8][6.9]. “The real attraction of 3-D comegen we get to 16 or 32 cores, where the
architecture includes sharing a large L2 cachead ¥dilfried Haensch, manager of device

and integration technology at IBM Corp.'s Thomag/atson Research Center [6.10].

LSRN

Figure 6.1 2D, memory-on-logic and multi-tier 3D mmary implementation topologies

Some previous researches tried to explore the ldessnplementations and potential

benefits of 3D memory-on-logic structure. Tsaile{@&11] evaluated two 3D SRAM design
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strategies, which partition sub-array in 3D domand explored the corresponding 3D
SRAM performance space by modifying CACTI 3. Loli7]dnvestigated the potential of 3D
processor-memory integration by using a so-callede® 3D DRAM design strategy
announced by Tezzaron Corporation [6.12], whichasses control logic and DRAM cell
into different tiers. The TSV based 3D integratlmmgs two main advantages compared to
wire-bonds: (1) they have excellent electrical elsgeristics, eliminating the need for
complex IO driver circuits; (2) they have a veryadharea footprint [6.2]. For 3D memory
performance analysis, a tool 3D-CACTI is developgdisai et al. at PSU [6.13]. A closely
related work is PRACTICS developed by Zeng et@ll4]. Those tools predict 3D memory

performance at system level, and few details abonotponents and physical level calculation

are shown.
3D Memory
Design
1 1

Early Design Physical Architecture

Analysis Design Evaluation

Circuit Structure Implementation & Memory-rich SOC

Optimization Verification Evaluation

Figure 6.2 CAD tools required for 3D memory design
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To optimize the 3D SRAM design in more flexible daions, general design and analysis
methodology based on physical components is highBded. The objectives of this part of
research are: 1) create timing and power models3lrmemories; 2) develop physical
design tools and system evaluation environment3frstacked memory; 3) validate the

performance of 3D memory based on a real three+tBapal process.

6.1 3D Memory Modeling

3D memory-on-logic design and commercial EDA taaipporting is kind of like “Chicken

or Egg” problem. To help potential 3D designersateeand evaluate their work before
jumping into 3D process, some tools are needetieadiagram shown. Most of the previous
discussions for 3D stacked memory-on-logic are dbasesome high level assumption and
simulation tools, and are lack of physical designsideration like 3D interface design and
the impact of different process options especi@By options. To help SoC designer make
their decisions to implement the design in a 3metogy, detail and reliable answers about
the best performance improvement and cost comes diiferent process options should be
given before real fabrication. In this work, we dimped a physical based 3D memory delay
and power analysis approach that can be used itipheyprocesses, explored methods for 3D

memory design optimization, and provided guidelitee8D SoC designer.
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6.1.1 Delay modeling

In this section, a physical based delay analyspgageh for 3D SRAM is introduced. The
discussion focuses on calculating the access tfirae3® SRAM array by breaking the delay
time into sections related to the circuit comporeaibng the signal path. By this method,
designer can directly learn about the parasitieatffike Through Silicon Via (TSV), and
optimize the SRAM array in different 3D processéthwnore flexibility.

The hierarchical structure of a SRAM system is sh@s Figure 6.3. The SRAM system
consists of array of banks. Each of them provides @f the output data. In every bank, there
are several sub-arrays, which are selected by ssldngut. In large SRAM array (several
Mega bytes), address and data are routed to andthe bank matrices on H-tree distribution
networks, to provide uniform access. In 3D desigjstributing SRAM array into several
tiers obviously reduces the delay of global intercects.

At SRAM cell level, the feasibility of separatingx stransistors into several tiers is
constrained by 3-D via size. Cell partitioning e&luable only when the ratio of TSV width to
cell width is smaller than 0.3 [6.15]. Current dms@®ns of 3-D via sizes vary from
lumxlum to 1Q@um x1Qum [6.16] and they are comparable to SRAM cell digiens.
Therefore, partitioning at the cell level is diffit in present and near future technology
nodes. 3D SRAM partitioning in the sub-array leigeh more practical choice. Generally, we

have two options, Word-line Split and Bit-line $pés Figure 6.4.
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Figure 6.4 Word-line split and Bit-line split sttuces of 3D memory sub-array

Word-line split means divide each word-line in arag into several tiers. Then the local
word-line wire length in one tier is reduced, hettee delay and power. The drivers of local
word-line are duplicated for each tier. This stanetprovides benefits within the sub-array,
in addition to the bank level and out-of-bank Hetkgire lengths reduction. The cost of extra
loading to global word-line could be compensatedtmaller driver size. The Bit-line split is
a similar concept to the word-line split. In thiarfitioning, the bit-line length in the sub-
array as well as the number of pass transistoreemad to a bit-line is reduced. This also
makes a smaller sub-array dimension, and providessa time improvement from higher

level wire length reduction, like word-line spilit.
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As the hierarchical structure in Figure 6.3, thiical path in SRAM bank is from the
address decoder input, through pre-decoder wiohagword-line and local word-line, to the
SRAM cell, then through bit-line and sense-amph®dutput of bank. For 2D SRAM timing
analysis, a physical based scaling methodologyrapgsed by Amrutur and Horowitz in
[6.17]. Generally the delay inside a bank can eddd into components as logic gate delays,
and RC delays of wires. Logic gate delay in SRAWhdas two parts, which are
contributed by DecodebDged and Sense-Amp delap{y), as equations (1) and (2).

Dyec = Nee @ ¢ + D 5 e (1)

dec dec

D, =27, +R

sa

(€« )

Osa
Here 1504 is the extrinsic delay of the fanout-of-4 invert®ye: is the optimized gate
number in decoder patip 4ec is the parasitic delay of decoder, which couldez&acted
after layoutRp saandC,_ s, are output resistance and loading capacitancemsesamp.
RC delay of wire consists of the input wire del& i) and the output wire delay
(Duwire,ou) @s equations (3) and (4).

D :Dpre+DgWI+D

=R 504 G4 :

wire,in Iwl

C9W| + Cld) + RWl EQW| (3)
8 2

Three portions iDyire,in are RC delay from pre-decoder wiid,(), global word-line Dgw)
and local word-line Q). Cgg andCyy are capacitive loadings caused by global and local

word-line drivers.
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RC chain foDyre out iIncludes word-line switchYsy), SRAM cell Dcer), bit-line Oy) and
multiplexer Omuy- Trisewi IS the word-line voltage rising tim¥,, is the bit-line voltage swing.
lcen IS the SRAM cell driving currentCy, Chux and Cs; are capacitance on the Bit-line,

Multiplexer and Sense-Amp input respectively.
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Figure 6.5 Word line partitioning (a) and Bit lipartitioning (b) modeling
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This sub-section analyzes the SRAM performanceuemite of 3D stacking. Generally
speaking, the benefit of 3D partitioned SRAM confieen shorter wire lengths, and the
penalty is from extra capacitive loadings of 3D (i&V). Distributed RC delays likByire,in
andDy,ire out defined in (3) and (4) are sensitive to wire léngind will be obviously impacted

by 3D partitioning.

A. Word-line split 3D SRAM
If the SRAM sub-array is separated imMNg, stacked tiers by word-line split 3D partitioning,
the lengths of global word-lines and local wordeknare reduced hyier times, and benefit

the total access tim&ise,w in (4) will also be reducedq, andDyy in equation (3) are:

ngl ngl
D,,=— +C 5
o 8 EINtier m Ntier Id) ( )
— R | Eq |
D, 6 =W W 6
Iwl 2 DN 2 ( )

tier

For each local word-line, there alge, local-decoders located &, Stacked tiers and
they are all driven by global-decoder. The loadqgin equation (3) is:

Ca = Ny T8 TN, NG, + NG [ Ny, m 1) OC g, (7)

Crsvis the capacitance of a Through-Silicon-M*Cg is the input capacitance of local
word-line driver.Nsypx (Nsuby iS the number of columns (rows) of sub-arraya ank.

As (7) shows, increasinGrsy will diminish the benefit of multi-tiers partitiomg. But if
Crsv has reasonable value, we can still get obviouswgmmprovement from sub-array and

bank level wire reduction.
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B. Bit-line split 3D SRAM

For Bit-line split,R, andCy, in equation (4) are both divided b, for separated bit-line,
and smalleDyire out IS achievedRye andCye in (3) are also reduced because of smaller sub-
array height. Assumed sense-amp is shared betwarsn éxtra loading o€rsy should be

added intcCsg,, the input capacitance of sense-ampCgdecomes:

Csa: Nsa[Cg+( Ntier_l) |:CTS\/ (8)

C. H-tree Network in Large 3D SRAM Array

In large memory array (>1MBit) with a lot of bankke system delay (access time) tends to
primarily come from H-tree networks, and it's muleinger than the Random Cycle Time
which defined by sub-array delay. Delay analysid aptimization for global interconnect is
introduced into the total access time calculation large SRAM array. The H-tree wire

length Cuiree) from I/O port to address decoder input can beutated as equation (9).

I‘Htree = (N bankx/ 2_ O'S)Evvbank-'- (N bank)/ 2_ Osr"‘ bar (9)
Wherevvbank = Nsubxmwld+ NbIDVVceI)
Lbank =N subym L sa+ N W||:L ce)

Nbankx @NdNpanky are numbers of bank in row and column in the SR&kAy. Ny andNy,
are bit-line and word-line numbers in a sub-ari&anx andLpank are width and length of a
bank.W;e andLce are width and length of a SRAM célly is width of the local word-line

driver in sub-arrayls, is the length cost by sense-amp.
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Placing extra repeaters along the wire distributidhreduce the total delay. From [6.18],
for a given technology and a given interconnecetayhe minimum long wire delay with

repeaters is as:

Dy min = (1.38+ 1.02/ ¥y e AYRyCyrCy (10)

Typically, y=1 for repeaterL is the wire length (from SRAM array /O port todress
decoder input in bank) in H-tre®; and Cy are output resistance and intrinsic loading of
repeaterry andcy are resistance and capacitance per unit wireheingtl-tree.

Parasitic of TSV won’t be a major problem whenviédue is reasonable. However, under
nonoptimal conditions (e.g. thick substrate bulkgass), CTSV could be much larger than
the capacitance of normal vias. Figure 6.6 shows#iculation results of a 1MBit word-line

split 3D SRAM bank on NCSU 45nm 3D FreePDK.
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Figure 6.6 3D SRAM Timing Analysis based on 45rinF3eePDK
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6.1.2 Power modeling

Power consumption of memory is highly correlatedh® working patents, for instance, the
read/write periods and activation time. It's haodcalculate the accurate power value of the
memory system based on physical elements. A moaetipal method usually used in
industry products is to measure the current consiomp for a memory array with certain
capacity, under different working status, and eataerthe total power consumption based on
specific working paten. Some equations and dedingiused for the power modeling in this
work are listed as below.

Besides the memory size (Mb) and supply voltage Y,Dsome other important
specifications used to define a memory productcéoek period (Tck), clock cycle number
between successive Read and Write accesses (Kefegsh interval (Tre_int) and refresh
time (Tref). All these specifications determine ffwver consumptions of a memory array.

To create the power consumption model which candsel for real simulations, we need
to know the current consumption under different kireg status. Generally, the measured
current values can be defined as standby curretibyjl refresh current (Iref), activate
current (lact), pre-charge current (Ipre) and revsité access current (Irw). All these current
values will be proportional to the total memory aaities. So in the power model, we will
use the values of current per mega-bit as the ledion conditions.

Since the real power consumption is highly relatethe working patent of memory, we
also need to define the timing value or ratio dfedent status. In this model, we will use

standby ration (Rstby), read ratio (Rread), wriggior (Rwrite), Read pre-charge time
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(Tread_pre), Read bank time (Tread_bank), Writechage time (Twrite_pre) and Write
bank time (Twrite_bank). Both the pre-charge timd dank access time for read and write
are proportional to the clock period (Tck).

With the definitions and values provided above,o&r calculate the power consumptions
for each action happened in memory array. The emsatre listed as below.

Activate Power: Pact=lact*VDD (mW)

Read pre-charge power: Pread_pre=(Ipre-lact)*(Trpesl(Nact*Tck))*vVDD

Read bank power: Pread_bank=(Irw-lact)*(Tread_b@adt*Tck))*VDD

Write pre-charge power: Pwrite_pre=(lpre-lact)*(Twer pre/(Nact*Tck))*VDD

Write bank power: Pwrite_bank=(Irw-lact)*(Twrite_td(Nact*Tck))*VDD

Then, the power consumptions under different waylgtatus are calculated based on the
values from each action and the timing ratios.

Standby power: Pstby=Istby*VDD*Rstby

Refresh power: Pref=(Iref-Istby)*VDD*Rstby*Tref/Tteint

Read power: Pread=(Pact+Pread_pre+Pread_bank)*Rread

Write power: Pwrite=(Pact+Pwrite_pre+Pwrite_bankjitiRe

The total power consumption of a memory array esshm of the power under all status.
Total power: Ptot=Pstby+Pref+Pread+Pwrite (mW)
To create a power modeling which is suitable forialde configurations, we need to

survey the current consumptions of memory unddemdiht specifications. In this work, we
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use the data of DDR products from Micron as an g@teamSome of the values used in

modeling are listed in the table below.

Table 6.1 Current consumption of DDR memory withisas configurations

Capacity  ClockCycle Standby Refresh Activate  Precharge  Read Write

(Mb) (ns) (mA) (mA) (mA) (mA) (mA) (mA)
256 5 4 6 60 100 180 180
256 6 4 6 55 90 160 160
512 5 5 11 60 155 190 195
512 6 5 10 50 130 165 175
512 7.5 5 10 45 115 145 135
1024 5 13 13 55 165 225 235
1024 6 10 10 50 160 220 230
1024 7.5 10 10 45 145 200 210

To find out the relations among current consumptiod different specifications, the data
are plotted out for all working status in Figur&.6-rom the data showing in the figures, we
can find that, reducing the clock cycle (increasiregjuency) generally increase the power
consumption under all status, and the relationsbasécally linear. This result matches the
intuition quite well. On the other hand, larger noeyn sizes also bring higher power
consumption generally. But the relations in thigdiion are not very linear, and it should be
highly depends on the optimization design techrsqueed for different products. In a sum,
we can still create a mathematical expression fmctehe current consumptions under all

status and a range of configurations.
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6.2 3D IC Design Flow

6.2.1 3D Process-Design-Kit

«NMOQ = 1ualOo
€ Ja1L

¢ 191l

14090 nm

«NMOQd ~uslo

«dn =180
T Ja1L

Figure 6.8 lllustration of layer and 3D vias defiiomns in 3D FreePDK

To facilitate the design of 3D IC, a 45nm Processsipn Kits has been developed for
physical design and verification in standard conuagérflow (Virtuoso®, Calibre® etc.).
This design kit supports multi-layers stacking uikbprocess, and different 3D connecting

options like Through-Tier-Via (e.g. MITLL tech) andlicro-bump (e.g. Intel tech) are
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provided. Figure 6.8 shows the layer illustratiord 8D via definition of this PDK. The
example profile shows three-tier stacking. 3DPDKmarts up to five tiers.

The process is 45nm Bulk CMOS, and has ten meyardaplus Top Metal (TM) and
Bottom Metal (BM). For 3D via connection, this PB¥ipports top or bottom metal micro-
bump (by VUP, VDN) and through-silicon-via (VTT)h& layout below shows two inverters
built in the first two tiers connected by 3D vidhe power and ground are connected by
through-tier via (VTT) and Via_down (VDN), and tegnal between inverters is connected
by top metal contact. Parameterized Cells of MOS§F&d Vias in all five tiers are created

based on Ciranova Pycells.

VTT_B 6x6urf VDN_B 6x6urti

£ &B
INV in Tier A=

 to TM_A Via Stack

Figure 6.9 3D via connection example of 3D 45nnePi2K
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The 3DPDK compiler generates both Cadence tec[fiteePDK3D45.tf) and Ciranova
Pycell techfile (Santana.tech). The layer numbdsatfbetween connected tiers is 300.
Layers at Tier_A start from 300 with suffix “_A”.HE technology information and design
rules are placed on the website, and can be founavev.eda.ncsu.edu/wiki/FreePDK3D45:

Contents.

Virtuoso

Custom Design
Interface i

(M)
U.

Technology

3DPDK Files
Compiler [ |

Process
Information

P-cells of
MOS & TSV,

‘ Automatic Routing

Verification
Rules

Figure 6.10 Flow chart of the 3D PDK compilation

6.2.2 Parasitics of 3D Viasand verification rules

The Calibre DRC and LVS rules for 3D layout veuwfiion are placed at /techfile/calibre. The
top level file names are 3D_FreePDK45_calibreDRIEsrand 3D_FreePDK45_calibreLVS.
rules. Part of the design rule information is fradfmreePDK45 with extra rules for 3D

connection verification. Extra design rules andagdic values for 3D vias are also included

and will be inserted into the verification rulesitig compilation.
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6.3 3D Memory Gener ator

Based on the 3D PDK, a Python script 3D memory geoeis developed for more accurate
performance evaluation (Figure 6.11). The 3D memgeyerator imports configuration

settings (e.g. tier, TSV and I/O type) and accupaiteess parameters from technology files,
and generates layout and standard scripts like (tthng model) and .LEF (physical model)
for simulation and place-and-routing. This procadaptive memory module is convenient

for performance and cost estimation under the ¢mmdi of various TSV options.

Design Rules,

Technology \ Process Information

File .LIB > Timing
Simulations
Memory | ~—
Generator
Design LEF |_ lI’)hy§1cal
Parameters Memory Size, . esigns

TSV Options

Figure 6.11 Working principle of 3D memory generato

6.3.1 Skeleton layout generator for 3D memory

Based on the 3D PDK and the Python parameterizédB&ememory generator is developed
for fast physically aware evaluation. Users canveorently define the process features like
tier numbers, TSV options and 1/O types in the gatoe. As shown in Figure 6.12.b and c,

the skeleton layout of memory array will be genedabased on the circuit topology and it
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can be adaptive to the physical design rules definéechnology file. A timing performance
model (.LIB file) and a physical feature model (FLEle) will be automatically generated

during compiling. The models can be used for 3R&Sign in standard EDA tools.
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Figure 6.12 Skeleton memory layout generation:

(a) device calculation, (b) sub-array generatiom @ array with I/O options

The purposes of 3D memory skeleton layout genewat®r 1) creating process adaptive
layout for system place and routing; 2) area egtonabased on different TSV options. It
uses the process information in standard techndibgws input, and by choosing different

configurations, generates accurate layout skel@ohigh level place and routing.
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6.3.2.L1B and .LEF file generation

In compilation, the timing information is outputteas a standard formatted file named
“mem_<#data> <#add>.lib”. Process information usedcalculation is extracted from
“Santana.tech” file. The timing information calcidd from the model is saved in the .LIB
file as the sample format listed below
pin(clock_rw) {

direction : input;

capacitance : 0.0373938;

clock : true;

min_period : 0.261498248833;

The .LEF file with physical design information cée exported by Virtuoso Abstract

Generator. The detailed instruction is includethim memory generator scripts package.
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Chapter 7
3D SRAM and DLL Access Time M easurement

Test Chip

7.1 Architecture of the Test Chip

Previous research in 3D SRAM design [7.1][7.2][h3&F shown the potential of access time
reduction. However, the previous work is mostlydzhen theoretical analyses and modeling,
and does not show a physical implementation. Tmlatd the benefits of 3D technology and
measure the variations among tiers, in this wonk, SRAM array was designed and
fabricated in the MIT Lincoln Lab (LL) 0.18n 3D silicon-on-insulator (SOI) process [7.4].
The circuit was built on three tiers and connettgd hrough-Silicon-Vias (TSVSs).

We use access time to evaluate the 3D SRAM perfoemalt is challenging to measure
access times under 1ns with low-cost circuits. Bres measurement methods have some
obvious drawbacks. One of the methods is to quarttiz access time by a counter circuit
working at a much higher frequency than SRAM clegeed [7.5]. This method requires

extremely high-speed counter circuit which is hardealize in a standard CMOS process.
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Another method is to use a tunable delay line mratterizing the timing performance [7.6].
However, the unconstrained delay line is very dmm@sito process and environmental
variations. In our work, a delay-locked loop (DLhased access time measurement circuit
was designed on-chip to evaluate the 3D SRAM perémice. The capabilities of DLL
circuit in fine delay tuning and wide frequency gammake it be suitable for low-cost access

time measurement.

' __3DSRAM | BIST
Sense-Amps Decoder address Witing
= data_in
Read/ : s : — Counter
Write SRAM : .
X_J Cells Array | Sampling Match<1:3>
| AAY |data_out| Redisters +@
| 4 rjf A -i\\ |
| \ lclk_SRAM  |clk_Reg
| Tier3 Tier2 Tier1 TSV -
___________ Fine tune

Coarse tune

5
- = === == |
Fref | Vctr |
X PFD |_.| Charge [ VCDL |
| o Pump 1\ |
| r . Fiso Faso |
| Delay-Locked-Loop (DLL) |

Figure 7.1 Topology of 3D SRAM and access time meagent test chip

7.2 3D SRAM Structure

3D IC processing makes it feasible to partition $#AM circuit onto several tiers. There are

a couple of options for partitioning. The first mpt is to divide the SRAM at a cell level.

97



However, this option is constrained by the sizehaf TSV, which is 2 mmx2.5um in the
MITLL process and comparable to the size of an SRadll. The second option is to
partition the 3D SRAM at a sub-array level, andidiveach word-line in a sub-array onto
three tiers. This option aims to reduce the woné-ldelay which is a significant part of the
SRAM access time. We used this word-line split ipart in our implementation. The
topology of the 3D SRAM in our design is shown igWe 7.1. The SRAM sub-array is
designed on the three tiers, and on each tier tiseee 16x16 cell array with pre-charge
circuits and sense amplifiers. Meanwhile, identloabl word-line drivers are placed on each
tier and are connected through the TSVs. The wiosldecoder and on-chip measurement
circuits are located on the top tier. For the whibdsign, the supplies, control signals and
input/output data signals are distributed to @tgithrough the TSVs. The 3D SRAM sub-

array has 6 bit (4 bit row, 2 bit column) addressd &2 bit (4 bit per tier) output width.

7.3DLL Clock Generation and Access Time M easur ement

Circuit

In this work, we designed a novel DLL-based actess measurement circuit. The block
diagram of the circuit is shown in Figure 7.1. Thciple of the circuit is to use the DLL as
a clock generator which provides the clock sigfiatsboth the SRAM array and the output
sampling registers. The access time is obtainetitung the delay between these two clocks
until getting the minimum delay that makes the SRAMput samples correct. Two stages,

coarse tune and fine tune, are designed for tudeigys. The coarse tune is achieved by
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choosing one of the eight equally phase-shiftedkctagnals in the Voltage-Controlled Delay
Line (VCDL) of the DLL. The further fine tune isakzed by buffers with tunable loading
capacitors. Each tuning stage has three binaryraobits. This DLL-based measurement
circuit offers several benefits. One benefit ist thavoids using high-speed reference signal.
As the tune range is 1/5 of the total VCDL delagt £ns tuning range, the reference
frequency for DLL is only 100MHz, and the coarsel éine tuning step are 250ps and 31ps.
Another benefit is that the circuit is reliable endprocess-voltage-temperature (PVT)
variations. The negative feedback feature of thé Bhsures that the tunable delay used for
measurement is always referred to the clock pedbdhe input reference signal, and
therefore the delay does not vary under the PViatrans. Several design techniques were
used to improve the DLL performance. First, we safgal the power supplies for the DLL
and the digital circuits in order to reduce theejit Secondly, the loop bandwidth was
optimized to attenuate the jitter coming from thput reference. Thirdly, the control voltage
of VCDL is set to the default value during startpgriod in order to minimize the lock time.
Moreover, with the aims to achieve a wide lock eag well as to avoid false locking at half
of the reference frequency, the novel Phase-FreguBetector (PFD) circuit only detects
the rising edge of the feedback clocksgrwhen its phase difference from half of the VCDL
delay (Fgo) is within 180 degrees.

As shown in the system topology in Figure 7.1,hea writing phase, a counter sweeps all
the addresses of the 3D SRAM array, and the autoatigtgenerated data pattern is written
in the SRAM cells. In the reading phase, the causieeeps the SRAM array the same way

as the writing phase. The outputs from the threes tare sampled by the registers driven by
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the tunable clock. The sampled data are comparéd the correct pattern. Comparison
results are indicated by one-bit flag signals ocheger, which are pulled high when results

are correct.

7.4 M easurement Results

o nnnmm

Figure 7.2 Photo of the 3D test chip

Figure 7.2 shows the photo of the fabricated 3 e¥ith the main components indicated. In
testing, we used a high performance pulse genet@fmovide accurate input reference clock.
When the reference signal is set to 100MHz (thetrakrirequency of the DLL), the

measurement resolution is 31ps. For access timsurgraent, the binary delay tuning code
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is incrementally swept from the minimum to the mnmaxtim. When the flag signal for a tier
starts to remain high, the delay value calculatechfthe code setting is recorded as access
time. To improve the accuracy limited by finite skgion of tunable stages, we swept the
frequency of the input reference from 70MHz to 13 which is the locking range of the
DLL, and calculated the average access time frarséh of test results.

Table 7.1 summarizes the access time results. &sebults show, for 3D SRAM array,
the measured access time is larger than the sieaulatlue. This difference may be due to
the fact that TSV parasitics were not accuratelylehed in simulation. The results may also
be impacted by the clock jitter. The results shbat the 3D SRAM has better performance
than a 2D design (16x48 array). The access timdeigeased by 32% by using 3D
technology. As the intrinsic delays of the decoded the sense amplifiers are the same in
both the 2D and the 3D implementations, the impnuemt is mainly achieved by shorting
the word-line in the 3D design. As the measuredlteshow, there are differences in the
access times of the different tiers in the 3D desithis can be caused by the TSV-added

uneven loadings of the sense amplifiers.

Table 7.1 Measurement results of the test chip

Memory Structure Access Time
3D Measured 800ps@Tierl, 790ps@Tier2, 780ps@Tier3
3D Simulated 740ps (Ideal TSV)

2D Single Array Simulated 1170ps
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Chapter 8

Conclusions

8.1 Summary of Contributions

In this work, | propose new techniques and desigthods to handle the complexity and
challenges in clock design for 3D memory intensystem. For this purpose, first, a new
clock distribution topology which does not rely araditional highly balanced H-tree
structure is presented for better clock distributiquality and power, area efficiency.
Secondly, a novel return-signal adaptive de-skeghrtgjue, which avoids the accurate
reference requirement, is developed to handle #ngel cross-die variation and wiring
asymmetry in 3D ICs. The effectiveness of this kiewstechnique is successfully validated
by a test chip design fabricated on the IBM 7RFIBACMOS process. Thirdly, in order to
facilitate the design and analysis of 3D memorgtandard tool environment, an open-source
3D Process Design Kit (3D PDK) and a 3D memory gaioe tool are developed. Finally, |
also develop a design and optimization flow to iovar the clock design based on thermal

profiles and minimize the design overhead.
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In this dissertation, Chapter 3 presents the thsand design considerations for the new
clock distribution topology and novel de-skew tdaglle. To the author’s best knowledge,
the methods proposed in this chapter are thepislished systemic solutions for reliable 3D
clock network design. A test chip demonstrating &atidating the return-signal de-skew
technique was also design and tested. The measotreasellts demonstrated in Chapter 4
prove the effectiveness of the proposed technifu€hapter 5, | also extend the research
into system design level, and optimize the tradesbperformance improvement and design
overhead by developing a thermal-profile based kcloegion design flow. a detailed
description of 3D memory modeling and design ta@geloping methods are introduced in
Chapter 6. To learn about the impact of 3D intagnatto memory performance, as
introduced in Chapter 7, a SRAM array with on-chgeess time measurement was designed
and fabricated on the MITLL 180nm 3D three-tier $@dcess.

Overall, the research results in this work provide potential 3D IC designers useful
methods and tools to create reliable clock systena imemory intensive 3D integrated

system.

8.2 Future Work

In future research, there are two possible pargask can be implemented to improve the

research achievements proposed in this dissertation
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The first part of work is to apply the proposed @Bck distribution topology and de-skew
technique in a real 3D process, possibly the MIBD.process or Tezzaron process. It's
better to build the clock design in the logic citaesigns.

The second part of work is to integrate the 3D klogtimization flow into the standard
design flow. Combined with the 3D PDK and 3D memgeyerator, the whole design flow

will be more users friendly.
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