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Abstract

The emerging three-dimensional integrated circuits (3D ICs) is one of the most
promising solutions for future IC designs. 3D stacking enables much higher memory bandwidth and much lower overhead in multi-power domain design, which
provides solutions for chip-multiprocessor design in mitigating the “memory wall”
and “dark-silicon” problem. At the same time, 3D technology leads to new opportunities and challenges in the field of circuit and system design techniques, EDA
tools and chip testing mechanism. This dissertation presents two killer applications
for the modern 3D system and one 3D testing solution.
The first contribution of this dissertation is to propose a killer application for
TSV based system - the 3D memory stacking. This dissertation presents a 3D
memory stacking system [1] that leverages the massive number of TSVs between
memory layers to help high-bandwidth checkpointing/restore. To validate the proposed scheme, 2-layer TSV-based SRAM-SRAM 3D-stacked chip is implemented
to mimic the high-bandwidth and fast data transfer from one memory layer to
another memory layer, so that the in-memory checkpointing/restore scheme can
be enabled for the future exascale computing. The capacity of each SRAM layer
is 1Mbit. Each layer contains 64 banks, with each bank contains 256 words and
the word length is 64-bit. The final footprint including I/O pad is 2.9mm × 2mm.
The SRAM dies were taped out in GlobalFoundries using its 130nm low power
process, and the 3D stacking was done by using Tezzaron’s TSV technology. The
prototyping chip can perform checkpointing/restore at the speed of 4K/cycle with
1Ghz clock.
This dissertation also gives an applicable solution for 3D testing. Testing for
3D ICs based on through-silicon-via (TSV) is one of the major challenges for
improving the system yield and reducing the overall cost. The lack of pads on
most tiers and the mechanical vulnerability of tiers after wafer thinning make
it difficult to perform 3D Known-Good-Die (KGD) test with the existing 2D IC
iii

probing methods. This dissertation presents a novel and time-efficient 3D testing
flow. In this Known-Good-Stack (KGS) flow, a yield-aware TSV defect searching
and replacing strategy is introduced. The Build-in-Self-Test (BIST) design with
TSV redundancy scheme help improve the system yield for today’s imperfect TSV
fabrication process. Our study shows that less than 6 redundant TSVs is enough
to increase the TSV yield to 98% for a TSV cluster with a size under 16 × 16 with
relatively low initial TSV yield. The average TSV cluster testing and self-fixing
time is about 3-16 testing cycle depending on the initial TSV yield.
The second killer application for 3D system in this dissertation is multi-power
domain system design utilizing the monolithic technology. Optimizing energy
consumption for electronic systems has been an important design consideration.
Among all the techniques, multi-power domain design is a widely used one for low
power and high performance applications. In order to perform the data transfer
between these different power domains, we needs a cross power domain interface
(CPDI). The existing level-conversion flip-flop (LCFF) structures all require dual
power rails, which results in large area and performance overhead. We proposed
a scan-able CPDI circuit utilizing monolithic 3D technology. This interface functions as a flip-flop and provides reliable data conversion from one power domain to
another. It also has built-in scan feature which makes it testable. Our design separates power rails in each tier, substantially reduced physical design complexity and
area penalty. The design is implemented in a 20nm, 28nm and 45nm low power
technology. It shows 20%-35% smaller D to Q comparing with normal designs.
The proposed design also shows scalability and better energy consumption than
precious LCFF design.
Finally, we presented a dual power domain deep pipeline circuit architecture
for future power-efficient systems. We reduce the power consumption by putting
all the combinational logics in a lower power domain, while all the FFs and clock
network operate at normal voltage for smaller insertion delay and better clock
control. In order to realize these functions and system benefits, we proposed a
novel level conversion flip flop ω design, which has 30% insertion delay than the
normal flop design and could be easily integrated into todays synthesis flow. This
work provides guideline on how to design a dual power domain system with less
power under the same system throughput requirement. A system level estimation
shows that the 3D dual power supply system could consume about 15% less energy
by using our design methodology.
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Chapter

1

Introduction
3D integrated circuit [5, 6] has become one of the promising approaches for
future IC design, with many benefits as follows: (1) The reduction in interconnect
wire length, which results in improved performance and reduced power consumption; (2)The Improved memory bandwidth, by stacking memory on microprocessor
cores with TSV connections between the memory layer and the core layer; (3) The
support for realization of heterogeneous integration, which could innovate novel architecture designs. (4)Smaller form factor, which results in higher packing density
and smaller footprint due to the addition of a third dimension to the conventional
two dimensional layout, and potentially offers a lower design cost.
The 3D integration technologies [5, 6] can be classified into one of the two
following categories. (1) Monolithic approach. This approach involves sequential
device process. The frontend processing (to build the device layer) is repeated
on a single wafer to build multiple active device layers, after which the backend
processing builds interconnects among devices. (2) Stacking approach, which could
be further categorized as wafer-to-wafer, die-to-wafer, or die-to-die stacking methods. This approach processes each layer separately, using conventional fabrication
techniques. These multiple layers are then assembled to build up 3D IC, using
bonding technology. Since the stacking approach does not require the change of
conventional fabrication process, it is much more practical compared to the monolithic approach, and becomes the focus of recent 3D integration research. Several 3D stacking technologies have been explored recently, including wire bonding,
microbump, contactless (capacitive or inductive), and through-silicon vias (TSV)

2
vertical interconnects [6]. Among all these integration approaches, TSV-based 3D
integration has the potential to offer the greatest vertical interconnect density, and
therefore is the most promising one among all the vertical interconnect technologies.
In TSV-based 3D stacking bonding, the dimension of the TSVs is not expected
to scale at the same rate as feature size because alignment tolerance during bonding poses limitation on the scaling of the vias. The TSV size, length, and the
pitch density, as well as the bonding method (face-to-face or face-to-back bonding,
SOI-based 3D or bulk CMOS-based 3D), can have a significant impact on the 3D
microprocessor design. For example, relatively large size of TSVs can hinder partitioning a design at fine granularity across multiple device layers, and make the
true 3D component design less possible. On the other hand, the monolithic 3D
integration provides more flexibility in vertical 3D connection because the vertical
3D via can potentially scale down with feature size due to the use of local wires
for connection. Availability of such technologies makes it possible to partition
the design at a very fine granularity. Furthermore, face-to-face bonding or SOIbased 3D integration may have a smaller via pitch size and higher via density than
face-to-back bonding or bulk -CMOS-based integration. Such influence of the 3D
technology parameters on the microprocessor design must be thoroughly studied
before an appropriate partition strategy is adopted.

1.1

Architecture Design with 3D Technologies

This section presents an overview on various architecture design approaches
that leverage different benefits that 3D integration technologies can offer.

1.1.1

Interconnect Length Reduction

Technology scaling helps the performance of transistors. However, global interconnect wire delay does not scale accordingly, and the increasing wire delays
is one of the major impediments for performance improvement. 3D IC offers an
opportunity to continue performance improvements by reducing the interconnect
length, and therefore helps the performance improvement due to the reduction of

3
average interconnect length and the critical path length.
Redesigning the processor components in 3D can benefit the performance. For
example, since interconnects dominate the delay of cache accesses which determines
the critical path of a microprocessor, and the regular structure and long wires in
a cache make it one of the best candidates for 3D designs, 3D cache design is
one of the early design example for fine-granularity 3D partition [5]. Wordline
partitioning and bitline partitioning approaches divide a cache bank into multiple
layers and reduce the global interconnects, resulting in shorter cache access time.
Depending on the design constraints, the 3D Cacti tool [7] automatically explores
the design space for a cache design, converges to the optimal partitioning strategy,
and provides as much as 25% latency reduction for a two-layer 3D cache. 3D
arithmetic-component designs also show latency benefits. For example, various
designs [8, 9] have shown that the 3D arithmetic unit design can achieve around
6%-30% delay reduction due to the wire length reduction. Such fine-granularity
3D partitioning was also demonstrated by Intel [10], showing that by targeting
the heavily pipelined wires, the pipeline modifications resulted in approximately
15% improved performance, when the Intel Pentium-4 processor was folded onto
a 2-layer 3D implementation. In addition, because of the reduction in long global
interconnects, the number of repeaters and repeating latches in the implementation
is reduced by 50%, and the 3D clock network has 50% less metal RC than the 2D
design, resulting in a better skew, jitter and lower power. As a result, a 15% of
the power reduction can also be achieved.
Note that such fine-granularity design of 3D processor components increases
the design complexity, and large TSV size can also introduce extra area penalty.
Consequently, a coarse-granularity partitioning with each components remains to
be a 2D design is more practical. More realistically, one can keep the processor
core in the original 2D design, and only move the cache memory layer on top of the
core layer. Such core-level partitioning can enhance design reusability and reduce
design complexity. The latency improvement due to 3D technology can also be
demonstrated by such memory stacking design. For example, Li et al. [11] proposed
a 3D chip multiprocessor design using network-in-memory topology. In this design,
instead of partitioning each processor core or memory bank into multiple layers (as
shown in [5,7]), each core or cache bank remains to be a 2D design. Communication
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among cores or cache banks are via the network-on-chip(NoC) topology. The core
layer and the L2 cache layer are connected with TSV-based bus. Because the short
distance between layers, TSVs provide a fast access from one layer to another layer,
and effectively reduce the cache access time because of the faster access to cache
banks through TSVs.

1.1.2

Memory Bandwidth Improvement

Multi/many-core Chip Multiprocessors (CMP) have become a trend for future
microprocessor design. The integration of multi-core or many-core microarchitectures on a single die has accentuated the already daunting memory-bandwidth
problem. How to supply enough data to a CMP with a massive number of on-die
cores becomes a major challenge to performance scalability. Traditional off-chip
memory will not suffice due to the I/O pin limitations. According to the ITRS projection, the number of pins on a package will not continue to grow rapidly enough
for the next decade to overcome this problem. Consequently, it is anticipated that
memory stacking on top of logic would be one of the early commercial uses of 3D
technology for future chip-multiprocessor design, by providing improved memory
bandwidth for such multi-core/many-core microprocessors.
Three-dimensional integration has been envisioned as a solution for future
micro-architecture design (especially for multi-core and many-core architectures),
to mitigate the interconnect crisis and the “memory wall” problem [12–14]. In addition, such approaches of memory stacking on top of core layers do not have
the design complexity problem as demonstrated by the fine-granularity design
approaches, which require re-designing all processor components for wire length
reduction.
Intel [10] explored the memory bandwidth benefits by using a base-line Intel
Core2 Duo processor, which contained two cores. By having memory stacking,
the on-die cache capacity was increased, and the performance was improved by
capturing larger working sets, reducing off-chip memory bandwidth requirements.
For example, one option is to stack an additional 8MB L2 cache on top of the
base-line 2D processor (which contains 4MB L2 cache), and the other option is to
replace the SRAM L2 cache with a denser DRAM L2 cache stacking. Their study
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demonstrated that a 32MB 3D stacked DRAM cache can reduce the cycles per
memory access by 13% on average and as much as 55% with negligible temperature
increases. PicoServer project [15] proposed to stack DRAM on top of multi-core
processors. The fast on-chip 3D stacked DRAM main memory enables wide lowlatency buses to the processor cores and eliminates the need for an L2 cache,
whose silicon area is allocated to accommodate more cores. Increasing the number
of cores by removing the L2 cache can help improve the computation throughput.
Meanwhile, each core can run at a much lower frequency, and therefore results
in an energy-efficient many core design. Since DRAM is stacked on top of the
processor cores, the memory organization should also be optimized to fully take
advantage of the benefits that TSVs offer [12, 16].
Such memory stacking ideas have been shown with silicon prototyping of Intel’s
80-core Terascale chip [17]. In the Intel’s 80-core chip design, each core has a
local 256KB SRAM memory (for data and instruction storage) stacked on top of
it. TSVs provide a bandwidth of 12GB/second for each core, with totally about
1TB/second bandwidth for Tera Flop computation. In this chip, the thin memory
die is put on top of the CPU die, and the power and I/O signals go through memory
to CPU.
There are several key challenges to memory stacking architectures.

First,

DRAM memory is very sensitive to temperature. With DRAM memory stacking
on top of the hot core layer, leakage power and refresh power management become
very challenging. Second, with such memory stacking, the stacked memory structure has to be customized with space left for signal/power/thermal TSVs going
through the memory array. Such customized memory module design prevents the
use of commodity memory design and therefore dramatically increases the design
complexity and system cost. Consequently, a standard interface between memory
layers and logic layers is the key for such 3D memory-logic stacking. A possible
near term solution is the combination of SiP (System-in-Package) and TSV-based
3D stacking, to put multiple layers of 3D memory stack next to the logic core
layer, instead of directly stacking the memory layers on top of logic layer. Such
approach can help enable a large amount of on-package memory without package
IO constraints, and avoid the thermal challenges and the design complexity problem caused by memory-logic stacking. For such approach, how to manage a large
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amount of on-package memory becomes an interesting problem: Do we treat it as
a last level cache or as a part of the main memory? Should it be managed by
specialized hardware or by software (OS)? Dong et al [18] evaluated these different
scenarios and studied the tradeoffs among these options.

1.1.3

Heterogenous Integration

3D integration technologies provide feasible and cost-effective approaches for
integrating dies composed of heterogeneous technologies to realize future IC designs
targeted at the ”More than Moore” technology projected by ITRS. 3D integration
supports heterogeneous stacking because different types of components can be fabricated separately, and layers can be implemented with different technologies. For
example, designers can stack optical device layers [19] or non-volatile memories
(such as magnetic RAM (MRAM) or phase-change memory (PCRAM)) [20] on
top of CMOS logic layers to innovate cost-effective heterogeneous integration. The
addition of new stacking layers composed of new device technologies will provide
greater flexibility in meeting the often conflicting design constraints (such as performance, cost, power, and reliability), and enable innovative designs in future
microprocessors. For example, stacking layers of non-volatile memory technologies
such as Magnetic Random Access Memory (MRAM) [21] and Phase Change Random Access Memory (PRAM) [20] on top of processors can enable a new generation
of processor architectures with unique features. In addition to their non-volatility,
such emerging non-volatile memories have zero standby power, low access power
and are immune to radiation-induced soft errors. However, integrating these nonvolatile memories along with a logic core involves additional fabrication challenges
that need to be overcome (for example, MRAM process requires growing a magnetic stack between metal layers). Consequently, it may incur extra cost and additional fabrication complexity to integrate MRAM with conventional CMOS logic
into a single 2D chip. The ability to integrate two different wafers developed with
different technologies using 3D stacking offers an ideal solution to overcome this
fabrication challenge and exploit the benefits of PRAM and MRAM technologies.
For example, Sun et al. [22] demonstrated that the optimized MRAM L2 cache on
top of multi-core processor can improve performance by 4.91% and reduce power
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by 73.5% compared to the conventional SRAM L2 cache with the similar area.

1.1.4

3D NoC Architecture

Network-on-chip (NoC) is a general purpose on-chip interconnection network
architecture that is proposed to replace the traditional design-specific global onchip wiring, by using switching fabrics or routers to connect processor cores or
processing elements (PEs). Typically, the PEs communicate with each other using
a packet-switched protocol. Even though both 3D integrated circuits and NoCs
are proposed as alternatives for the interconnect scaling demands, the challenges
of combining both approaches to design three-dimensional NOCs have not been
addressed until recently [11, 23, 24]. Researchers have studied various NoC router
designs with 3D integration technology. For example, various design options with
the NoC router for 3D NoC has been investigated: 1) symmetric NoC router design with a simple extension to the 2D NoC router; 2) NoC-bus hybrid router
design which leverage the inherent asymmetry in the delays in a 3D architecture between the fast vertical interconnects and the horizontal interconnects that
connect neighboring cores; 3) True 3D router design with major modification as
dimensionally-decomposed router [23]; 4) Multi-layer 3D NoC router design which
partitions a single router to multiple layers to boost the performance and reduce
the power consumption [24]. 3D NoC topology design was also investigated [25].
More details can be found in [26].

1.2

Design Challenges for 3D ICs

Even though manufacture/process techniques for 3D integrations are nearly
mature, and 3D ICs offer tremendous benefits as discussed earlier in Section 2,
there are several challenges that could potentially hinder the successful adoption
of 3D architectures.

1.2.1

Thermal Management

One of the major concerns in the adoption of 3D technology is the increased
power densities that can result from placing one power hungry block over another
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in the multi-layered 3D stack. Since the increasing power density and the resulting thermal impact are already major concerns in 2D ICs, the move to 3D ICs
could accentuate the thermal problem due to the further increased power density, which leads to higher on-chip temperatures. High temperature has adverse
impacts on circuit performance, leakage power, and reliability. Consequently, it
is very critical to model the thermal behaviors of 3D ICs and investigate possible
solutions to mitigate thermal problems, in order to fully take advantage of the benefits that 3D technologies offer. To mitigate the thermal impact, thermal-aware
design techniques must be adopted for 3D IC designs with a holistic approach from
circuit-level up to system architecture level [5].

1.2.2

Design Tools and Methodologies

There are no commercially available electronic design automation (EDA) tools
and design methodologies for 3D ICs yet. The absence of EDA tools that can explore the design space is an impediment to researchers and industry practitioners
in their quest for the adoption of this new technology. 3D integration technology
will not be commercially viable without the support of EDA tools and methodologies that allow architects and circuit designers to develop new architectures or
circuits using this technology. Furthermore, design space exploration at the architectural level is essential to take full advantage of 3D integration, and to build a
high-performance 3D IC, because even though 3D IC design is fundamentally related to physical design, it is essential to study the benefits of 3D integration early
in the design cycle to justify 3D design decisions. It usually requires a strong link
between architectural analysis tools and 3D physical planning tools. To efficiently
exploit the benefits of 3D technologies, design tools and methodologies to support
3D designs are imperative [6].

1.2.3

Cost Analysis

The majority of the 3D IC research is focused on how to take advantage of the
performance, power, smaller form-factor, and heterogeneous integration benefits
that offered by 3D integration. However, all such advantages ultimately have to
translate into cost savings when a design strategy has to be made. For example, if
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moving from 2D to 3D design incurs a 100% cost increase, it may not justify a 10%
performance improvement for such a design decision. Consequently, cost and yield
analysis tools [6] that are integrated with EDA design flow is very important to
facilitate design space explorations and help designers understand where 3D fits,
and which approaches should be adopted.

1.2.4

Testing

One of the barriers to 3D technology adoption is insufficient understanding of
3D testing issues and the lack of design-for-testability (DFT) techniques for 3D ICs,
which have remained largely unexplored in the research community. A number of
testing and design-for-testability challenges are similar to those faced for multi-chip
modules (MCMs). As in MCMs, we are concerned with the quality of the incoming
bare (unpackaged) dies and wafers prior to stacking. However, 3D IC testing has
many unique challenges related to the lack of probe access for wafers, test access
to modules in stacked wafers/dies, thermal concerns, test economics, and new
defects arising from unique processing steps such as wafer thinning, alignment,
and bonding. Test techniques and design-for-testability solutions for 3D SICs have
remained largely unexplored in the research community.

1.2.5

Inter-tier-via scaling

Last but not least important, the active devices, wires and the inter-tier-vias
do not share the same scaling roadmap, which is also a challenge for 3D designs.
According to the International Technology Roadmap for Semiconductors (ITRS),
the TSV pitch does not scale as fast as the global wire pitch. This means the
layout overhead of TSVs would be larger in future nodes. Benefits of using TSVs
in a certain technology node may not porting into the next generation. The TSV
pitch is limited by the die thickness because the depth/width ratio of TSV is
almost fixed to 10:1 range [27]. If the chip thickness does not scale will, the TSV
pitch will not either. The success of 3D technology depends on the future scaling
roadmap of inter-tier-vias size and pitches. However, with more effort put into 3D
research, it is promising to either conquer ultra-thin chip fabrication, or develop
other 3D integration techniques. For example, SOI wafers are much thinner than
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traditional bulk silicon wafers; monolithic 3D integration is another approach with
much smaller inter-tier-via sizes.

Chapter

2

High Bandwidth Memory System
Design
2.1

Introduction

The next generation of massively parallel processing (MPP) systems is expected to have hundreds of thousands of processors. Such a large-scale system
will inevitably face the reliability challenge. According to the study from Los
Alamos National Laboratory (LANL) [28], the mean time to failure (MTTF) of
the most reliable systems is less than five years per node due to the error sources
including hardware, software, network, and interrupts caused by applications or
operating systems. Some others report even worse MTTF of one year per node
[29]. Considering there are thousands of nodes, the MTTF can decrease dramatically. Furthermore, the technology scaling down will result in another 8% increase
in the soft error rate per logic state bit each technology generation [30].
The most commonly used [31] approach to fault tolerance in modern MPP systems is to using the checkpointing/restart scheme by periodically dumping system
states from main memory to reliable non-volatile storage. When a memory error
occurs, system loads the data from the checkpoint and restore the system state.
The in-practice checkpointing/restart mechanism is to store the system states in
to HDD arrays. However, this in-disk method incurs high performance penalties
and can hardly meet the reliability demand of future systems. The reasons are
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twofold: firstly, the HDD itself has low bandwidth; secondly, all the MPP nodes
are connected to the HDD array through system I/O, therefore the limited I/O
bandwidth will be highly occupied. By 2010, the fastest sustained transfer rate
of HDDs is still less than 1Gb/s [32]. The big gap of the speed between HDD,
network I/O and memory make it the bottleneck of MPP systems. According to
the failure events collected by Los Alamos National Laboratory (LANL) during
1996-2005 [33], this check-pointing and restore itself will take more than 25% [1].

2.2

3D Memory Stacking for Fast Checkpointing/Restore

The traditional checkpointing/restart methodology based on HDD is not scalable. There are two primary obstacles that prevent performance scaling. Firstly,
the in-practice checkpoint storage device is HDD, which implies that the most
serious bottleneck of in-disk checkpointing is the sustained transfer rate of HDDs
(<150MB/s). As the HDD data transfer bandwidth is not easily scaled up due to
its mechanical nature, it is necessary to change the future checkpoint storage from
in-disk to in-memory. Secondly, another bottleneck of the current checkpointing
system comes form the centralized checkpoint storage. Typically, several nodes in
system are assigned to be the I/O nodes that are in charge of the HDD accesses.
Thus, the checkpoints of each node (including computer nodes and I/O nodes)
have to go through the I/O nodes via network connections before reaching their
final destinations, which consumes a large part of the system I/O bandwidth and
causes burst congestion. As the system scale keeps grows, the physical distance
between the checkpoint sources and targets is increasing. Thereby, it only causes
unacceptable performance, but also wastes lots of power consumption on data
transfers.
As a result, a local/global in-memory checkpointing/restart scheme is necessary
for the success of future Exascale systems. In such a scheme, each DRAM chip
has three non-volatile copies: one copy for the latest local checkpoint, one copy for
the global checkpoint that stores the neighbor’s local checkpoint, and one copy for
the global checkpoint that stores own local checkpoint with the same time stamp
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as the global checkpoint.

2.2.1

Why 3D Technology Can Help

In the traditional checkpointing/restart mechanism, data are copied from onchip cache to off-chip main memory or from main memory to HDDs. The current
off-chip memory access speed is limited by the number of available pins. It is hard
to achieve the bandwidth requirement for the proposed checkpointing method with
commercial memory modules. 3D stacking of multiple dies is an emerging technique that can provide very high inter-die bandwidth with low latency. ThroughSilicon-Vias (TSVs) connect circuits on two or more layers, so that there is no
off-chip data path. The size of TSV is a few microns in diameter, and the pitch is
less tens of microns. The density of TSVs can achieve 10,000 per mm2 . If TSVs
are used to connect the backup storage and the main memory, the I/O pin number
limitation can be removed.
2.2.1.0.1

Communication Speed. 3D integration also has the advantage of

short wire delay. Wire capacitance for long routing wires causes serious delay with
small CMOS devices, and also consumes about one third of the total power. TSV
[34] enables a short vertical interconnect to replace the long wires found in 2D
integration. Thus the design can achieve high clock frequency. Although long
delay interconnects can be pipelined to increase throughput, the additional buffers
require more area and also increase the risk of timing failure.
2.2.1.0.2

Heterogeneous Integration. Another advantage of 3D multi-die

integration is its capability to stack dies fabricated with different processes. SRAM
can be fabricated with the standard CMOS process, but PCRAM needs to use
GeSbTe or other materials which is not commonly used in the CMOS process.
Fabricating both devices on a single chip requires additional levels of lithography
masks, which increase cost and may cause yield loss. In 3D stacking, dies made
by different processes can be fabricated separately and later stacked together.
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2.2.2

Proposed Solution

The solution for this problem is to use fast backup storage component with
higher bandwidth. The alternative choice should be non-volatile to keep the backup
data safe and sustain a sufficiently long lifetime to guarantee the system reliability.
Meanwhile, the read and write speed should be much faster than HDDs. Nonvolatile memory like Phase-change RAM (PCRAM) and (Magmatic RAM) MRAM
can be good candidate. In addition, combining 3D IC technology with non-volatile
memory can improve the efficiency of system check-pointing significantly. More
details about the evaluation of such scheme with simulation results can be found
in our prior work [1].
This report investigates how to design a 3D-stacked memory with ultra-high
bandwidth between memory layers that enables a fast and high-bandwidth data
movement from one layer to another layer. The intention of such design is a prototype for future heterogeneous memory stacking, where a non-volatile memory
layer is stacked on top of a volatile memory layer. As a preliminary investigation
for concept validation, in this work, we use the 3D-stacked SRAM design with
high-bandwidth layer-to-layer interconnects to mimic such design for checkpointing/restart applications.

2.3

Prototyping 3D Memory Stacking Chip

Working together with HP’s Exascale Computing Labs, we have performed the
system-level evaluation of using 3D memory stacking for checkpoint/restart [1] by
simulation. The experimental results show that the overhead for checkpoint/restart
scheme is only about less than 5% for future Exascale MPP computing systems,
with a 3D DRAM/PCRAM memory stacking. However, the result is based on
simulation and there was no prototyping of 3D DRAM/PCRAM chip yet.
With the support of a 3D MPW (Multi-Project Wafer) Run provided by
DARPA and Tezzeron, we designed a prototyping memory stacking chip for checkpoint/restart applications in future Exascale MPP computing systems. In the
following sections, we present and discuss the design of such prototyping chip.
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2.3.1

The 3D Technology Parameter

The 3D MPW run we used for our chip prototyping is provided by Tezzaron [35].
Two logic layers are fabricated by GlobalFoundries with 130nm technology, and
the 3D bonding is done by Tezzaron. The TSV parameter used in the design are
listed in Table 2.1.
Table 2.1. 3D TSV Technology Parameters

Feature size
TSV size
Pitch
Depth
metal6 pattern distance

2.3.2

GlobalFoundries 130nm
1.2um × 1.2um
4.0um
6um
5um

3D SRAM/SRAM stacking chip

Ideally, the 3D memory stacking prototyping chip should be 3D memory stacking of DRAM to PCRAM, as described in our evaluation with simulation result [1]. However, due to the technology limitation in this 3D MPW run (there
is no non-volatile memory technology, with 2-layer logic stacking), we designed a
3D SRAM/SRAM stacking, to mimic the high bandwidth data transfer from one
memory layer to the other memory layer. Note that prior research on 3D memory stacking are mainly focused on improving memory density/capacity with 3D
technology, while the purpose of our 3D memory prototyping chip is to study the
interface design and evaluate the benefits of high memory bandwidth provided by
3D through-silicon-via for future checkpointing/resore applications.

2.3.3

Logic Design

The design specification of our 3D SRAM/SRAM memory stacking is illustrated in Table 2.2. The bottom layer functions as a normal SRAM memory,
which takes one clock cycle for both write-in and read-out. When doing checkpointing and restore, the top layer can communicate with the bottom layer under
the control of backup and restore signals.
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Figure 2.1. Two layer memory organization.

The total memory organization is shown in Figure 2.1.
In order to make full use of the benefit of 3D TSV interconnection, we divide
our SRAM design into smaller banks than a traditional 2D design. Our normal
SRAM data bus width is 64-bit, with 14-bit address. During read/write operations,
we only select one bank at a time. During restore/backup operations, we turn on
(or select) all the banks to achieve the highest communication bandwidth. Figure
Table 2.2. 3D SRAM stacking signal name and function descriptions

Name
addbank[5:0]
add[7:0]
Data in[63:0]
To UP[63:0][63:0]
Data out[63:0][63:0]
out[63:0]
clock
GND
VDD
backup
restore
wen in

Direction
input
input
input
internal
internal
output
input
power
power
input
input
input

Descriptions
bank select address signal
address internal every bank
input data to bottom layer
Read out data from bottom layer
Read out data from top layer
Read out data from top layer
clock signal
ground signal
power signal
enable data backup into top layer
enable data restore to bottom layer
enable write data into bottom layer
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1 shows the control signal waveform of the input and internal control signal of
two related bank cell (the normal function bank and the backup one) . The input
control signals include the wen in which stands for low active write enable signal
of normal memory layer, and the other two low active control input signal backup
and restore.
During normal function time, the backup and restore signals are all set to be
high, the addbank[5:0] signal will make one and only one of 64 bank decoder output
active, then the internal low active bank enable cen signal of the selected bank will
be turned on.
When doing backup, the backup signal will be low and the restore signal must
be high. We will turn on all the cen signals of 64 bottom layer banks as soon as
the backup signal comes. Meanwhile all the wen signals of bottom layer should be
high to process read operations. After one cycle, when the data is read out from
the bottom layer, which is ready for write in for the top layer, we will then turn
on the cen up and wen on signal of the top layer.
When doing restore operation, the restore signal is set to be low. All 64 cen up
internal signals for up layer are turned on and all wen up signals are turned off.
For the same reason as doing backup, the cen and wen internal signals for bottom
banks will be activated with one cycle delay.
The basic combinational logic of the wen and cen signal of every bank follows
the equation below (a stands for addbank ),
add select = a[5] + a[4] + a[3] × a[2] + a[1] + a[0]

(2.1)

cen = add select × backup × restore

(2.2)

wen = restore + wen in + restore × backup + add select

(2.3)

There are three sets of data signals in our design: the input 64-bit input data
of bottom layer memory, the 64-bit output data of bottom layer memory, and the
64×64-bit data communication signal from top to bottom and another 64×64-bit
from bottom to top. The refreshment of all the data signals, other than the 64bit input data, are one cycle later than their inputs. This is the reason for one
cycle delay of the control signal. As we know the memory is not as quick as other
component. If the memory takes several system cycles to finish one access, we just
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Figure 2.2. Waveform of the Control Signals.The internal control signal of only one
bank is included in the figure.
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Figure 2.3. Waveform of the input/output data. Only one bit width data is shown in
the figure.

need to add flip-flop in the control flow and pipeline the operations.
In Figure 2, data in stands for the input data; to up is the data read out
from bottom layer(main memory), which connected to the read in port of top
layer(backup layer); to down is the data transferred from the top memory layer to
the bottom layer; data out is the read out data of the memory, which is the result
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of the multiplexers of of 64 banks. From data to down, we can see the data in the
backup layer is updated two cycles after the backup control signal is on. And also
after 2 cycles of active restore signal, the signal to up is updated.

2.3.4

Layout Design

Figure 2.4 illustrates the structure of 3D memory stacking. Face-to-face bonding is used in this process. When doing packaging, the connection to off chip will
only go from one layer through TSVs. The input signals and output signals of the
chip all go through I/O interface from the bottom layer.
In this design, we do not use NUMA scenarios, thus effort should be taken
to make all the input signals, especially control signal to reach each bank at the
same time. H-tree structure is used here not only for clock but also for all the
control signals and input data. In order to save area and guarantee low skew, all
the signals H-tree layout are buffered in the bottom layer, and directly transfer
to the top layer from 64 separate locations through very short metal connections.
For output data, they come from the bottom layer and the 64 sets of 64-bit data
are very far away from each other. Buffers and several stages of MUX are used
here. Those 64×64 signals will naturally directly connect to the top layer for check
pointing and restore, therefore we can put all those output buffers and MUX logics
on the top layer with no performance penalty, so that the whole H-tree layout on
the bottom layer will not be affected.
We used face-to-face bonding for our 2-layer SRAM/SRAM memory stacking
chip. and therefore there is no functional TSV needed in the memory bank area
(except dummy TSVs to satisfy the TSV density requirement). The top metal of
both chip layers is Metal 5, and there is a fixed pattern Metal 6 layer between these
two chips and connected to Metal 5 through Via56. This is the method that the
foundry used to ensure yield and reduce bonding cost. Such fixed-pattern metal
layer becomes a bottleneck of our design, as it limits the number of inter-layer
interconnects between two memory layers. The central distance of two Metal 6
pattern is 5µm.
The wordline and bitline in the SRAM array are recommended to be split by
using 3D technology [36]. Since both layers are fabricated with CMOS technology,
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Figure 2.4. Conceptual view of 3D memory stacking.

Figure 2.5. The full layout of the bottom layer exclude pad area.

we also can do such splitting so that the storage memory is divided into a bottom
layer and a top layer, and have the other two halves as the backup storage. Such
design would have no limitation on the number of interconnects for checkpointing
bandwidth, and also have the benefits of high bandwidth without latency penalty
by pipelining the checkpointing/restart data path.
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Figure 2.6. Snapshot of Part of layout, including the TSV, Backside metal, top metal
layers.
Table 2.3. 3D SRAM stacking figure

Capacity
Read/Write
Restror/Backup bandwidth
Bank number
Row number/bank
Column Decoder
Sense Amplifier Sharing
Word in every bank
Layout Size

2.3.5

Bottom layer
1Mbit
64bit/cycle
64×64=4k/cycle
64 (6-bit select)
64
8-1
8-bit/SA
256
2.9mm×2mm

Top layer (for backup)
1Mbit
64bit/cycle
64×64=4k/cycle
64 (6-bit select)
64
8-1
8-bit/SA
256
2.9mm×2mm

Performance Evaluation

The 2-layer SRAM/SRAM stacking prototyping chip is fabricated via GlobalFoundries with 130nm low power technology, and the 3D bonding is done by
Tezzaron [35]. As illustrated in Table 2.3, by using this 3D memory stacking
method, the whole checkpointing time is 256 cycles. We can drive the design
with a clock rate of 1Ghz, so that the time for checkpointing is 256ns and has a
4k/cycle bandwidth for a 1Mbit memory. Currently the bandwidth improvement
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is constrained by the chip area. With more memory cells placed on the chip, a
better memory bandwidth for checkpointing can be achieved.
Power is an important design constraint for such 3D memory stacking design.
Usually power density, I/R drop is never a big issue for conventional memory
design. However, for our 3D memory stacking as checkpointing device, power
consumption could be a design concern, because to achieve high bandwidth data
transfer from one memory layer to the other memory layer, all memory banks
are turned on and data are transferred simultaneously. The better the bandwidth
is, the higher the peak power. Consequently, the power grid should be carefully
designed to allow large enough current to drive all the data transferring from one
layer to another layer via TSVs.

Chapter

3

3D Testing Methodology
3.1

Introduction

Three-dimensional integration based on through-silicon-vias (TSVs) has been
considered as one of the most promising technology to overcome 2D scaling limitation and push integrated circuit to go beyond Moore’s law [37] [38]. The significant
improvements in performance, bandwidth, and power benefits drive many semiconductor vendors and IC manufacturers to explore 3D solutions for their future
generation product lines [35]. Cost is one of the most important consideration for
an emerging technology to become main-stream. Consequently, the yield of TSVbased 3D integration is one of the major barriers for its commercial success, and
therefore testing for 3D ICs plays a key role in improving the yield and reducing
the cost of the 3D ICs.
Testing for TSV-based 3D ICs has many unique challenges that are different
from traditional 2D IC testing, such as the lack of probe access for wafers, test
access to modules in stacked wafers/dies, mechanical issues, thermal concerns, test
economics, and new defects arising from unique processing steps (such as wafer
thinning, alignment and bonding) [39]. In wafer-to-wafer stacking, several layers
(or so-called tiers) of wafers are stacked together before testing, which could save
testing cost but lead to severe yield problems. According to the 3D cost model
by Dong [40], simply stacking all the tiers and testing them together in a waferto-wafer bonding method is more expensive than the die-to-wafer bonding and
the die-to-die bonding as the number of tiers increases. The latter two methods
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require the Known-Good-Die (KGD) test before every stacking step, and the KnowGood-Stack (KGS) test (i.e., test the whole stack of tiers to make sure there is
no defects) after every stacking step [41]. However, in order to reduce the TSV
diameter with reasonable aspect ratio, each layer(tier) of a 3D chip is thinned to
tens of micros [35]. The traditional 2D probing-based testing may cause wafer
cracking with new defects for such thin wafers. In addition, there are no pads
and ESD circuitry for TSVs connecting two tiers in order to achieve high-speed
inter-tie communication.
Many research works have been reported in 3D testing field. For example,
Marinsissen proposed a Known-Good-Stack(KGS) testing method [41], and discussed the possibility of using the contact-less method for 3D testing [42]. Lou
proposed three methods for testing TSV side-wall leakage and void/pinhole defects [43]. Huang et al. presented a BIST scheme for the TSV post-bond testing [44]. Ven der Plas et al. presented interesting experiment result of TSV cluster’s yield and found that the yield of TSVs is location-dependent within a TSV
cluster [45] . Methods of applying TSV redundancy were also studied to obtain
higher yield [46].
In this work, we propose a TSV testing flow that only uses the pads of the
bottom tier as system testing input. This flow focuses on providing better testing
time and higher yield. We present a yield-aware testing and TSV replacement
design algorithm. The TSV-only testing time is much faster than that for logic
testing. Meanwhile, TSV has much lower yield than normal CMOS devices under
current technology [45], so that detecting the TSV defects first can help decrease
the testing cost. Our proposed testing flow and algorithms provide a different
understanding of testing time and yield improvement for 3D ICs. The proposed
design methodology uses yield as a parameter in Design-For-Test. We study the
testing time and testing overhead under different TSV cluster yield. The selffixing method applies redundancy to multiple defects TSVs in one cluster and its
overhead is small.
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3.2

The Proposed Methodology and Mechanism

Known-Good-Die(KGD) test is commonly used in System-in-Package (SIP)
testing flow. Chips with different functionality, for example, processor, DRAM, RF
chips, can be packaged together using wire bounding or other package technologies.
The difference of SIP testing and TSV-based 3D IC testing is that each die in a
SIP has separate pads. These dies could be probed and functional test can be
performed independently before packaging. It is not easy to perform KGD test for
TSV-based 3D stacking, because typically only one 3D stacking tier carries all the
system pads and the input and output pins of other tiers are exploded without
ESD protection before stacking. On the other hand, the TSV defect rate could
be much higher than that of wire bonding in normal SIP flow. In this section, we
describe our proposed methodology and mechanism.

3.2.1

Time-Efficient Testing Flow

TSV-based 3D integration has three stacking methods: face-to-face, face-toback and back-to-back. Our proposed methodology targets at the die-stacking
method with face-to-back stacking for all tiers, except for the last tie, which uses
face-to-face stacking, as illustrated in Figure 3.1. The pads on the bottom layer
is connect to package from backside through TSV, so that the face to face metal
resource can be reserved for inter-tier connection.
Our testing flow can be divided into two stages.
Stage I: Test the TSVs only and apply redundancy to fix defected TSVs.
Stage II: Test the internal circuit function.
The testing begins with tier 0 and follows these two testing stages. Stage I is
performed first and Stage II is applied only after passing stage I. These two stages
contribute to the test time separately. After finishing the test on tier 0, tier 1 is
tested in the same way, and so on. In our targeted stacking structure (as shown in
Figure 1), the last tier (Tier N) has no TSVs and uses top metal layer for inter-tie
connection. Therefore, Tier N can skip the stage I. Usually, the normal CMOS
process has pretty high yield, while the TSV yield still need to be improved [45].
Testing time is a key factor of testing cost [47]. Finding those TSV defects earlier
can optimize the total testing time and reduce testing cost. The tier stacking
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Figure 3.1. Die stacking scheme and test order.

method in Figure 3.1 shows that the BIST logics on each of the tiers to perform
TSV self-test, whose structures will be discussed in next section.
The detail testing flow in Figure 3.2 is a modified Known-Good-Stack (KGS)
testing strategy to increase yield. The logic testing method for 3D ICs has been
discussed in prior work [48]. Our flow can use any existing logic testing methods
for circuit testing. Our design focus on searching defect TSVs and applying redundancy. Such flow can increase the yield from two aspects: (1) no tiers will be
stacked on defected chips; (2) using the testing result to config the TSV replacement circuit.

3.2.2

Circuit Level Consideration of Design for Testing

There are two TSV placement methods: the arbitrary pattern and the TSV
cluster. The arbitrary placement provides more design flexibility, but recent research shows that the arbitrary placement is more vulnerable to TSV mechanical
stress, which can result in TSV reliability issues [49] and affect the nearby CMOS
device mobility [50]. As a result, we focus on TSV clustering design in this work.
The testing circuit configuration of an N × N TSV cluster is illustrated in
Figure 3.3. A MUX-based test chain connects all the TSVs to the test block.
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Figure 3.2. Timing efficient stacking and test flow. N is the number of 3D stacking
layers.

During testing, the input signal is generated with a 50% duty cycle pulse. When all
the TSVs in a testing chain are functioning, the test block receives a flipping signal.
In testing mode, the select signals < s0 : sn > determine which part of the TSV
chain is under test. The in testing signal can be generated on chip with changeable
frequency. Since this pulse input does not carry any data information, it can be fast
and reach GHz, which is much faster than scan-in speed. Therefore, in test time
discussion, one cycle or one testing cycle is not the pulse cycle time, but stands
for the time to finish the test under one select signal < s0 : sn > configuration.
In operation mode, the MUXs should not affect the data signals carried by TSVs.
Hence, there are transmission gates inside the MUXs to disconnect them from
TSVs, when necessary.
TSV delay under recent technology is less than 10 FO4. The testing signal
can pass through each TSV in one pulse cycle. If one or more TSVs are affected
by large variation or have defects, their RC delay may be larger than good TSVs.
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When such delay excesses one pulse cycle, the out signal stops flipping, because
the defect TSV output could not reach a threshold before the input signal changes.
The electric model of a TSV is similar to a long metal wire [51]. Its equivalent
circuit is shown in Figure 3.4, where each TSV has its own driving cell. The
large side-wall capacitance makes it a heavy load for the driving cell. The signal
transmitted through it experiences a relatively long delay.
We use TSV delay to distinguish defects. Such defects can be detected by
changing the pulse frequency. The TSV delay also depends on its driving cell
size, which should be small intentionally to sense the frequency change. Thus the
carefully sized testing circuits do not have large area overhead comparing with the
TSV area.
There are testing circuit on both tiers to test the TSV defects together. For
example, The black tier (tier 1 in Figure 3.3) is closer to the bottom tier and has
already been tested. In this tie, all the input signals are reliable. The grey tier
(tier 2) is the upper tie. The TSV under test belongs to tier 2 and all the signals
in tier 2 cannot be trusted yet. The ctrl signals of the transmission gate on tier
2 are set to be 1 as long as the upper layer is powered on. According to today’s
TSV yields, many TSV design rules require to group two TSVs together to transfer
one signal. Accordingly, our testing circuit will testing two TSVs as a group. The
testing result only shows whether a two-TSV group has defect. If these two TSVs
need to transfer different signals, transmission gate will be turned off during chip
operation.
The test block has three functions: (1) monitoring the out signal to check
whether it is flipping; (2) generating the select signal to control the TSV cluster
MUX. In this way, the tested TSVs group can be excluded from the chain; (3)
providing defect information in the TSV cluster, which will be used locally to
apply redundancy. The testing block senses if the out signal is flipping every test
cycle, which is much longer than the pulse cycle. Therefore a long testing chain
will not violate any timing constraint.
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3.2.3

Yield Modeling and Defect Searching Algorithm

TSV redundancy can improve chip yield by replacing the failed TSVs with
nearby redundant TSV resources. At the design stage, a BIST scheme can be
implemented after the number and the location of the redundant TSVs are decided.
A yield model is introduced in this design for estimating the number of extra TSVs
required. After that, a breadth-first binary search method is used to find the failed
TSVs and apply redundancy.
The delay model for a TSV is discussed in the previous section. Process variation on its resistance and capacitance value causes uncertainty in signal trans-
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mission delay time. The delay for a cluster of TSVs fluctuates in a certain range.
If the delay of a TSV is larger than a threshold, a switching signal cannot pass
through it and this TSV is considered as failed.
The first step of this BIST design is to find out the number of redundant TSVs
needed. The design input is the process variation model of a TSV, which is based
on the prior work by Wu et al. [52]. Monte Carlo method is used to estimate the
TSV defect rate. The modeling flow is shown in Algorithm 1. An instance of a TSV
cluster is created, and the delay value for each TSV is stochastically determined
using the process variation model. Two neighboring TSVs are grouped together,
and if any of them has a delay longer than a threshold, this group is marked as
failed. The threshold value can be decided based on the test pulse frequency and
also the strength of the driver. The total number of failed TSV groups is counted
for this instance. The number of extra TSV groups needed to fix it is calculated
by dividing the number of failed TSV group with the average TSV yield.
The number of extra TSV group used for achieving a target cluster yield is
determined by statistically analyzing the Monte Carlo simulation results. The
simulation generates thousands of TSV cluster instances and records the number
of TSV groups needed to be fixed. For example, if 3 redundant TSV groups are
available, the instances with 3 or less defects can be fixed. The yield after applying
the redundancy is calculated, where the fixed instances are now considered as a
good one. The number of extra TSV group keeps increasing until reaching the
target yield.
After determining the number of redundant TSV groups, the locations also
need to be selected. The yield of a TSV is related to its location within the
cluster. Prior work has shown that the TSVs at the edge of a cluster have lower
yield comparing to the TSVs in the middle [45]. The yield at the four corners are
even worse. Our model considers this case by increasing the fluctuation range of
R and C values for those TSVs locating at the edge of the array. These TSVs
have a higher possibility to fail. The yield map from our model agrees with the
experiment results from [45].
Figure 3.5 shows an example of the location dependent TSV cluster yield, where
the yield at the edge of the cluster is lower than that at the center. Two possible
redundant TSVs placement methods are shown at the right side of the figure. One
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Algorithm 1: Find Redundant TSV number
Input: TSV parameter variation model
Output: Number of extra TSV
for i = 1 to instance number do
Generate TSV delay map by TSV variation model;
foreach TSV do
if delay > threshold then
mark as failed;
Group two TSVs, and find the group pass/fail map;
Calculate failed group number;
extra group need[i] = f ailed group number/redundant yield;
redundancy number = 0;
while yield after fix < target yield do
redundancy number ++;
foreach instant[i] do
if extra group need[i] <= extra group number then
instant[i] = good;
else
instant[i] = failed;
update yield after fix;
return (redundancy number);

is to place them in a uniformly spacing array, and the other is to put them at the
edges. In the second case, the redundant TSVs are placed at the low yield part,
so that the normal TSVs use the high yield portion. This method saves test time,
since the normal TSV yield is higher than the average yield and fewer test cycles
are required. The disadvantage of placing redundant TSVs at the edges is that the
distance between a failed TSV and its backup is larger comparing to a uniformly
distributed redundant TSV array. The routing network that transfer the signal to
its backup TSV may has long wire delay.
After determining the amount of redundancy resources available, a BIST logic
is designed to find and replace the failed TSV group with a good one. The first
step is to find out the locations of those failed groups, if there is any. A breadthfirst search algorithm is designed to perform this task, as shown in Algorithm 2.
Its inputs are the TSV cluster size and the number of redundant TSVs available.
Its outputs are the location and the total number of the failed TSVs. The search
algorithm measures a portion of the full test chain in one test cycle. If the result
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Algorithm 2: Breadth First Binary Search of TSV defects
Input: The TSV cluster size N, extra TSV number
Output: Location of failed TSVs, number of failed TSV
foreach TSV clusters do
current = [test chain start test chain end];
while in test==1 do
if check tsv chain(current) == fail then
if current start==current end then
add currend start to failed location;
failed number++;
else
first half = [current start (current start+current end)/2];
push (first half) => FIFO;
second half=[(current start+current end)/2 current end];
push (second half) => FIFO;
if fifo is empty then
In test = 0;
else
current = pop(fifo);
if (failed block > extra tsv num) at current search level then
in test=0;
Set cannot fix;

indicates that it contains failure groups, the portion of the chain under test is
separated into two chains from the middle and test again. A First-In-First-Out
(FIFO) queue is used to store the start and end positions of the section that need
to be tested. It receives the indexes of such section and put them at the tail of the
queue. For a data request, it sends out the first item at the head of the queue and
removes it from the FIFO.
The search begins by examining the full test chain. The variable current in
Algorithm 2 indicates the section under test in current cycle. It is set to cover
the full chain during the first cycle. If the test result is good, no more action is
required. If there is failed TSV groups in the chain, the indexes of the first half and
the second half of the chain are pushed into the FIFO. In the subsequent cycles,
the test block fetches one section from the FIFO and tests it. If this section failed,
the test block repeats the previous separating and pushing operation again.
Algorithm 2 has a d ∗ log(n) time complexity, where d is the number of redun-
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Figure 3.5. TSV yield map

dancy TSV. n is the TSV cluster size. The search algorithm ends in two ways. One
case is that it reaches a single TSV group and this group has defect. The location
index of this failure point is recorded and the total failure number is increased by
one. After all potential failure chain portion are examined, the FIFO is empty
and the search finished. Another exit case is that the minimum number of failure
points exceeds the number of redundancy resource available. The breadth-first
search checks all possible failed section in one level then steps into the next level.
If a section failed, it contains at least one failure TSV group. The minimum number of defects can be calculated by counting the number of failed section within
a level. If there are more defects than the redundancy TSV groups, the cluster
under test cannot be fixed and the test should be stopped. The size of the FIFO is
determined by this ending condition. The maximum number of items in the FIFO
is less than two times of the number of redundancy.

3.3

Experimental results

In this section, we evaluate the test time and yield improvement of the purposed BIST design. The delay time of a TSV is simulated with HSPICE using
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Figure 3.6. Relationship of TSV cluster yield and number of redundant TSVs required
to reach 98% TSV cluster yield

the electrical model shown in Figure 3.4. The TSV resistance and capacitance
fluctuation is described by normal distribution N(µ,σ 2 ). The TSVs at the edge
of the cluster suffer larger process variation, so that their σedge is γ(= 1.2) times
bigger than the σ of normal TSVs. A delay time library was built, so that the
BIST simulator can quickly find the delay for a specific R and C configuration.
Monte Carlo method is used to simulate the yield of a TSV cluster. 100,000
TSV cluster instances were created and their yield maps were generated with
different delay thresholds. The breadth-first search algorithm was simulated at
per-cycle level using a Matlab program for each instance, where the yield map at
a specific delay threshold is used as its input. For each delay threshold, the yield
before and after applying redundancy is statistically analyzed among all instances,
and the average test time is calculated.
1) For a target yield, calculate the number of redundant TSV needed.
The number of redundant TSV groups needs to be determined at the beginning of
the BIST design. It is related to the yield of the TSV cluster, and also the size of
the cluster. The Monte Carlo simulation results of three cluster sizes were plotted
in Figure 3.6. These three sizes cover the reasonable cluster sizes in 3D IC design.
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The cluster yield in X axis is calculated as the percentage of instances that are
defect-free in the Monte Carlo simulation. The target yield for this analysis is set
to 0.98. The Y axis indicates the percentage of redundant TSVs achieve this target
cluster yield. At higher yield (> 50%), the number of redundancy remains almost
unchanged. This illustrates that only one or two defect sites appear for most of
the instance. In this case, including a small amount of redundant TSVs can fix
most of the failed clusters. At low yield, the number of redundant TSVs required
increases quickly, which indicates the increase of the defects number. The amount
of resources used in a small cluster, 6 by 6 for example, is larger than a big cluster.
It is better to share the redundancy resource among more TSVs. When the cluster
size increases larger than 10 by 10, the benefit of sharing is not very obvious, so
that test time will become a more important consideration.
2) Performance Evaluation. The efficiency of this TSV redundancy design
is evaluated by its testing time and the yield improvement. Three redundancy
configurations are studied, including 1) one extra TSV in the center; 2) one extra
TSV at the edge; and 3) three extra TSVs at the edge. The simulation results are
shown in Figure 3.7 3.8 3.9.
The top row shows that the average test time for one cluster increases when
its yield becomes lower. However, when the number of defects is larger than one,
there is no enough redundancy resource to fix it and the search process stops after
a few cycles of tests. That is the reason for the quick decrease at the low yield
end. The maximum test time appears at the yield of 0.2-0.4. The test time also
depends on the cluster size. A smaller array needs fewer cycles to locate the defect
position. However, the difference is only 2-3 test cycles between a 6x6 and a 16x16
array. The time complexity of the search algorithm is d ∗ log(n), and usually d is
1-2 in the high yield region. The effect of cluster size on testing time is logarithmic,
so that the testing time variation is small.
The bottom row shows the improvement in cluster yield with different defect
rates. The X axis is the initial yield before applying redundancy. The diagonal line
is the reference, and the vertical distance between the data curve and the diagonal
line is the improvement of yield by applying the redundancy scheme, as shown by
the arrow at the left bottom plot. The improvement is large at the middle portion
of the curve. This observation points out that a 3D connection process with low
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Figure 3.7. Comparison of average test time (top) and yield after applied redundancy
(bottom), when one redundant TSV placed in the center of the cluster. Three cluster size
were used in experiment, which is (black) 6x6 TSV cluster, (blue) 10x10 array, and (red)
16x16 array. The X axis represents the TSV cluster yield before applied redundancy.
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Figure 3.8. Comparison of average test time (top) and yield after applied redundancy
(bottom), when one redundant TSV placed at the edge of the cluster. Three cluster size
were used in experiment, which is (black) 6x6 TSV cluster, (blue) 10x10 array, and (red)
16x16 array. The X axis represents the TSV cluster yield before applied redundancy.
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Figure 3.9. Comparison of average test time (top) and yield after applied redundancy
(bottom) for several schemes, when three redundant TSVs placed at the edge. Three
cluster size were used in experiment, which is (black) 6x6 TSV cluster, (blue) 10x10
array, and (red) 16x16 array. The X axis represents the TSV cluster yield before applied
redundancy.
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yield benefits more from this BIST design. The yield improvement depends on
cluster size and the number of extra TSV groups. For a large cluster, the curve
changes slightly among several configurations. On the other hand, the curve for a
small cluster changes rapidly when the extra TSV group number increases.
Comparing the cases that only one extra TSV group is placed at different
locations (Figure 3.7 3.8), the shape of the average testing time curves are similar.
The average testing time is around 1 cycle lower for the 16x16 cluster when the
redundant TSV group is placed at the edge. The average yield is higher for TSVs
in the center, so that the cluster has high possibility to be a good one and pass
the test in one cycle.
Comparing the cases that one or three redundant TSV groups are applied
and placed at the edge, the test time and yield curves show big difference (Figure 3.8 3.9). The test time for the 16x16 size cluster does not change much.
However, the shape of the curves changes largely for small clusters. When the
redundant TSV groups increases, it is possible to fix more defects. The search
process keeps running even for very poor yield clusters and tries to fix it with the
abundant resource. The yield curve shows great improvement (70%-80%) at the
low initial yield portion for small clusters.

3.4

Summary

In this work, we designed a TSV-first Known-Good-Stack test scheme for reducing 3D ICs test time and increasing yield. Our design is based on the TSV cluster
structure. We presented a breadth-first binary searching algorithm for BIST design. This algorithm found the failed TSVs within a few cycles. The defect TSVs
were replaced by redundant resources with small overhead. The BIST algorithm
and circuit achieved high testing speed and can decrease the testing time to under
20 cycles. This methodology worked for a large range of defect rate and significantly increased the overall TSV cluster yield. When the TSV cluster yield is over
30%, less than 6 redundant TSVs can fix all the defects in most case.

Chapter

4

Multi-Power Domain 3D System
Design and Testability
4.1

Introduction

Power consumption has become a first-order design goal in today’s high performance and mobile applications. In mobile space, a nearly doubled annual growth
of data demand and a mere 6-8% annual improvement of battery capacity quickly
deplete the available battery charges. In the meantime, as technology continues scaling, more and more transistors are packed into a smaller area, local hot
spots and heat dissipation also impose tremendous challenges to high performance
logic systems, leading to the “dark silicon” dilemma [53]. In the past, power consumption problem was tackled at architecture and system levels. More recently,
however, low power device technologies also draw considerable attentions [54] and
a device-IC design co-optimization is making its way to IC design community [55].
In SoC design, a common solution is to divide the system into different voltage
domains. For example, at coarse level, computational logics and cache can be designed to operate at their own supply voltages. In multi-core systems, multi-powerdomains is required to facilitate dynamic voltage and frequency scaling (DVFS) for
each core [56] [57]. Even within a design block, e.g. SRAM based cache, it becomes
a major trend to have multiple power supplies [58] [59]. Generally, finer granularity of voltage domains is known to reduce system power more effectively and is
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considered as an attractive approach of mitigating the power wall problem. [60]
Multi-power-domain design requires logic level shifters at domain boundaries
to assure reliable cross domain data transfer and manage cross domain data traffic. Several level shifter structures were published in the past [61] [62] [63]. These
level shifters are, however, area and performance inefficient, when connecting with
flip-flop. Recently, sequential logic cell integrating level shifting function has been
proposed in master-slave flip-flop designs [2] [3]. These designs explored the possibility to minimize area penalty and to reduce circuit delay. Practical implementation, however, needs to address the complexity of in-cell dual power rail physical
design and the problem of voltage domain isolation. These challenges hinder the
widespread acceptance of fine-grained multi-voltage domain system design due to
considerable area penalty and additional design complexity.
Fortunately, recent advance in monolithic 3D integration technology may lead
to a fundamental breakthrough in reducing overhead of the multi-voltage domain
system design [64] [65] [66]. The small monolithic inter-tier vias (MIVs), which
is similar to normal interconnect via, provide high speed and high-density interconnection between different tiers. Implementing in monolithic 3DIC, the in-cell
dual power rails can be naturally separated and managed in different tiers, greatly
simplifies the physical layout design than in conventional 2D IC.
In this study, we propose a novel cross power domain interface (CPDI) circuit,
which transfers synchronous data between power domains effectively and reliably.
Our CPDI circuit utilizes the level conversion flip-flop (LCFF) structure, and resolves the isolation problem by using a differential pair of common source nMOS
in the data path between the master and slave stages of this LCFF design. Selfinduced voltage collapsing (SIVC) technique [67] is further introduced to enhance
level shifter efficiency and reduce conversion power. Moreover, the transistors in
the level shifting stage are sized such that it minimizes area and achieves reliable
data transfer at the worst case process corner simultaneously. This is a practical
design with the scanable feature and it scales with the technology nodes.
The proposed CPDI is implemented in a dual-tier 3DIC. Two power rails of
the CPDI circuit are readily arranged in two separate tiers. Taking the advantages
of our novel circuit topology and monolithic 3DIC implementation, we achieved
a highly compact, highly reliable, low power CPDI design. Comparing with the
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Figure 4.1. Circuit performance and energy relationship under different voltage for
combinational logics.

conventional flip-flop plus level shifter design, our optimized CPDI shows a 20%35% delay improvement and considerable dynamic energy and leakage saving.
To our knowledge, this is the first time that a practical CPDI circuit is designed
and implemented in monolithic 3DIC. The implementation in 3DIC is also essential for cross tier, cross domain synchronized data transfer in future multi-voltage
domain 3DIC systems. In the following of the paper, we will introduce the background knowledge in section 2. The detailed CPDI circuit design will be provided
in section 3. We will show the experimental results in section 4 and conclude the
work in section 5.

4.2
4.2.1

Motivation and Background
Low Power Design and Voltage Scaling

The power consumption is critical in today’s integrated circuit design. Changing the supply voltage is an effective way to reduce power. There is an interesting
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trade-off between using low supply voltage, and thus saving the dynamic power,
versus using normal supply voltage, which decreases the operation time. The major
task is to find the optimal design point of a circuit by means of switching energy,
leakage power and performance.
The performance and power relation is studied by using circuit level benchmarks in 45nm technology. We simulated an inverter chain that could represent
combinational logics. The result shows that power consumption increases much
faster than speed under high supply voltage (Figure 4.1). A chip is limited by its
power/thermal budget in this region. Under low voltage, the power is minimized
at the expense of rapidly decreased performance.
Efficiency of the circuit, which is defined by the energy per operation, is another
important consideration. For a given computational task, we expect to use minimal
energy to complete it within allowed time. It is known that maximum energy
efficiency occurs at near threshold voltage [68]. Threshold voltage is the voltage
at which the transistor is considered to the turned on. It is defined on the biggest
gm point for long channel devices. For modern technology nodes, it is usually
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defined by the Vgs when the on current is above a certain value per unit channel
Width/Length. It depends on the process and usually multi-Vth device cells are
provided in one process for energy efficient design. For example, the 45nm process
we used here has a threshold voltage around 0.4 V. As shown in Figure 4.2, the
operation voltage could be divided into three regions based on energy efficiency: the
sub-Vth voltage region wasted both energy and performance; the middle region has
the lowest energy consumption with relatively low performance; the high voltage
region has the best performance and high energy consumption as well. Hence, it
is essential and tricky to determine the operation voltage for one design to meet
the design constraint.
The previous discussion is about getting the optimal trade-off point for one
circuit block. However, there are many blocks in a VLSI design. Each block has
its unique performance-power relationship. For example, the core and the cache
usually have different energy efficiency under the same operation voltage. There
is no single optimal supply voltage for the whole system. Therefore, multi voltage
domain design is among the best solution for low power design. For example, using
the high supply voltage in the timing critical critical blocks, while keeping other
blocks operate at a low voltage to control the leakage; using high voltage for the
SRAM array for better performance and less error rate, while using low voltage
for the cache decoder to reduce system power.

4.2.2

Monolithic 3D Technology

Monolithic 3D technology is introduced in recent years [64] [66]. Technology
scaling helps the performance of transistors. However, global interconnect wire
delay does not scale accordingly. The increasing wire delays is one of the major
impediments for performance improvement [69] under the same power budget.
Monolithic 3D offers an opportunity to continue the performance improvements
and power saving by reducing the interconnect distance, which makes it one of the
most promising technology for circuit scaling [70].
The monolithic 3D IC is fabricated by stacking high quality mono-crystalline
silicon layers using low temperature oxide bonding, followed by low temperature
transistor and interconnect integrations, sequentially. Connections between tiers
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Figure 4.3. Monolithic 3D structure

are made by monolithic inter-tier vias (MIVs). The process is effectively the same
as fab front-end and back-end integration flow, using similar mask alignment technique and CD control. This way, MIV size can be made as small as regular interconnect vias. The layout overhead of MIV is very small and its electrical properties
can be simply modelled as a wire with parasitical RC.
MIV allows gate level inter-tier partition that will greatly changes the chip
organization methodology and leads to new design challenges. Long wire delay
can be reduced by folding a 2D IC design into a smaller footprint monolithic 3D
stacked IC tiers. Figure 4.3 is the cross sectional example of a master slave flip-flop
design in monolithic 3DIC. The devices on different tiers can have their own power
rails. The separated supply networks on each tier may provide independent power
domain control and selective power down, allowing fine grain power partition to
improve computation efficiency. This fine grain power control needs clamp cells
and level shifters between domain boundaries, and thus a high speed CPDI design
is meaningful for synchronized data transfer.

4.2.3

Power Domain in Three Dimensional Circuits

For a fine grain power domain design, data transfer needs large amounts of level
shifters and flip-flops at voltage boundaries. In normal planar implementation,

n
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both the voltage domain number and cross boundary interface count are limited.
Figure 4.4 is the schematic of a conventional level shifter, which needs two power
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tion. It provides more design flexibility for the cross power boundary cells. The
rails. Dual rail cells can only be placed at the block boundary, because it is not

comparison of the planar design (Figure 4.5) and the 3D design (Figure 4.6) clearly
shows the topology difference of defining “boundary”. In the example, there are
three voltage domains with planar placement, the data transfer happens only at
the edge of two neighbour blocks. When some logic at the middle of domain A
needs to communicate with domain B, there are two ways to do it. One is routing
the signal out to the cross power domain cells at the edge, which lead to routing
congestion and may need to add buffers for long wires. The other is changing the
logic placement inside domain A and redo the timing closure. Both methods will
introduce more design effort and area overhead. The boundary of a 3D design is
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Figure 4.6. Cross tier synchronized data transfer in dual power system

no longer the neighbour edge of two blocks, but the entire surface of it. Therefore,
the CPDI circuit can be placed anywhere in need in 3D implementation.

4.3
4.3.1

Testable CPDI design
Circuit Requirements and Conventional Design

Cross power domain data transfer needs a fast and low power interface that
includes two functions. One is to control the data flow by synchronized clock;
second is to create full Vddh swing at output as a level shifter. The design target

48
of a level shifter is to quickly transfer data from the low voltage domain to the high
voltage domain and block any possible DC current. The conventional level shifter
design (Figure 4.4) is a cross-coupled pMOS structure (CCLC) [2], which could
pull the output to full Vddh swing. Connecting a normal master-slave flip-flop and
such level shifter together composes the basic cross power domain data transfer
circuit. However, such implementation leads to large area, long clock to Q delay,
and high switching energy.
Figure 4.7c shows this basic design. It is constructed by a scan based testing
block, a level converting circuitry and a normal master-slave flip-flop. The insertion
delay of the basic design is the overall insertion delay of these three parts together.
The insertion delay of a flip-flop is known as D-to-Q delay. It is the most important
index to evaluate the performance of a flip flop. It describes the time a flip-flop
takes to propagate the input data D to its output Q. It equals to the setup time
plus clock to Q delay.
Figure 4.7a and b are two reference LCFF designs [2] [3]. They both use the
master-slave topology, but have different structures for level conversion. Pulsed
level shifter in Figure 4.7d is different from the normal LCFF design. The main
merit is its small insertion delay. The unfavourable side is that the pulse triggered
design has much higher hold time and consumes more switching energy. The
frequent charge and discharge of internal nodes makes it more power hungry than
static master-slave based topologies. At the same time, pulsed sequential logic is
more sensitive to variation, which grows quickly in advanced technology nodes.
The timing closure is hard for pulsed design than before.

4.3.2

Proposed CPDI Circuit Design

Since the level shifter uses the cross-coupled structure to keep its voltage level,
it is possible and economic to use it as a loop-forcing latch to replace one of the
flip-flop stage. In this work, the level shifter is implemented in the slave stage,
while the master stage uses a conventional loop-breaking latch. The Vddl/Vddh
ratio in this paper is 0.7 for optimal level conversion power efficiency [2].
The proposed CPDI circuit has a Write Enhanced SRAM (WES) based structure with Self-Induced Voltage Collapsing (SIVC) technique, as shown in Fig-
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ure 4.8. The setup/hold time of the design mainly depends on the conventional
master stage, and the clock-to-q mainly depends on the level shifting stage and
the internal clock buffer. There is no DC current path between these two power
domains; therefore, this voltage tripping free design has no feedback from Vddh
domain to Vddl domain.
The function of the CPDI circuit is a rising edge trigger flip-flop, which has
Vddl-GND range input and Vddh-GND range output. When the clock is low, the
data signal goes through the master stage T-gate. Then master stage node msnd
stores the data and msnd n stores its reverse value. N1 and N2 controlled by msnd
and msnd n will pull one of their drain nodes down to ground, and make the other
nMOS drain floating. The slave stage is disconnected to the master stage by two
clock-controlled nMOS (N3 and N4). The output follows the data stored in the
internal node of the slave stage coupled inverters. At the rising edge, the clock
turns on the slave stage nMOS N3 and N4. The new data goes into the slave stage
and is stored at a Vddh voltage level. For example, if N1 and N3 are on, bit n
will be written by the pull down path and bit will store a Vddh data. During the
high clock phase, the master stage T-gate is off and both msnd and msnd n value
are maintained by the master stage clock controlled coupled inverters. Figure 4.9
shows the waveform of important circuit nodes.
The level shifting slave stage uses a symmetric design. The key part is similar
to a SRAM cell with different customization. Normal SRAM cell needs to have
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balanced read/write margins. However, our design is only sensitive to the write
margin and static noise margin when word line is closed. Therefore, we use the
WES sizing to speedup the circuit and save dynamic power. There is a dedicated
port with gate connection for read, so that the read operation cannot disturb the
internal nodes. During the write operation, two clocked nMOS pass gates (N3 and
N4) are turned on and the pull down nMOS (N1 or N2) competes with the pull up
pMOS. Thus, a WES design uses small device size in coupled inverters and large
device size at the pull down paths.
In order to further reduce the Clk-to-Q delay and improve the pull down path
strength, we use a minimum size always on header pMOS (P1) to increase the pull
up path impedance by one stack. During level conversion, the header P1, which will
cause a considerable voltage drop from Vddh to Vdd-local at the internal supply
node S, provides the current go through both of the pMOS in the couple structure.
As in Figure 4.9, this SIVC effect could reduce the local voltage supply level to
85% - 90% of Vddh during the transition. With the technology node scaling down,
this device size may need to be larger than the minimum size in order to guarantee
speed.
Comparing with the baseline design, the new WES-SIVC structure has fewer
stages on the D-to-Q path. We compromise the nMOS size on the level shifting
pull down path to achieve a better overall delay. At the same time, we use the gate
connection between two stages, which has two benefits. One is that by using the
source/drain connection, like the MSHL design, the master stage inverters should
use much larger nMOS size, because this nMOS affects the pull down time of the
level shifting stage. The other benefit is removing the potential voltage tripping
path. Level shifters are designed for low to high data converting. Nevertheless, it
is quite possible that they will transfer data from high to low voltage in real case.
Under the clock is 1 situation, the source/drain connection between two stages can
open a DC path through the clock controlled nMOS and cause the voltage tripping
issue of different power domains.
The proposed design is checked at every process corner for correct function.
The worst corner of this design is the SF corner, under which the level shifting
function needs more margin. To assure design robustness, the proposed CPDI
passed the robustness test at 10% power supply bounce.
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4.3.3

The Cross Boundary Scan Chain in 3D Circuits

Testability is essential for VLSI circuits. The scan based testing is the common
testing method, which needs Q value to be scanned out for debugging. Thus every
sequential units need to have scanable feature. However, the input and output
signals of a CPDI circuit are located at two voltage domains, which makes the
scan chain design different from the 2D cases.
4.3.3.1

Scan Connection Method

The normal scan chain design is connecting all the flip-flops in an area with
the least P&R resource, because the influence of scan chain to the function blocks
should be minimized. For a multi-power domain system using our CPDI designs,
the normal flip-flops and CPDI circuits can be placed together in one block area.
In this way, sharing one scan chain is a nature and efficient way. However, the
shared scan chain makes the scan data flow complex, which could change frequently
between two or more voltage levels. The designer has to determine where, when
to add what kind of level shifters during the scan chain insertion for a correct
function. The timing closure for such complex design could be messy. Moreover,
the dual power rail level shifter may consume more limited P&R resources. Thus
it is meaningful to find a simple and unified scan chain design with proposed CPDI
circuits.
Three methods are considered here, as illustrated in Figure 4.10. (A) is the
normal scan chain design, in which there is only one power domain. The scan
chain is formed by the location of each flip-flop and the connection consideration
is to take the least P&R resource. Method 1 in (B) is connecting all the FFs in one
power domain into one chain, and using level converters to connect each group.
This method could not include any LCFF, because all the FFs inside a group
only have one voltage level. It is very hard to have a fine grain power domain
partitioning by using this method, because it is not energy and area efficient when
the cross power domain data transfer is frequent. Method 2 in (C) is connecting
the CPDI circuits in a interdigital way into a scan chain. Making sure that every
domain A→B LCFF is connected with a domain B→A LCFF. This method has
the least chain complexity in the ideal case. For example, the cross power domain
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Figure 4.10. Scan chain design for multi-power system. (A) the normal FF scan chain.
(B) flops in each power domain are connected into a scan chain and the level shifter
are inserted between scan chains. (C) the CPDI scan chain design that connect two
opposite direction CPDI circuits one after another. (D) the CPDI scan chain design
with integrated level shifting function
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design is between the logic and memory, the read out data and write in data has
the same number of pins and could form one chain. The issue for this method
is obvious that it is hardly possible to find exact number of opposite directional
signals placed close to each other. The connection overhead and the imbalanced
opposite directional data transfer are the critical obstacles for this method. Method
3 in (D) is a new kind of CPDI circuit that could be simply connected together
with the build-in logic level conversion function. This method has no connection
constraint, so that it is the easiest way for scan chain connection. It could be used
exactly in the same way as a single power domain case.
4.3.3.2

CPDI Circuit Scan Chain Design

Our proposed CPDI circuit includes the scanable feature that follows method
3. A differential input level shifter is added at the scan in data pin. It is from the Q
and Q n of the previous stage in its scan chain. The scan path speed requirements
is much slower than the D-to-Q path. Thus the transistor size are minimized to
save the area and ensure correct function at all process corner cases under a longer
cycle time. On the other hand, a short setup time need to be guaranteed after
adding the D path scan select T-gate. This T-gate on the D path controlled by
SEN and SEN n matches the clk controlled T-gate size.
The power of scan path is not critical, since the scan function is not used in
normal operation. The leakage of the scan path under normal operation is a major
concern. To further reducing leakage, one power gating pMOS could be added on
the scan path. During scan mode, this SEN controlled header is on. In normal
operation, this header is off and the whole scan path is in the power down mode.

4.3.4

Partition and Layout Balancing

The dual-tier CPDI logic structure shown in Figure 4.6 exploits monolithic 3D
technology. The Vddl power island is on tier 0 and Vddh power island is on tier 1.
For multi-power domain design, most of the standard cells locate in a single power
domain and have one power rail. Dual-power rail design LCFF will significantly
decrease the place and route flexibility and increase the design complexity. Our
monolithic 3D based design does not have this problem, because it is a single power
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rail design in each tier. MIVs transfer the data signal between two domains.
The partition of this CPDI circuit into tiers has two considerations: power
domain isolation and cell footprint. Two tiers have separated power rails, so that
transistors connected to different supply rails must be placed in the correspondent
tier. Other transistors, like pass gates, are placed to either tier that provides less
footprint. Considering the above two criteria, we partition the master stage, scan
in transistors and clock buffer into tier 0, and the level shifting slave stage into tier
1. The transistors on each tier are placed such that the overall transistor widths
in each tier are close to maximize 3DIC area utilization. Thus, this design has
compact layout and make full use of vertical interconnecting resource.

4.4

Experimental Results and Comparison

The performance of the proposed WES-SIVC design is compared with several
other reported LCFF designs. All these designs are implemented in a 3D IC style
that contains two tiers of active devices. MIVs deliver the communication signals
between the two tiers. An MIV has similar electrical properties as a normal via
between metal layers and thus are not specially modelled in the schematic. This
is different from TSV based multi-tiers designs, where the TSV capacitance is not
negligible. The designs are placed across two tiers with different power rails. The
voltage level of each tie is independent of the other. The maximum voltage is
chosen to be 1.1 times of the process nominal voltage, and the minimum voltage
is 70% of the maximum voltage.
Scalability is an important factor in choosing the circuit design style. All the
circuits under evaluation are implemented in 3 different technology nodes, which
include a 45nm bulk low power, a 28nm bulk low power and a 20nm FDSOI
process [71]. The circuit performance of 6 designs is compared within each process
node. The transistor sizes in the designs are optimized for D-to-Q delay, under the
condition that the inputs come from the lower voltage domain and the outputs are
in the high voltage domain. Not timing critical devices are chosen to use minimum
possible size that keeps the correct circuit function.
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4.4.1

Timing and Energy of CPDI Designs

Timing and energy of the new WES style designs are compared with the two
other LCFF structures, which are the MSHL and MSCC reported in [2] [3]. A
baseline structure in this study is constructed by a flip-flop and a separate CCLC
(Figure 4.4). The flop is placed in the low voltage domain and CCLC shifts the
flop output to the high voltage domain. Pulse design is frequently used in high
speed circuits. A pulse latch proposed in [4] is implemented for speed and energy
comparison. For fair comparison, all designs follow the rule below in transistor
sizing. The sizes are identical for the master stage of the flip-flop and the local
clock drivers. The device sizes of the slave stage are slightly modified in each design
to ensure proper level shifting function. The pull-up and pull-down path strength
at the level shifting nodes are carefully tuned to assure correct function under the
largest input/output voltage difference in all process corners. The output stage
uses a FO4 loaded inverter to mimic practical output environment. In this section,
the discussion is focused on the 45nm process node data.
The D-to-Q delay of all 6 designs are compared in Figure 4.11. The values are
averaged between the output rising/falling cases. The insertion delay of the WESSIVC is similar to the one without the SIVC structure. The header pMOS weaken
the slave stage pull-up strength during state transition, and thus speed up the
internal bit/bit n node falling transition by 20%. The output Q rising transition
is faster since the internal bit n node is pulled down quickly. On the other hand,
the Q falling case does not benefit much from the header pMOS. Bit node has the
1 → 0 transition before bit n has 0 → 1 transition, while the temporary drop of
VDD limits the bit n rising speed. These two WES type designs are the fastest
master-slave LCFF in all designs. The MSHL structure has slightly longer (6%)
insertion delay than the WES type flops. The baseline FF+LC structure has 60%
larger delay. The pulse latch design insertion delay is only 35% of the baseline
because of its negative setup time, but it consumes a lot of power and has long
hold time.
Temperature sensitivity is important for both level shifter designs and 3D ICs.
The proposed design shows very similar temperature sensitivity to the baseline
design in Figure 4.16 in reference to the D-to-Q delay. The experiment is of the
28nm node. This trend meets the design expectation, because the temperature
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sensitivity can be divided into the setup part and the Clk-to-Q part. The setup
delay mainly depends on the path in the low power domain, while the C-to-Q
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has longer setup time than the Clk-to-Q delay, which makes the overall D-to-Q
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160
delay temperature sensitivity difference negligible.
One interesting thing worth to
135

150 here is that both circuits shows better performance at higher operbe mentioned
ation temperature, which is result of the reverse temperature effect at advanced
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technology nodes.
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Energy
50 consumption for the 6 designs are compared in Figure 4.12. The data is
calculated as the average energy for both output rising and falling cases at a clock
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period of 2 ns and a data activity of 50%. It includes the total energy consumption
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at Vddl and Vddh voltage domains and also the leakage energy during the clock
period of both domains. Energy is calculated with the following equation.
Z

2ns

(V ddhigh · Ihigh + V ddlow · Ilow )dt

Etotal =
0

(4.1)
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The energy of the WES-SIVC design is 92% of the same structure w/o SIVC. The
FF+LC design consumes less energy than the MSCC structure, but it is still worse
than the WES style structures. The pulse latch design has the largest energy due
to the high switching activity in the pulse generator. Comparing the leakage power
in Figure 4.13, the WES w/o SIVC design has the same leakage as the one with
SIVC version, because the always on pMOS does not affect the leakage current. All
the LCFF structures contain fewer single stacking transistors comparing with the
FF+LC design, thus their leakage power is greatly reduced. This makes LCFFs
style design preferable in advanced technology nodes, where the leakage power
occupies a large percentage of total power.
The energy delay product (EDP) of the 6 designs is compared in Figure 4.14.
The WES-SIVC structures achieves 50% EDP of the baseline design. The use
of SRAM type structure with SIVC effect greatly improves the slave stage from
previous LCFF designs and also reduces the interference between the two stages.
Although the pulse latch design has short insertion delay, its EDP is not superior
to the WES style designs. The area of these designs are listed in Table 4.1. The
circuit layouts are designed for standard cell style P&R, whose area are counted by
poly tracks. The footprint of the new WES type designs utilizing monolithic 3DIC
is 8 and 10 tracks on each tier. The total chip area of these two layers is 18 tracks,
which has the same area as the MSHL design. They uses 90% of the conventional
FF+LC design area. Table 4.1 also summarizes the normalized timing, energy and
EDP data discussed above.
The setup and hold constraints are compared in Figure 4.15. Setup time is
measured from D-to-clock, hold time is measured from clock-to-D. They are measured by the clock-to-q push out method. A negative setup time indicates that the
constraint is after the clock edge, a negative hold time indicates that it is before
the clock edge. The hold time bars in the plot use a reversed vertical axis, so
that the height difference between the setup and hold bars show the length of the
timing window that data cannot change. This difference is shown as the gray area
in each bar. The WES-SIVC structure has the best setup/hold time among all
master-slave LCFFs, but it is worse than the conventional FF+LC design. The
level shifting function in the slave stage requires the data to be ready earlier and
hold for a longer time. In the MSHL design, the master stage involves in the level

Timing
D to Q
45nm 28nm 20nm
WES-SIVC 0.61
0.77
0.80
WES
0.61
0.78
0.79
MSHL
0.65
0.84
0.91
MSCC
0.87
1.12
1.07
FF+LC
1.00
1.00
1.00
Pulse
0.33
0.43
0.60
* Data is normalized to the FF+LC

Energy
EDP
AREA
Dynamic Energy
Leakeage
45nm 28nm 20nm 45nm 28nm 20nm 45nm 28nm 20nm
0.82
1.02
0.79
0.69
0.65
0.67
0.50
0.78
0.63
18
0.87
1.10
0.82
0.69
0.65
0.67
0.53
0.85
0.65
18
0.87
1.09
0.80
0.78
0.76
0.73
0.56
0.92
0.73
18
1.24
1.44
1.32
0.88
0.82
0.82
1.07
1.62
1.41
20
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
20
1.24
2.09
1.75
1.35
1.09
1.09
0.57
0.91
1.05
16
baseline structue. Area is counted by tracks.

Table 4.1. Data comparison for timing, energy, EDP and area of the six designs
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shifting fighting, the interaction leads to a larger setup/hold time. The WES style
designs isolate the two stages in a LCFF, and thus has better constraint requirement comparing to the other LCFF designs. Applying SIVC technique improves
the slave stage bit/bit n nodes transition speed, which makes constraint timing
window smaller.
The scan path timing constrains are listed in Table 4.2. The setup time of
the SIN pin is longer than the D pin setup. It means the scan-in data need to
be ready earlier than the D pin data. This constraint is not tight for scan path,
because the scan frequency is usually much less than the flip-flop normal operation
frequency. The hold time of SIN pin is smaller than the Clk to Q, such that there
is no need to add additional buffers in the scan chain for correct function. In this
scan path, our design still shows better setup/hold time than all the other LCFF
designs. In this way, this scan based CPDI design is practical.
Table 4.2. Scan Path Timing Constraints

Energy
Setup Time (ps)
Hold time (ps)
45nm 28nm 20nm 45nm 28nm 20nm
WES-SIVC 533.3 270.0
71.0 -341.9 -150.6 -53.7
WES
543.9 276.8
71.3 -336.5 -146.6 -52.6
MSHL
595.0 305.0
82.3 -313.6 -126.2 -50.1
MSCC
629.7 311.7
64.9 -93.4 -56.1 -42.9
FF+LC
162.4 115.8
24.4 -67.4 -47.4 -20.3
Pulse
-87.3 -71.9 -42.7 400.3 171.5
73.2

Table 4.3. S node Voltage Drop Percentage relative to Vdd

45nm 28nm
8.3% 13.4%

4.4.2

20nm
12.0%

Scaling of CPDI Designs

Scalability is an important aspect of digital circuit IPs. The performance and
power consumption of a good LCFF design should always be better than the
FF+LC structure with the evolution of technology nodes. The 6 CPDI structures
discussed in the previous section are implemented in three tech nodes for scalability
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comparison. The circuits are ported from the 45nm tech node to the other two
nodes, while the area is shrunken proportionally to the square root of the channel
length ratio. After porting, the device sizes within a circuit topology are tuned
based on the specific p/n MOS strengh ratio. The level shifting function is checked
at the worst PVT corner again after porting to ensure correct operation at a target
frequency. The circuit performance is evaluated with the same method, while the
input drivers and output loading are shrunken among tech nodes.
The D-to-Q delay of the 3 tech nodes are shown in Figure 4.11. For each design,
the insertion delay shrinks with tech nodes. The WES-SIVC delay at 20nm FDSOI
is 80% of the 45nm LP process. The WES style and the MSHL designs always have
smaller delay than the FF+LC design, but the MSCC has longer delay than the
FF+LC structure at the 28nm process. The delay of circuits shrinks with advanced
technology nodes. However, the designs with voltage tripping issue does not benefit
from the scaling as much as other structures, because of the N/P driving strength
change. The MSCC structure has the most severe voltage tripping problem. The
baseline design and our proposed designs do not suffer from the same issue. Thus
FF+LC shows a better performance over MSCC design in advanced technology
nodes. Comparing among the designs within a tech node, the difference is large at
45nm and 28nm nodes. The delay values become close to each other at the 20nm
FDSOI node, because a single stage delay at this process is very short, therefore,
a few more stages of inverters do not cause significant difference. If the 20nm tech
node is implemented in bulk CMOS, the delay difference among these circuits is
expected to become larger.
It is possible that the node S voltage drop level changes with the technology
nodes. The result of this temporary voltage drop is listed in Table 4.3. There is a
8.3% to 13.4% voltage drop. Thus the minimum size pMOS header is big enough
under these tech nodes.
The energy of the LCFF designs also shrinks at smaller tech nodes (Figure 4.12).
The energy is mainly contributed by charging/discharging the gate cap and the DC
current during level shifting. The gate cap is smaller at advanced tech nodes. The
energy cause by DC current is reduced due to shorter transition time during level
shifting, and thus the total energy is smaller. The energy of the pulse design does
not shrink from 45nm to 28nm design, which is from the large energy consumption
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at the pulse generator. The EDP value at the three tech nodes are shown in
Figure 4.14. The WES style and the MSHL designs always have better EDP than
the baseline at all 3 tech nodes, but the gap becomes smaller at advanced tech
nodes. The ratio of EDP between WES-SIVC and baseline designs is around 0.50.8, depending on device sizing and technology related device character. The sizing
method in this study is optimized for D-to-Q delay, and thus we observe this EDP
ratio fluctuates among tech nodes. The pulse design does not scaling well with
the evolution of technologies. Its EDP becomes larger than the baseline at 20nm
node.
The constraint time at the three tech nodes are compared in Figure 4.15. The
setup time reduced from 194 ps in 45nm to 39 ps in 20nm FDSOI process for the
WES-SIVC design. The data changing forbiden window is also reduced from 96
ps to 9 ps. At all three tech nodes, the WES style designs have similar setup/hold
characteristic as the normal FF and are scaled under the same trend. However,
the WES style design setup value is larger because of the influence of the level
shifting function.

4.5

Summary

In this work, we proposed a scanable design of cross power domain interface
for data transfer. We evaluated it under different flavor process and technology
nodes. This interface is constructed by a Master-Slave flip-flop followed by a level
shifter functioned as its slave stage. The level shifter uses the 6T SRAM structure,
with special size optimization for write operation. A Self-Induced Voltage Collapse
technique is applied to further improve performance and reducing switching power.
Comparing with the baseline design, our CPDI improves both the performance
and the energy consumption by 20-35% under 10% smaller area and a 30% lower
leakage. The implement of our design utilizes the monolithic 3D technology, which
not only provides the low overhead single power rail structure on each tier, but also
increases the flexibility of multi-power domain design. We evaluate the influence of
technology scaling for the CPDI circuit, which shows better scalability comparing
with previous LCFF designs.

Chapter

5

Dual Power Domains 3D Pipeline
Design
5.1

Introduction and Background

Pushing the circuit performance under a fixed power budget is one of the most
challenging design task for today’s integrated circuits. High speed and long battery
life are two equally important aspects for a product to have a good user experience.
The popular strategies in pursuing higher performance include boosting voltage,
deep pipeline and hardware parallelism.
Boosting voltage is the most straightforward strategy and is widely used, however, it becomes less efficient in advanced technology nodes. Higher voltage increases the device speed, but it does not affect wire delay. Paths that contains
large wire RC delay does not response well to voltage increase, so that maximum
frequency of a wire dominant design does not speed up much under high voltage.
In the foreseeable future, this back-end parasitic effect will becomes ever more
severe since the wire size does not shrink at the same pace as transistors. The
long paths that connect different units, like the path between cache and CPU, will
limit the effectiveness of boosting voltage. Another drawback is the dark silicon
problem. Smaller device size enables more and more devices to be put onto a chip,
but they just sit on the chip and leaking for most of the time, which makes the
marginal benefit of a higher voltage decays faster than before.
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The traditional way to design deep pipeline is also expensive in terms of area
and power. The concept of deep pipeline is to increase the system throughput by
reducing the logic depth in each pipeline stage. Design overheads from the inserted
registers limit the frequency increase of pipeline systems. Two major obstacles stop
the deep pipeline design effort in the last decade. The first obstacle is the clock
design, which includes the clock uncertainty and the large power consumption of a
higher frequency clock network. The other one is the insertion delay of sequential
logics. When register delay occupies a significant portion of the whole path delay, it
becomes a large overhead in pipeline timing. Cutting the logic into more pipeline
stages does not receive enough return in frequency uplifting, but only increases
design area and power.
To overcome the limitations of current design strategies, we propose a new
multi power domain pipeline structure for high speed designs. This work includes
two parts, which are the high speed Flip-Flops (FFs) design and the dual power
domain pipeline re-organization. FFs are key building blocks in high-speed energyefficient microprocessors, their data-to-output delay (D-Q) and power dissipation
strongly affect the processors clock period and overall power [72]. Thus, we propose a novel level shifting flip-flop (LCFF) structure that uses two power supplies
to reduce the D-Q delay. Its physical implementation adopts the three dimensional
(3D) circuit structure, placing the transistor on two different tiers based on power
rail connections. It is faster than a regular master-slave flip-flop and also enables
the combinational logic voltage and the register voltage level to be changed independently. This work provides guidelines on how to utilize this new feature to
re-organize a pipeline for better energy efficiency while keeps the throughput unchanged. The proposed design shows less complexity in cross power domain logics
and adaptive to today’s synthesis flow. Meanwhile, the 3D-IC technique keeps the
dual power domain design neat and applicable.

5.2

Design Targets and Strategies

The new circuit architecture constructs a dual power domain deep pipeline for
future power-efficient systems. The clock period of a pipeline is determined by the
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following equation.
φ = φlogic + φF F + φwire + φskew + φjitter

(5.1)

where φ is the clock period, φlogic is the useful work performed by combinational
logic circuits, φF F is the flip-flop insertion delay, φwire is the wire delay, φskew is
the clock skew overhead and φjitter is the clock jitter overhead. φlogic and φF F scale
with the supply voltage, while φwire keeps almost the same under different voltage
levels. Thus, using a high supply voltage for a wire dominant design could result
in high energy wasting without any performance benefit. The proposed strategy is
to put all the combinational logics in a lower power domain for reducing the power
consumption, while all the flip-flops and clock network operate at normal voltage
for smaller insertion delay and better clock control. The combinational logic gates
are slower so that the wire delay only occupies a smaller portion of the total path
delay. [73] [74] [75] [76]
However, dual power domain design with reduced combinational logic supply
voltage also lowers the system throughput. Pipeline re-organization technique is
adopted here to modify the logic depth between two pipeline stages to maintain
a constant throughput (Figure 5.1). The number of pipeline stages is increased
while each stage has less logic path delay between registers. The FF overhead is
an important index of determining the optimal logic depth per pipeline stage [77].
A fast flip-flop design is essential to guarantee the success of a low overhead deep
pipeline implementation. The technique details of the proposed level converting
flip-flop (LCFF) design would be discussed in the following sessions.
This design utilize the new degree of freedom enabled by 3D-IC. It is a challenge
to make fine grain power partitioning at standard cell level in the past. The major
obstacle is the power supply network routing congestion, another difficulty is the
high layout cost due to the different voltage levels for n-Wells. 3D-IC technology
could help to solve these issues. In a 3D-IC dual power supply design, all the
combinational logics is placed in one tier, all the sequential logic and clock network
is placed in the other tier(Figure 5.2). The sum of flip-flop and clock cell area
is very close to the combinational logic area, so that this partition method has
a good balance of tier to tier area. Today’s monolithic technology or face-to-
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Figure 5.1. (A) Normal pipeline; (B) Dual power domain system. The combinational
logics operate at low voltage and FFs at normal voltage; (C) Dual power domain system
with less frequency and power consumption. (D) Deep pipeline dual power domain
system. Each pipeline stages contain less logic depth. FFs operate at normal voltage
and combinational logics operate at low voltage.

face bounding contact image sensor (CIS) technique could easily meet the need of
the inter-tier connection density to employ such partition. This 3D partitioning
method naturally evades the above two challenges, at the same time, it simplifies
two major design problems in 3D-IC itself, which are the multi-power-rail clock
network P&R problem and the 3D-IC cell partitioning problem. All the commercial
tools today do not have effective cell level 3D partitioning methodology available,
and the automatic 3D synthesis is even far away from maturity. With the proposed
strategy in this work, the traditional 2D synthesis flow can be used in a 3DIC design without any change. The 2D P&R flow including the clock network
synthesis also only needs very limited modification in order to fit the new 3D-IC
implementation.
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Figure 5.2. Dual power system utilizing 3D technology

5.3
5.3.1

LCFF Circuit Design
LCFF-Ω Topology

Flip-flop is a data register that captures the input data at the triggering clock
edge and stores its value. The master-slave structure is widely used in digital
circuit designs because of its compact area and robustness. The master and slave
stages are constructed by latches that are transparent at opposite clock phases. For
a rising clock edge triggered flip-flop, the master latch is transparent when clock
is low and the slave latch is transparent when clock is high. The data is captured
at the closing edge of the master latch. Setup and hold constraints are required at
this clock edge to ensure that a correct data value is captured. Clock-to-q output
is an import performance index of a flip-flop. The slave latch opens at the rising
clock edge and lets the new data propagate to the output, thus the speed of this
operation is related to the speed of the clock buffers inside the flip-flop and also
the slave latch data path. The sum of setup time and clock-to-q is called data-to-q,
which is the insertion delay of a flip-flop when it is used in a pipeline.
In this design, the master-slave flip-flop topology is used to construct a LCFF
circuit that contains two power domains. The schematic of the LCFF design is
shown in Figure 5.3. The data input and the q output signals are at the low voltage
domain, the clock input signal is at the high voltage domain. The LCFF circuit
has two power rails, which are vdd low and vdd high. Inside the flip-flop, the
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Figure 5.3. The LCFF-Ω Circuit Topology

master and slave latches use the high voltage supply to achieve a short insertion
delay. The master latch embeds a differential input level shifting circuit to change
the low voltage data input to the high voltage domain. It keeps the data value at
vdd high voltage level and transfers it to the slave latch. The data storage nodes
in the slave latch are also at the vdd high voltage level. This vdd high domain
data value drives a vdd low domain output buffer without any high-to-low level
shifter. The clock buffers are all located in the vdd high domain since the chip
level clock network is built only in the high voltage domain.
The data path devices in the LCFF change their supply voltage levels twice
from input to output, which is the reason to call it an Omega (Ω) structure. The
input and output data pins are at the low voltage domain, so that the design can fit
into a vdd low voltage domain pipeline without any extra circuit. Inside the LCFF,
most of the data path devices use the high voltage level, its speed is faster than
a regular flip-flop that only uses the low supply voltage. The low-to-high voltage
level shifting happens at the master stage latch, which is realized by a differential
input latch. The high-to-low transition happens at the output stage. It is necessary
to include this function inside the flip-lop due to engineering consideration. If the
output driver is in the high voltage domain, the clock-to-q speed will be faster
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thus the flop performance will be better, however, it cannot naturally connect to
other combinational logic gates that use the low voltage power supply. The input
voltage of the next stage will be different from its supply voltage, so that multiple
timing libraries are needed to cover all possible cases in the ASIC flow. Normally,
all the standard cells are only characterized in one voltage domain, re-build the
whole timing library with many additional PVT corners would cause too much
un-necessary work. In this sense, the LCFF design uses the high supply voltage
for all the internal operations, at the same time, its data IOs are at the low voltage
domain. It can be used as an additional high speed IP, while all the other standard
cells keep un-changed.
The master stage of the LCFF is a specially designed differential input latch
with the embedded level shifting function. The data storage unit is a cross coupled
inverter type structure that is constructed by N1, N2 and P1, P2. When the input
clock is 0, the two NMOS N3 and N5 are turned on by the n clk signal. If the input
data is 1, it will turn on the left side NMOS N4 so that the left write path drives
the nd m node to ground. The PMOS P30 is also controlled by the data input,
which is a vdd low domain signal. This PMOS is partially turned off when data
input is 1 because its gate voltage is vdd low and its source voltage is vdd high.
The pull down path needs to be strong and win the fight against this partially on
pull up path, which is a common requirement for level shifter designs. The data
input equal to 0 case uses the right side pull down path to drive the “d m node
to ground. This path is slower comparing with the previous one because the data
needs to pass through a vdd low domain inverter before driving the pull down
path.
During a high clock phase, the master latch is closed and keeps the data value
that is captured at the clock rising edge. The two NMOS N3 and N5 are turned
off during this phase, so that new data cannot be written into the master latch.
The two PMOSs P30 and P31 connect the cross coupled inverter to the vdd high
power supply, however, their state may change if the input data switches after the
clock rising edge. A keeper PMOS P0 is added to ensure both nd m and d m
nodes are connected to the vdd high power supply. These three PMOS transistors
in the master stage can use minimum size devices for small data and clock pin
capacitance. The pull up PMOS P30 and P31 can be double stacked if necessary
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to make the pull up path weaker, but at the expense of larger input data pin cap.
The data storage node nd m connects to the slave latch through an inverter
and a transmission gate. This inverter is used to isolate the master stage data
storage node from the slave latch and can reduce the capacitance on the master
latch nodes. Its switching point is biased toward vdd high for better setup time.
The slave latch uses a regular structure that is constructed by a transmission gate
and an inverter with keeper, all these devices are in the high voltage domain.
The output driver uses the vdd low supply, which is different from its input signal
voltage level at node nd s. This high to low voltage level shifting does not cause
any transistor to be partially off because the PMOS has Vgs > 0 when input is 1.
There is no fighting or leakage issue, thus can simply use an inverter to change the
voltage level. The switching point of this output driver is biased toward vdd high
for better rise/fall delay balancing.
The LCFF circuit utilizes the layout design flexibility enabled by 3D-IC to rise
the voltage level inside a flip-flop for better insertion delay. Its transistor count is
comparable with a regular master-slave flip-flop that uses only one power domain.
The differential input latch changes the input data voltage level without much
overhead on timing, so that the flip-flop area is smaller than a level shifter plus
flip-flop solution. The input clock signal is in the vdd high domain, which is the
same as the data path circuit inside the flop. It directly controls the operation
of the two latches, which gives a faster clock-to-q speed comparing to a regular
flop using the vdd low supply voltage. The output inverter uses two voltage levels
at its input and power supply. In this way, the LCFF designs saves the area for
implementing a level shifter to change the voltage level from high to low, however,
the area saving is at the cost of reduced noise margin and difficulty in rise/fall
delay balancing. Under normal operation, the difference between the two voltage
levels should not be too large. The low voltage level should be less than 70% of
the high voltage level.

5.3.2

Alternative Circuit Topology

The master latch has a differential structure to write the input data value into
its cross coupled inverter storage nodes d m and nd m of the master latch. Either
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Figure 5.4. The alternative LCFF-Ω Circuit Topology

of these two nodes can be connected to the slave latch via a buffering inverter,
the slave latch also needs to take the corresponding changes to ensure a correct
output polarity. The LCFF discussed above (design 1)connects the nd m node
to the buffering inverter. An alternative LCFF circuit structure that uses the
d m node as the master stage output is studied, its timing is compared with the
previous design. The schematic of the alternative design (design 2) is shown in
Figure 5.4. Two changes are made in this structure. The inverter between the
master and slave stages is connected to d m instead of nd m and the output driver
is connected between d s and q. Rise and fall delay balancing is an important
design target for CMOS logics, which ensures the worst case timing arc in a cell
does not cause big timing degradation. This new circuit topology changes the total
number of stages on the data path for the data rising and falling arcs. Both arcs
have 4 inverting stages from input to output in this alternative design, which gives
a balanced insertion delay between data rising and falling. In comparison, the first
design has 4 inverting stages in the data rising arc and 6 stages in the data falling
arc, which results in a longer data falling arc insertion delay.
In the LCFF designs, only the data input buffer and the output driver use
the low voltage domain power supply, while other devices use the high voltage
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supply. The two low voltage domain inverters are the major contributor to insertion
delay. Only the input data falling arc go through the input inverter ”INV D”, thus
reducing the number of stages on the data falling arc makes the circuit faster. The
header structure in the master stage can also impact the setup time. Usually, the
PMOS in a level shifter are designed to be weaker comparing to the pull down
NMOS in order to ensure a correct function, however, an over-tighten pull up
path may affect the data transfer speed between the cross coupled inverters. For
example, if the input data switches to 1 and the master latch is open, the nd m
node is pull down to 0 by the two NMOS N3 and N4. After this 0 is written into
nd m, it opens the PMOS P2 who starts to pull up the d m node. If this pull up
path is too weak thus the pull up is relatively slow, a larger setup time is required.
In summary, the device sizing strategy of the master latch devices are similar to a
level shifter design, but data rising and falling setup time balancing plays a more
important role in choosing the circuit topology and sizing.

5.4

LCFF-Ω Performance and Power Evaluation

The two LCFF circuits are implemented in 28 nm technology CMOS process
with a nominal VDD of 1.05 V. The LCFF circuits operate at two voltage domains.
The high voltage domain is 1.05 V and the low voltage domain is 0.75 V, which is
roughly 70% of the high domain voltage. The baseline design used for comparison
is a regular master-slave flip-flop that operates at the low voltage domain. The
LCFF circuits are expected to be faster and has less process variation, but at the
cost of high power and leakage.
In this study, two PVT conditions are selected to evaluate the LCFF performance, which are 0.75v 1.05v tt 125c and 0.75v 0.75v tt 125c. For the dual rail
designs, the voltage levels are labeled as Vlow Vhigh. For example, 0.75v 1.05v
means the low voltage domain is at 0.75 V and the high voltage domain is at 1.05
V. If the two domains use the same voltage level, it is named as 1.05v 1.05v. The
baseline cell uses only one power rail and it is at 0.75v tt 125c PVT corner. The
process is assumed to be at the typical corner, which is labelled by tt. The circuit
operating temperature is 125 degree Celsius.
The performance index of a flip-flop includes insertion delay and hold time
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requirement. The insertion delay is the sum of setup time and clock-to-q, which
is related to the maximum achievable frequency of the circuit. The hold time
requirement limits the earliest time an input data may change after the clock
rising edge, which is related to the robustness of the circuit. For one timing arc,
the input data or output q pins have two possible transitions, which are the rising
and falling cases. The average timing value of both data rising and falling cases
is used in the evaluation, the difference between the rising and falling cases is also
compared. The timing data are lists in Table 5.1.
At 0.75v 1.05v tt 125c corner, design 1 and 2 have almost the same insertion
delay, both of them are 56% of the baseline. The LCFF only has half of the baseline
insertion delay, which makes it possible to add more pipeline stages without much
timing overhead. The design 2 has better clock-to-q comparing with design 1,
because its slave latch output path has one less stage. Correspondingly, the setup
time of design 2 is longer. The data rising and falling balancing of design 2 is
better, its insertion delay difference between the two data switching directions is
36 ps, which is 19% of the average insertion delay. For design 1, the difference is
26% of the average insertion delay. In summary, design 1 has better setup time
and design 2 has better clock-to-q speed. Both designs have similar insertion delay
and design 2 is better in rise/fall balancing.
A regular master-slave flip-flop is used as a baseline circuit for comparison. It
has only one power supply that is connected to the low voltage domain (0.75 V).
Its clock signal and data input/output are all in the low voltage domain, which
is different from the LCFF that uses a high voltage domain clock signal. The
setup time of the baseline circuit is similar to the LCFF circuit, because the low
voltage domain clock buffers inside the regular flip-flop give a longer clock path
delay comparing with the LCFF circuit. The master stage latch closes late thus
compensates the slow data input path and leads to a shorter setup time. The clockto-q of the baseline circuit is about three times longer than the LCFF because all
the gates use the low voltage power supply. The insertion delay is the sum of setup
time and clock-to-q, which is about 1.8x longer than the LCFF designs. The data
rise/fall balancing of the baseline flop is better than the LCFF circuits, because
the two arcs go through the same circuit structure and do not have any voltage
level changing on the data path. The rising and falling difference is about 2.6% of

0.75
0.75
0.75

design 1

design 2

ref

* The delay unit is ps

0.75

0.75

0.75

0.75

1.05

low
power
mode

0.75

1.05

Vdd
Low

normal design 1
mode
design 2

Vdd
High
rise
fall
rise
fall
rise
fall
rise
fall
rise
fall

c2q
80.9
80.2
76.3
65.3
190.2
236.2
170.4
193.6
248.2
248.1

rise/fall
setup hold insert
c2q
83.4 -43.7 164.3
132.6 -66.1 212.8 80.55
130.4 -54.7 206.7
70.8
105.8 -58.2 171.1
95.8 -25.1 286
254.2 -57.7 490.4 213.2
263.7 -45.8 434.1
182
123 -41.3 316.6
86
-59.8 334.2
95
-2.22 343.1 248.15

Table 5.1. design delay and constraint comparison

90.5

193.35

175

118.1

108

-31.01

-43.55

-41.4

-56.45

-54.9

average
setup
hold

338.65

375.35

388.2

188.9

188.55

insert
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the average insertion delay.
The LCFF circuits can also operate in a low power mode by setting the high
domain voltage level to 0.75 V, so that the two voltage levels inside the LCFF
are the same. This leads to a less energy consumption but reduced the circuit
performance. The clock-to-q of the LCFFs increases by 2.6x and the setup time
increases by 1.6x. Under the same voltage level, the LCFF clock-to-q timing is
still faster than the baseline flop because the clock path loading is less in the
master stage. However, the level shifting structure inside the master latch greatly
increases the input data path length, which gives a 2x longer setup time comparing
with the regular flip-flop. The LCFF insertion delay is 1.14x larger and the data
rise/fall difference is larger than the baseline flip-flop.
Hold time of a flip-flop constraints the earliest data change after the clock
triggering edge. It is measured from the clock triggering edge to the earliest allowed
data switching time. A negative hold time value means the hold time edge is before
the clock triggering edge. The LCFF circuits have 25 ps better hold time comparing
to the baseline flip-flop at 0.75v 1.05v tt 125c corner. The difference reduced to
∼12 ps at 0.75v 0.75v tt 125c corner. A short hold time requirement for the LCFF
circuits is caused by the slow master latch input data path that contains a level
shifting structure. A pipeline constructed by LCFF registers is robust and can
meet hold requirements even with some clock skew.
Leakage power and switching power are the two sources of energy consumption
in a flip-flop. The leakage power is the dominant factor during idle state, the
switching power is the major contributor when a circuit is active. Since the LCFF
designs have two power supplies, the total power of the circuit is the summation of
both the low voltage and the high voltage domain power consumption. The current
of each voltage domain is measured separately and the total power is calculated as
the current times the voltage of the corresponding domain. An initial clock cycle
is used before the current measurement, which sets the flip-flop storage nodes to a
known value. After all the internal nodes voltage level are stabilized, the currents
are sampled for power calculation.
The power data for the LCFF designs and the baseline are lists in Table 5.2.
Both of the LCFF designs have ∼2.5x higher leakage than the baseline flip-flop at
0.75v 1.05v tt 125c. The baseline flip-flop only has one power supply, which is the
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low voltage domain with 0.75 V supply. The high voltage rail contributes most of
the leakage in the LCFF circuits, which is about 90% of the total leakage power.
The DIBL effect at higher supply voltage reduces the device threshold, causing a
larger leakage current at the vdd high voltage domain. At the 0.75v 0.75v tt 125c
corner, the leakage of LCFF is 1.2x of the baseline flip-flop and the high voltage
domain consumes 65% of the total leakage power.
The switching power of the flip-flops under study are measured with a 1 GHz
frequency clock and 10% data activity. The data and clock input transition time
is the corresponding fan-out 4 (FO4) case transition time at each voltage domain.
The output pin uses a FO4 loading. The power consumed at the output loading
is separated measured then subtracted from the total power, so that the reported
number is purely the power consumed by the flip-flop circuit itself. The LCFF
designs have more switching power at 0.75v 1.05v tt 125c, which is about 1.6x1.9x of the baseline flop. At the low power mode where both power domains of
the LCFF are at 0.75 V, the switching power is close to the baseline flop power
consumption. In summary, the LCFF consumes 2x more power in its normal
operation mode to achieve better timing, it has similar power as the baseline flipflop during the low voltage mode.
Process variation plays an important role in determining the design margin
for large volume chip production. The common way to quantitatively analyze the
process variation is to separate it into global and local variations. The global
variation is the die to die process changes, while all the devices within one die vary
the same way. The local variation is the within die process changes, each device
of a circuit may changes independently. In this study, the global variation corner
is fixed to the typical case, the impact of the local variation is captured by Monte
Carlo experiments. The variation of the two LCFF designs and the baseline flipflop are studied, the results are normalized to the baseline flop variation values.
For example, if the one sigma value of the baseline circuit clock-to-q is 10 ps and
the corresponding one sigma value of the LCFF design 1 is 8 ps, then the design
1 variation is 0.8x. The variations of insertion delay, clock-to-q and hold time are
studied at the normal operation condition, which is 0.75v 1.05v tt 125c, and the
low power operation condition for the two LCFF designs. The baseline flip-flop
uses the 0.75v tt 125c condition as reference. The variation data for the three

Vdd
high
normal
design 1 1.05
mode
design 2 1.05
low power design 1 0.75
mode
design 2 0.75
ref
0.75
* The energy unit is fJ; The

Vdd
switching energy
low low domain high domain
0.75
1.31
3.73
0.75
1.31
3.95
0.75
1.30
1.95
0.75
1.30
2.07
0.75
2.42
N/A
leakage unit is nW
total
5.04
5.26
3.25
3.37
2.42

leakage power
low domain high domain
2.80
28.03
3.12
28.24
5.26
10.21
5.58
10.31
13.04
N/A

Table 5.2. Data comparison for dynamic energy and leakage power

total
30.83
31.35
15.47
15.89
13.04
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designs are lists in Table 5.3.
Table 5.3. Variation Data of c2q, hold and insertion delay

stddev
c2q hold
normal mode design 1 0.14 0.50
mode
design 2 0.13 0.47
low power
design 1 0.68 0.58
mode
design 2 0.59 0.56
ref
1.00 1.00
* Normalized to reference flop

insertion
0.43
0.45
1.42
1.44
1.00

The insertion delay of LCFF designs have ∼0.45x smaller variation at the
0.75 1.05v corner, because the clock signal is in the high voltage domain thus
the clock path variation is small. This trend can also be found in the clock-to-q
variation result. The two LCFF designs only have 0.14x variation comparing to the
baseline flop. The master latch in the LCFF designs suffer larger process variation
due to its structure, the setup and hold time variation is bigger than the clock-to-q
variation. Design 1 has ∼2% less insertion delay variation than design 2, because
it has longer path in the data falling arc and the average change of all those stages
results in less variation. In general, the variation value difference between the two
LCFF designs is very small, both of them are better than the baseline flip-flop in
the normal mode.

typical leakage power
clk=0 clk=1 average
normal design 1 32.99 28.67
30.83
mode design 2 33.85 28.85
31.35
ref
13.84 12.24
13.04

mont carlo mean
clk=0 clk=1 average
40.16 35.17
37.66
41.41 35.69
38.55
15.95 14.29
15.12

Table 5.4. Variation Data of leakage power

clk=0
1.22
1.22
1.15

ratio
clk=1 average
1.23
1.22
1.24
1.23
1.17
1.16
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Figure 5.5. Design 1 leakage distribution for clk=0.
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Figure 5.6. Design 1 leakage distribution for clk=1.
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Figure 5.7. Design 2 leakage distribution for clk=0.
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Figure 5.8. Design 2 leakage distribution for clk=1.
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both modes. It is worth to notice that the LCFF circuits have less hold variation at
the 0.75v 0.75v mode, so that it needs less hold time margin at the low operating
voltage comparing to a regular master-slave flip-flop. Usually, a large hold time
margin is required at low voltage modes to ensure circuit robustness, which make
it difficult to meet hold requirement. Reduction in hold variation can mitigate this
design difficulty.
Leakage power also suffers from process variation and it does not response
linearly to the changes in process parameters. The sub-threshold leakage current
is exponentially changes with the threshold voltage of a CMOS device, which leads
to an asymmetrical leakage distribution curve. The leakage variation for the LCFF
circuit under study are plotted in Figure 5.5 to 5.8. There is a long tail at the
high leakage side, where some variation cases have from 2-3x larger leakage power
than the major population. An interesting observation is that the mean value of
the leakage power distribution is not align with the typical case leakage due to the
asymmetrical leakage distribution. If a cell is implemented many times in a VLSI
circuit, the total cell leakage is the mean value plus the number of cell instance. The
result is be large than assuming all the cell instances are at the typical case. The
average cell leakage between the typical value and the mean values are compared in
Table 5.4. The LCFF circuits have 1.23x larger mean leakage value than the typical
value at 0.75v 1.05v tt 125c corner, the reference master-slave flip-flop has 1.16x
larger mean leakage at 0.75v tt 125c. The high voltage level used in the LCFF
circuits causes larger leakage variation, thus increases the difference between the
typical case cell leakage and mean value.

5.5

Dual Power Domain Pipeline Implementation

5.5.1

Power and Performance Evaluation

The test case in this experiment is an ARM9 CPU core that supports 32bits RISC instruction sets. The design is synthesized with a regular standard
cell library. All the cells use the same power supply, the multi power rail LCFF
circuits are not included. This CPU implementation is used as the baseline in
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performance evaluation. It is a flip-flop based design and has been optimized to
achieve its maximum possible frequency with the given library cells. The supply
voltage is in the range of 0.75 V to 1.05 V, where 0.75 V is the low power mode
and 1.05 V is the normal mode. Its performance and power is modeled by the
PrimeTime tool across the power supply voltage range.
The maximum achievable frequency (Fmax) of this CPU implementation is
linearly changed with the supply voltage. At 0.75 V, the Fmax is around 0.52 GHz
and it is 1.43 GHz at 1.05 V. The voltage sensitivity is around 3 MHz/mV. The
total power of the circuit is the summation of clock network power, combinational
logic power and register power, with the assumption that data activity is 20%
and all the reset and scan test related pins are set to the OFF state. When the
CPU is in the active mode, the majority of the power is contributed by dynamic
power that happens during logic gates switch. The leakage power consumption
is just a very small portion of the total power (<5%). The energy per cycle is
calculated as the power times the clock period and it grows quadratically with
the supply voltage level. The energy consumption at each supply voltage level
are listed in Table 5.5. The relation between Fmax and energy consumption is
plotted in Figure 5.9. The circuit uses more energy with growing Fmax. While
wire delay is included, the energy consumption is large under the same Fmax. A
higher supply voltage is needed to achieve the same performance, which leads to
a larger energy consumption.
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Figure 5.9. ARM9 Performance v.s. Energy Curve with and without wire delay

Table 5.5. ARM9 Baseline Design

Vdd Period Total Power leakage E/Op* Period M **
(V)
(ns)
(mW)
(mW)
(mJ)
(ns)
0.75
1.92
19.70
0.43
37.90
2.09
0.80
1.50
28.80
0.51
43.17
1.67
0.85
1.22
39.90
0.60
48.70
1.39
0.90
1.04
52.90
0.71
55.00
1.21
0.95
0.90
68.60
0.82
61.44
1.06
1.00
0.79
86.50
0.96
68.13
0.96
1.05
0.70
107.40
1.11
75.13
0.87
* Energy per Operation
** Period with 30% Wire Delay
*** Energy per Operation with 30% Wire Delay

E/Op M***
(mJ)
46.56
54.06
62.49
72.18
82.30
93.34
105.18

The baseline circuit is ported to the LCFF style by swapping all the flip-flops.
Single power domain flip-flops are changed to LCFF circuits with the same driving
strength. All the combinational logic cells are the same and the circuit connection
keeps unchanged. At each PVT corner, the high voltage domain that is used by
LCFF and clock network is fixed at 1.05 V and the low voltage domain change its
voltage level. Since the high voltage level keeps constant among all PVTs, it is not
mentioned in the name of each PVT point. The low domain voltage level is used as
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the label of each PVT condition, which is connected to the combinational logic cells
and LCFF IO gates. For example, if the LCFF is operated at 0.75v 1.05v tt 125c,
the corresponding data is labeled as the 0.75 V case.
Fmax v.s. energy per operation of the baseline and LCFF circuits are compared
in Figure 5.10. At 1.05 V supply voltage, both circuits has similar speed and
energy consumption, while the LCFF circuit is slightly faster and uses more energy.
The gap between the two designs increase at low supply voltage. The energy
consumption of the LCFF based design is a flat line that does not change much with
the decreased Fmax, because the high voltage domain inside the LCFF keeps at
1.05 V and its energy consumption is almost unchanged. While the combinational
logic energy consumption reduces at low supply voltage levels, the register energy
becomes dominant and leads to an almost flat energy curve at the low Fmax region.
The baseline circuit has only one supply voltage level. All the cells use less energy
at low supply voltage, so that its total energy drops faster.
90
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Figure 5.10. Energy Performance Comparison in the ARM9 System

The LCFF pipeline is designed to operate at two voltage levels. The data
storage portion of the flip-flops connects to the high voltage domain, LCFF input/output portion and the combinational logic gates are at the low voltage domain. The target voltage of the low domain is around 70-80% of the high domain
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voltage. This reduced the energy per operation but also lower the Fmax of the
circuit. To achieve the same system throughput as the baseline circuit at 1.05
V, the LCFF pipeline needs to be re-partitioned into more stages. After pipeline
modification, it has the same Fmax as the baseline circuit. For example, the LCFF
pipeline Fmax is 0.54 GHz at 0.75 V. The target is to match the same throughput
of the baseline circuit with 1.05 V supply that achieves an Fmax of 1.43 GHz.
A few more pipeline stages are inserted into the LCFF based design to make the
critical paths shorter, so that it runs faster and can achieve the targeted 1.43 GHz
Fmax. The LCFF is faster than a regular master-slave flip-flop with the same
driving strength, the insertion delay overhead caused by these additional pipeline
stages are hidden by the speed up of LCFF. The perforance and power for the
LCFF based design is listed in Table 5.6. The max achievable clock period and
the corresponding power value is included. After re-partition the pipeline, the
power consumption (Power R) is increased due to the newly added registers. The
energy ratio comparing with the baseline is listed in the ”R1” column.
The LCFF pipeline has better energy efficiency due to its dual power rail design.
The low voltage domain reduces the dynamic energy consumption comparing with
a single power domain design that uses 1.05 V supply for all the cells. Energy per
operation ratio between the two designs is compared across the 0.75 V to 1.05 V
voltage range, as shown in Figure 5.11. The baseline is the single power domain
pipeline constructed by regular master-slave flip-flops that is operated at 1.05 V
TT 125C PVT corner. The LCFF pipeline changes its low domain voltage level
from 0.75 V to 1.05 V, while the high domain keeps at 1.05 V for LCFF and
clock network cells. The Fmax of the two circuit implementations are the same
at each voltage point, so that the energy ratio is compared under identical system
throughput.
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Figure 5.11. LCFF Based ARM9 Design Comparison with the Normal Design

The energy ratio curve shows that the LCFF pipeline is energy efficient when
the low domain voltage level is between 0.75 V and 0.97 V, which corresponding to
71% to 92% of the high domain voltage level. The best operation voltage is around
0.85 V for highest energy efficiency, which can reaches around 90% of the baseline
circuit energy consumption. At the low voltage side (0.75 V), the gates are too
slow so that a lot of new pipeline stages are needed to reach the baseline Fmax.
These inserted registers cause a very large overhead and outrun the energy saving
from combinational logics. The energy consumption gap opens up when the low
domain voltage is around 80% of the high domain. Beyond this energy efficient
region, the low voltage supply level grows higher (1.05 V) and becomes close to
the high domain voltage level. Not many new registers are inserted, the pipeline
structure keeps almost the same between LCFF based design and the baseline.
LCFFs are larger than regular flops and consume more energy, so that the register
energy is larger and leads to a bigger than 100% energy ratio.
The high voltage domain transistors in the LCFF pipeline cause large leakage
power. The leakage power grows exponentially with supply voltage, so that the
cells on the high voltage power rail dominant the leakage power consumption. The

Vdd Period Power leakage E/Op [1] Period M [2] E/Op M [3]
(V)
(ns)
(mW) (mW)
(mJ)
(ns)
(mJ)
0.75
1.84
37.96
0.66
69.73
2.00
75.99
0.80
1.44
48.43
0.71
69.84
1.61
77.83
0.85
1.18
60.03
0.78
70.80
1.34
80.70
0.90
1.00
73.23
0.86
73.02
1.16
85.10
0.95
0.87
86.93
0.95
75.65
1.04
89.99
1.00
0.77
102.53
1.05
78.55
0.93
95.47
1.05
0.69
119.03
1.17
81.84
0.85
101.48
[1] Energy per Operation
[2] Period with 30% Wire Delay
[3] Energy per Operation with 30% Wire Delay
[4] Total Power with Pipeline Re-organized
[5] Total Power with Pipeline Re-organized and 30% Wire Delay
[6] Energy per Operation with 30% Wire Delay
[7] LCFF Ratio to Baseline with 30% Wire Delay

Power R [4]
(mW)
107.13
98.69
97.62
99.79
105.00
110.30
117.50

Table 5.6. ARM9 CPU Design with LCFF Circuits

Power M [5]
R1 [6]
(mW)
106.10
1.00
101.30
0.92
102.28
0.91
106.75
0.93
113.31
0.98
121.53
1.03
131.64
1.09

0.87
0.84
0.84
0.88
0.93
1.00
1.09

R2 [7]
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Table 5.7. Leakage Comparison of A9 Normal Design to Dual Power Domain Pipeline
Re-organized Design

Baseline *

Vdd LCFF Pipeline Re-organized * ratio
0.75
1554
140%
0.80
1259
114%
0.85
1134
102%
1108
0.90
1078
97%
0.95
1083
98%
1.00
1104
100%
1.05
1158
104%
* Leakage unit is µW
leakage power ratio is listed in Table 5.7. The baseline design is fixed at 1.05 V, so
its leakage only has one value. The LCFF based design leakage value changes with
the supply voltage level of the low domain. Between 0.9 V and 1.0 V, the LCFF
circuit has lower leakage power than the baseline. This range is ∼100 mV higher
than the best energy efficiency voltage region for total energy per operation. At the
0.75 V supply voltage, too many extra pipeline stages are inserted in the LCFF
design which causes a large register leakage. At the 1.05 V supply, the register
count is almost the same as the baseline circuit but each LCFF leaks more, so that
the overall leakage power is larger. In summary, the LCFF pipeline has better
energy efficiency and leakage power when the low domain voltage level is 80-90%
of the high domain. This ratio is related to the activity factor of the circuit, which
determines the leakage contribution to the total energy consumption.
Table 5.8. Leakage Comparison of an ARM9 Normal Design to a Dual Power Domain
Pipeline Re-organized Design with 30% Wire Delay Consideration

Baseline *

Vdd LCFF Pipeline Re-organized * ratio
0.75
1342
121%
0.80
1139
103%
0.85
1058
96%
1108
0.90
1032
93%
0.95
1055
95%
1.00
1092
99%
1.05
1158
104%
* Leakage unit is µW

96

5.5.2

Impact of Back-End-of-Line (BEOL)

BEOL wires has large impact on circuit speed due to their resistance and
capacitance. The logic cells need to drive the wire loading in addition to their
receiver gate capacitor, which leads to a longer gate delay. Moreover, RC delay of
long wires can occupy a large portion of the total path delay in advanced technology
nodes. Modeling the BEOL effect in timing and energy gives a more accurate
evaluation of the LCFF circuits. In this study, the impact of wires is labeled by
the ratio of wire delay (WD) to the total critical path delay. This ratio changes
with technologies and is design specific. For a general study, the BEOL model uses
this wire delay ratio as a parameter and evaluates the LCFF based circuits energy
efficiency under difference cases. Usually, the wire delay ratio is less than 50% for
most of the high performance designs, long wires are sufficiently buffered to reduce
their RC delay. The wire delay parameter in this study varies in the range of 0%
to 50% range.
115%
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Figure 5.12. ARM9 CPU Power Ratio Comparison with the Normal Design under
Different Wire Delays
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Timing and power models for both the baseline and the LCFF circuits are
modified to include the BEOL effect. The LCFF pipeline is re-partitioned with
a BEOL included timing model. The Fmax is the same between the LCFF and
the regular flip-flop (baseline) CPU implementation after pipeline re-design, which
gives the identical pipeline throughput. Energy per operation calculation also
includes the BEOL wire capacitance. The energy ratio between the LCFF based
and the baseline circuit is compared at each voltage point. The baseline circuit
supply voltage always keeps at 1.05 V. The LCFF design uses 1.05 V for high
voltage domain and the low voltage domain changes from 0.75 V to 1.05 V at a
step of 50 mV. The energy ratio curve with BEOL effect (Figure 5.12) shows that
the LCFF design can save more energy under the dual-power-level mode when the
BEOL wire delay ratio grows larger.
The LCFF circuit model without considering the BEOL effect shows ∼10%
energy saving when the low domain is around 80% of the high domain voltage
level. With an increasing BEOL wire delay ratio, the energy saving becomes
bigger. At 30% wire delay, the LCFF circuit has ∼15% energy saving comparing
to the baseline circuit with the same throughput. The optimal voltage for the low
domain also shifts to a smaller value with an increasing wire delay ratio. It is
around 0.85 V for a no wire delay implementation, changes to 0.83 V for 30% wire
delay and then further changes to 0.80 V for the 50% wire delay case. At the 1.05
V side of the curve, the energy ratio is almost un-changed among all the curves.
The wire RC delay does not scale with voltage. When the combinational logic
gates use a lower voltage, the gates slow down but the wire delay keeps constant.
A high wire delay ratio results in less Fmax change when reducing the low domain voltage, so that it does not need to insert a lot of registers for fine-grain
pipeline re-partition. The reduction in voltage level quadratically lower the energy
consumption, thus the energy saving is larger when the wire delay ratio increases.
Leakage power ratio between the LCFF and baseline circuits also has the same
trend. With an increasing wire delay ratio, the LCFF leakage power is smaller
due to the changes in pipeline re-partitioning. The leakage ratio for the 30% wire
delay case is listed in Table 5.7. The best leakage saving happens at 0.90 V, which
reduces 7% of the leakage power. It is interesting to observe that although the best
operation point for total energy saving is shifted to 0.80 V at the 30% wire delay
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case, the leakage power ratio between the LCFF and the baseline circuit is almost
unchanged, which is around 102-103% for either wire delay ratio. The variation
in wire delay ratio greatly affects the saving in dynamic energy and changes the
optimal energy point, but it does not have much impact on the leakage ratio
between the LCFF and the baseline.

5.6

Summary

Thermal requirement limits todays high performance CPU designs. Circuits
can achieve a very high performance with boosted voltage, however, the chip temperature rises quickly and it needs to perform thermal mitigation by suspending
some of the activities. Deep pipelining is another option to increase circuit throughput, but the register insertion delay and power become a large overhead when too
many pipeline stages are implemented. In this study, we propose a dual power domain pipeline design methodology for energy efficient high performance circuits. It
provides a new approach to increase the circuit performance when the traditional
methods reach their limits. The dual power domain design uses a high supply
voltage at the registers and a low supply voltage at the combinational logic cells.
The high domain registers use a specially designed LCFF circuit that is faster than
a regular flip-flop. The insertion delay is reduced to enable more pipeline stages
without much timing and power overhead.
The LCFF circuit uses the master-slave structure. The master latch embeds a
level shifting function that changes the low voltage domain data input to the high
voltage domain. The data storage nodes of the master and slave latches use the
high domain voltage level, which is also used by clock signals. The circuit speed
is faster with higher voltage supply, so that the insertion delay is reduced. An
ARM9 CPU core is implemented with this dual supply voltage scheme, where all
the registers in the CPU use the dual rail LCFF structure and the combinational
logics are connected to the low voltage rail. The pipeline is re-partitioned to have
more stages, so that its throughput keeps constant while the supply voltage for
logic cells is reduced. The performance evaluation of an ARM9 implementation
shows that the LCFF based design consumes ∼10% less power when the voltage
level on combinational logic is 80% of the high voltage domain. The dual power
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domain circuit is more energy efficient if a design is has higher wire delay ratio in
its critical paths.
The LCFF circuit uses two power rails, its layout is more complicate than a
single rail design. Implementing the design in 3D-IC mitigate the complexity of
routing two power rails into the same spot. Logic cells that are connected to the
low voltage domain are placed on one die in a 3D-IC, while the LCFF and the
clock network are placed on another die. Each die only has one power deliver
network and the LCFF registers handle all the voltage level shifting. The voltage
levels of the two power rails are selected based on the ratio between gate delay and
wire delay of the critical paths. In general, the low domain voltage level should be
70%-80% of the high domain for good energy efficiency.
Multi power rail designs are widely adopted at the block level in todays high
performance SOC circuits. For example, CPU and peripheral blocks use different
power rails to meet the target power budget. Memory designer also start to use
split rail design for the bitcell array and other logics. This work explores the
design options of introducing multiple power domains in a high performance CPU
pipeline. The results shows the opportunity to design an energy efficient high
performance circuit with the support of emerging 3D-IC technology.

Chapter

6

Conclusion
Three dimensional integration technology includes TSV based, silicon interposer based, monolithic based, and other chip level 3D integration these days.
These emerging 3D technologies have attractive properties of high interconnect
bandwidth, small tier-to-tier latency, good scalability, and promising cost efficiency future. Therefore, they have drawn the attention of the circuit designers
and computer architecture community to adopt these technology in the mainstream memory and logic system design. Given the desirable properties of these
3D technologies, much innovative research has been focusing on designing the nextgeneration of high-performance and low-power computing systems using these integration method.
This dissertation tackles this hot topic from three different but highly-related
aspects of views.
First, a high bandwidth SRAM based memory stacking are introduced in the
first part of this dissertation. The motivation of building this 3D memory stacking
is to conquer the high speed data communication problem in super computers. We
demonstrate a prototype of two tiers face-to-face stacking 3D SRAM for checkpointing and restore application. The implemented design includes two 1Mbit
SRAM with 64 banks. Each bank could communicate with the correspondence
bank on the other layer. The whole chechpointing or restore function could finish
in 256 cycles, which is much faster than normal DRAM/hard-drive based system.
In the real product, one of the SRAM layer could be replaced of non-volatile memory layer for data retention and static power saving. The design results shows
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the TSV based 3D stacking could meet the need of the inter-tier via density and
provides obvious benefit in conquer the memory bandwidth issue.
Second, a TSV based testing methodology is studied for yield-awared highspeed testing. Since 3D testing is very critical for the commercial success of this
technology, TSV based 3D Known-Good-Stack (KGS) testing method is well worth
study. In the testing flow, locating the defects at the most possible source first
could largely decrease the testing time, and thus reduce the chip manufacture cost.
Our strategy is performing a TSV-first KGS test scheme for reducing 3D ICs test
time and increasing yield. We presented a breadth-first binary searching algorithm
for BIST design. This algorithm found the failed TSVs within a few cycles. The
defect TSVs were replaced by redundant resources with small overhead. The BIST
algorithm and circuit achieved high testing speed and can decrease the testing time
to under 20 cycles. This methodology worked for a large range of defect rate and
significantly increased the overall TSV cluster yield. This testing mechanism help
solving the 3D testing challenge without much circuit overhead.
Last but not least important, the multi-power domain circuit and system designs are proposed in this dissertation. Two novel different cross power domain
circuits are reported and implemented. The first design focus on the definition
and implement of the cross power domain interface for data transfer. When we
partition the system into two blocks with difference power supply, we need this interface to guarantee a correct and high speed data transfer function. We evaluated
it under different flavor process and technology nodes. This interface is constructed
by a Master-Slave flip-flop followed by a level shifter functioned as its slave stage.
The level shifter uses the 6T SRAM structure, with special size optimization for
write operation. A Self-Induced Voltage Collapse technique is applied to further
improve performance and reducing switching power. Comparing with the baseline
design, our CPDI improves both the performance and the energy consumption
by 20-35% under 10% smaller area and a 30% lowetr leakage. The implement of
our design utilizes the monolithic 3D technology, which not only provides the low
overhead single power rail structure on each tier, but also increases the flexibility
of multi-power domain design. We evaluate the influence of technology scaling for
the CPDI circuit, which shows better scalability comparing with previous LCFF
designs. The second design is a 3D dual power domain pipeline design. We focus

102
on designing a low inserting delay flip-flop and replacing the current flip-flops with
this high speed flip-flop for a better deep pipeline partitioning under lower supply
voltage on the combinational logics. Different from the first design, we zooms into
the pipeline stages and further partition the circuits into cell level. Such fine grain
power domain partitioning is almost impossible in the 2D world because of the
tremendous layout overhead. We evaluate the system performance merit of using
the dual power domain technique. The result shows that our scheme effectively
reduces the system energy without hinder the system throughput. This research
indicates that 3D not only can help reduce the total wire length, but also has
bright future in changing the circuit architecture of active devices.
We hope the work of this dissertation would be useful and have its impact on
the 3D IC related research on future high-performance and low-power computing
systems.
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