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Asynchronous ASIC design automation tools and stahdell libraries development
lag behind their synchronous counterpart. Thereforest asynchronous designs still make
use of full-custom design approaches, which couated to make asynchronous circuits less
used. To help in solving this problem this workgmets the design and implementation of a
standard cell library for building asynchronous laggtion specific integrated circuits
(ASICs), called ASCEND-ST65 (currently at versiafh))Ddeveloped for a 65nm gate length
STMicroelectronics CMOS process. An abridged versid this library was designed to
implement an asynchronous network on chip (NoC)temuNevertheless, those cells
presented elevated leakage power consumption.CHaisacteristic was treated in ASCEnND-
ST65, by proposing a new, robust design flow. Tidsv contains a novel method to
determine the dimension of transistors in the CM@@glementation of C-Element gates,
fundamental elements in asynchronous design. Thi& wresents the details of the method
and adopts it throughout the specification of tibealy cells. The designed standard cells
count with several views: layout, schematic, symb@rilog and abstract. LEF and LIB files
describe the physical and electrical charactesistir each cell, and the cells have been
characterized for three different process corngosst, typical and best cases. A total of 251
cells were designed. Among these are a large anubumiplementations and variations of C-
Elements, the main gate used in many asynchronesigrdstyles. A tradeoff between three
different C-Element CMOS implementations — Convami, Symmetric and Weak Feedback
— is presented in this work. Also, the library @ns other cells, such as metastability filters.
To validate the library, two different IC desigrowls were adopted. First, a typical flow
consisting of VHDL sources synthesized and implaeihrough the Cadence Framework
was used to generate and simulate an asynchrono@srduter. Next, a novel design flow,
consisting of a Balsa description synthesized ftijincilne Teak System was used to generate
the netlist of an asynchronous RSA based cryptbégrapcuit. The layout of this circuit was
obtained through Cadence Encounter and simulatedigh Spectre. The results prove the
successful integration of this library and Teakt&ys

Keywords: Standard cells, ASIC, design librarieyneghronous circuits, Balsa, Teak.






“Any intelligent fool can make things
bigger and more complex... It takes a
touch of genius — and a lot of courage to
move in the opposite direction.”

Albert Einstein
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“The world is full of obvious things which
nobody by any chance ever observes.”

Sir Arthur Conan Doyle

Throughout the evolution of electronic design teghas, some assumptions were
adopted in order to overcome the increasing conitylexf circuits. Classically, digital
electronics assumes the discretization of inforomatusing two distinct voltage levels to
represent the digits of a binary system, e.g.: kigtage (digit 1) and low voltage (digit 0). In
this way, information can be manipulated throughidand arithmetic operations and digital
devices are easily implemented. The evolution eftdthnologies used to fabricate integrated
circuits (ICs) brought the possibility of implemarg hundreds of millions of transistors in a
single chip. Thus, modern ICs can contain all eleef a complex system in a single chip.
Such devices are usually called Systems on a Gu¢) [REIO0].

At present, many SoC designs adopt the synchropataligm, which implies another
assumption: a discrete notion of time. Synchrondigstal circuits employ an externally
generated control signal, usually calt#dck The clock signal, distributed through the circuit
and employed by all its storage components, symibtes the overall circuit state changes.
This abstraction of time significantly reduces ttlwanplexity of a digital circuit design and
allows it to be more easily modeled using registnsfer level (RTL) description languages,
such as Very-High-Speed Integrated Circuits Haréwiescription Language (VHDL) and
Verilog [BROO05] [VAH10].

However, with the evolution of very large scaleemration (VLSI) technologies,
limitations of the synchronous design paradigmtsthrto emerge. Synchronous design
problems that were easily overcome in previous diesasuch as clock skew and power
consumption, became a complex task to solve in mmodiesigns. The clock signal dissipates



an average of 45% of the whole power in high pentorce processors and can reach as much
as 70% of the power dissipation for such deviceMID®5]. This power budget makes
complex synchronous designs less attractive for power applications such as embedded
systems. Therefore, it is necessary to consider steategies as the complexity to design a
synchronous SoC gets higher [ITR09].

An alternative is to use non-synchronous circwitsich make use of the voltage level
discretization but where there is not a global klsgnal [MYEOQ1] [SPAO1]. In this way,
time is again considered a continuous variables Thiaracteristic makes such circuits more
sensitive to temporal phenomena [PONO8]. In cohtathe synchronous paradigm, in order
to perform synchronization, communication and sequmg operations, asynchronous circuits
often use explicit handshaking between their eléamdbonsequently, the circuit executes a
computation only when and where it is needed [SRAU® illustrate this, Figure 1.1(a)
shows an example of a synchronous circuit, wheta filaws through register&kég.1 Reg.

2, ...) controlled by a global and common clock sigf@LK). Data transformation is
accomplished by the combinational logic blockd 8, CL4) interspersed between registers.
In an asynchronous counterpart, that Figure 1.d{splays, data flows by means of local
communications between each pair of storage elanesing a handshake channel. Note that
asynchronous design may employ level sensitiveageodevices instead of the usually edge-
triggered flip-flops used in synchronous design.

CLK

Data
:> Reg.1 [ | Reg.2 Reg. 3 Reg. 4 j N (@)

(b)

Figure 1.1 — (a) A synchronous circuit and (b) ansynchronous implementation, using local
handshake control circuits (blocks called CTL) [SPA1].

In fact, the interest in non-synchronous circuitss tbeen increasing since the last
decade. Thdnternational Technology Roadmap for Semiconduct{éffS) published in
[ITRO1] suggests that at 65nm technology nodeshatalv, communication architectures and
protocols for SoCs would require a significant dmnas it would become impossible to
move signals across a large die within the perioa cdock signal or without dissipating too
much power. The ITRS 2008 Edition [ITRO8] presente need for asynchronous



communication protocols for control and synchroti@a in ICs for the next decades, as
depicted in Figure 1.2. Therefore, it seems indlétaa shift to asynchronous or globally
asynchronous locally synchronous (GALS) desigrestyor deep submicron ICs.

Control and Synchronization of an IC (%)

B Handshaking ™ Global Clock

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 1.2 — Required percentage for next decade€¢ driven by handshaking signaling
according to [ITR08].

Conversely, the lack of adequate electronic deaigiommation (EDA) tools imposes a
great barrier in the design of asynchronous ciscuithis is because the majority of
commercial applications target the synchronous digna According to the ITRS 2009
Edition [ITR09] further progress in the asynchrosgaradigm depends on commercial tool
support. The high complexity of modern ICs makest#sk of ensuring that such designs will
operate correctly on silicon nearly impossible withthe use of adequate EDA software and
consolidated design methodologies [MIC94] [REIORABO3] [WONO5]. Additionally, time
to market constraints become increasingly strieeithe semiconductors industry develops
new technologies and short design time remainssential feature for successful products.

Current SoC designs use the standard-cell methggdaatensively as an answer to
design automation needs. This aims at fulfilling tonstraints imposed by complex modern
ICs. In fact, this concept (standard-cell basedgagsvas invented to speed up the design
phase of high performance ICs and is often refeagdhe key success factor for the rapid
growth of integrated systems [JAM99] [ERIO3] [HAS03he reason for that is the use of a
standard library of pre-defined cells, providedchyp vendors, which contains a collection of
gate-level elements standardized at logic or foneti level [RAB03]. Such components are
pre-designed and pre-verified, making the taskrgfléementing an IC on silicon much easier
to be automated by EDA tools. The latter suppagtabsumption of using functional blocks



to build the design [SAIO2]. For instance, Figurd ¢hows the layout of a standard-cell based
design, depicting the use of different pre-impletednblocks interconnected in order to
create a given functionality.
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Figure 1.3 — Example of a partial vie w of a standd-cell based IC die, obtained with the

Cadence Encounter layout editor tool [CAD10]. Thereare 5 horizontal stripes located at the
center of the die containing each from 5 to 7 starsdd-cells. Vertical thin lines are wires
interconnecting cells. Thin vertical rectangles ardiller cells used to guarantee
manufacturability characteristics of the design. Tte design is encircled by rectangles that

represent global power and ground lines.

One major drawback for those intending to use stafhdell design methods for the
asynchronous paradigm is that most libraries pexvily vendors still contain only basic
devices for synchronous design, such as logic gatek flip-flops. However, efficient
asynchronous designs require other specific devasewell, as it will be explored in this
document. The objective of this work is to supplgge devices in order to enable the design
of asynchronous standard cell based ASICs. To da $ibrary containing over 200 typical
asynchronous gates was designed for a 65nm gah|eMOS technology.



This work presents ASCEND, a standard cell librengated to support the design of
asynchronous ASICs. This library contains, in itssent version, over 200 gates. Among the
available standard cells there are different imgetations of C-Elements and metastability
filters. If designers associate ASCEND to a regstandard cell library containing e. g. gates
and flip-flops, this is sufficient to support asyinenous design styles such as QDI based on a
4-phase protocol with dual-rail encoding or buneiiata micropipeline$SPA01] A novel
flow to perform transistor sizing for C-Elementgi®sented and adopted in the design of the
library. Moreover, this document also describes aternative flow to implement
asynchronous circuits and adopts it to validate B8C. This flow employs asynchronous
EDA tools from The University of Manchester AdvadcBrocessor Technologies (APT)
Group [APT10]. An asynchronous version of an RS/Asdoh cryptographic circuit was
described in Balsa language and implemented idesegned library.

The remainder of this work is organized as follow&hapter 2 provides relevant
background information. Chapter 3 presents the sihthe art in open source standard cell
libraries and their support for asynchronous cteuChapters 4 , 5 and 6 present the
developed work. The design method adopted, alonly thie required tools, is described in
Chapter 4 . Next, Chapter 5 explores the desigbeary. Chapter 6 presents the validation of
the library through the design and simulation ofaagnchronous RSA cryptography circuit
and a Network on Chip (NoC) router using ASCEnDnafly, Chapter 7 explores
conclusions and directions for future works.






“It was easier to know it than to explain
why | know it.”

Sir Arthur Conan Doyle

This Chapter presents basic concepts of microeleictrdesign styles and a typical
design flow for standard cell libraries. Also, ésitribes some basic concepts of asynchronous
circuits and addresses the Balsa System, which gsespa language and a framework for
describing and implementing such circuits in ASHd & PGA technologies.

Different methods are used to design integratemlits (ICs). Usually these are roughly
classified into full-custom or semi-custom desitgyles, or methods. In the former, both the
functional and physical design are handcrafted clwhimplies a large effort of the design
team to achieve maximum efficiency of each singlatdre of the circuit. Semi-custom
designs, on the other hand, aim at reducing fativitacosts and time as well as design
complexity, by using predesigned and pre-validg&ies or even pre-diffused ICs. Figure 2.1
provides a classification that can be used to epess available microelectronic design

styles.
Microelectronic
Design Styles
(FuII-Custom (Semi-CustonD
( Cell-Based ) (Array-Based)
Gtandard-CeI9 (Macro-Cells) (Pre-Diffused) ( Pre-Wired )

Figure 2.1 — Microelectronic design styles. Adapteftom [MIC94] and [RABO3].




In the full-custom approach, every transistor hasfunctional and physical design
optimized for excellence. This methodology involwkailed manipulation of physical and
electrical characteristics, through layout desigm aimulation. However, the increasing
complexity of current ICs, added to strict timer@rket constraints, has confined custom
design techniques to specific cases, where sucbregty costly effort pays off. For instance,
Figure 2.2 shows an example of contemporary designemparison with previous decades.
The Intel 4004, Figure 2.2 (a) was fabricated meharly 70’s and counted roughly with 2.300
transistors. In contrast, the Intel i7, Figure @2 in the market since 2009, contains around
800,000,000 transistors. It is simply impossibled&sign such an IC, as the latter, using a
full-custom design approach and respect time tketaronstraints. Hence, another method is
necessary to supply the fast transitioning and ligmanded IC market: the semi-custom
design style.

(a) (b}
Figure 2.2 — Die photo of (a) Intel 4004 and (b) ificroprocessors [INT10].

Semi-custom design styles can be divided in twgsulps: cell-based and array-based.
The former aims to reduce fabrication costs andetirBemi-custom designs can even
completely avoid to the end user the need to getiwed in the IC manufacturing process, as
in the case of field programmable gate arrays (FE)G#n off-the-shelf IC fabricated as a pre-
diffused array-based design. The cell-based approan still be subdivided into macro cell
and standard cell designs. Macro cell designshamtsoften make use of computer programs
to synthesize modules. Such modules are implemexgagircuitry that is too complex to be
handcrafted but still presents some degree of aeigylthat can be exploited by a
parameterized automatic generation process. Stasctauch as multipliers, data paths,
memories, embedded microprocessors and digitabksgmcessors (DSPs) are examples of
commonly used macro cells [RABO3].

The semi-custom standard cell approach increasegthin size of design to logic
gates, in contrast to designing each transistorinaa full-custom method. When using
standard cells, a library is provided containingagt number of logic gates over a range of
fan-in and fan-out with different physical, electi and logical characteristics. With the



support of EDA tools, the layout of a circuit wisinbitrary complexity can be automatically
generated either from a schematic, containing sikaily cells from the library, or from a
higher level specification like a hardware desaniptianguage (HDL) description, which is
then synthesized to the desired technology and ethggcording to the library elements
[MIC94]. Additionally, a design does not need to lbeited to a single method and it is
common to have ICs designed with compatible methBds instance, the Intel Pentium 4,
which die appears in Figure 2.3, was designed mosith automated semi-custom
approaches but some of its performance-critical utesj such as clock buffers, were
designed manually [RABO3].

= L]

Figure 2.3 — Intel Pentium 4 die photo [INT10]. Thepatterns and rectangular shapes in the

chip, makes clear the use of a semi-custom desiggls.

The choice for a design style is often based oradedff between performance and
design cost and time. For instance, a full-custppr@ach may only be justified over a very
high volume, due to its high cost. The advantages drawbacks of the design styles
mentioned here are summarized in Table 2.1.

Table 2.1 — Tradeoffs between microelectronic desigstyles, from [MIC94].
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The typical design flow of a standard cell libragnsists in designing a set of logical
gates at the transistor level for a given technplmgcess. Figure 2.4 presents an overview of
the basic steps required to design each elemenstaéndard cells library. The design of each
gate starts from a specification, defining logieald electrical parameters like propagation
delay and power consumption. From these, the phlysiew of each gate is designed. In a
typical standard cell based design, cells are platge by side by an automated place and
route tool. Therefore, rules are needed. In ordethfe gates to fit side by side, every element
must have the same height with a variable, albveidiptable, width. Moreover, the input and
output terminals of each gate must be placed irdptermined physical regions.

From the metal layers of the physical view, an raostview is generated, which
specifies internal nodes and input/output (I/O)mieals. Then, the extracted circuit is
obtained through an automated extraction tool. Thisuit contains not only the drawn
transistors but also every parasitic device geadr&bom the physical layers. In this way, a
more realistic view is obtained, and with it sintidas are performed to characterize the
electrical behavior of the designed gate. With ¢kectrical characteristics of each gate, a
circuit can be synthesized from a high level dggian. With the abstract views the place and
route tool can easily assemble the IC from thesdgsigned blocks.

Specification

Layout

erification

Abstract
J

L Power & Standard Cell
Characterization .
Delay Library

Figure 2.4 — Typical design flow of each gate ofstandard cell library based on [CHO92]
[SAI02] [HAS03] [RABO3] [YEOOQ9]. Inputs and outputs are given by rounded corners boxes,

actions by boxes, decisions by diamonds and the meptory as a cylinder.
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Once the circuit schematic is defined, it is pdsstb draw its physical view through a
layout editor tool. The basic function of this toel to place polygons representing the
different layers used to fabricate an IC in a gitechnology. However, to make it possible
for automated tools to place and connect the aeilss are needed. Thinking about Lego, the
reason why one can build bigger structures witimtie that all of these bricks fit with each
other. Moreover, all the blocks have standard sares standard places for the connection
bumps. In order to design a standard-cell librarig necessary to respect the same rules for
each cell [SAIO4]. In this way, the gates will fiagether in predictable patterns and it is
possible to automate the process of generatingitisyouts from abstract descriptions, such
as RTL modeling. Figure 2.5 shows a basic setletrior standard cell libraries.

£
o
L —

Figure 2.5 — A basic set of rules for a standard @dibrary. “A” and“B” are the cell height and
width, respectively.“C” is the power lines width and'D” is the routing grid. “E” , “F” and“G”
are the height of the implant layers [SMI97] [SAIO2 [RABO03] [SAIO4].

Because the generation of the layout of a standaftidbased IC is an automated
process, a place and route tool must be used ld tna circuit from the gates provided by the
library. This tool places the cells side by sidd #men connects these to implement the logic
of the circuit. It does help a lot the automatidnhes process if the cell height, represented by
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“A” in Figure 2.5, is the same for every gate, faatilig the arrangement of the power lines.
The cell width however, depicted &’ in the figure, can vary. These dimensions are given
as a function of the metal pitches, which are defiby the manufacturer [CADO9]. Usually,
the metal pitch represents the minimum distancerdxt the centers of two adjacent layers of
a same metal line at minimum size with minimum spabdetween them. Figure 2.6 depicts
an example of a metall pitch.

Metalt min. width
Metal1 pitch min. spacing
Metalt min. width

Figure 2.6 — Example of metall pitch, the minimum ttance between the centers of two

adjacent metall layers.

Generally, the height of a cell must be an evertipial of the metall pitch while the
width must be an even multiple of the metal2 pitEQuation 2.1 defines these relations. In
(@) “Pm1” is the metall pitch and in (BP 2" is the metal2 pitch. The metal pitches also
define the routing grid, represented“By . Input and output pins are placed according t® thi
grid, usually exactly in the middle of the regioheve the horizontal axis override the vertical
axis, which are given by the metal2 and metallhgiécrespectively. Another standardized
dimension is the height of the implant layéts; , “F” and“G” , due to the fact that the cells
are usually placed side by side.

Equation 2.1 — Standard cell height (a) and widthk).
(A=n" Py|nl N) (@)
(B=n" Py,|nT N') (b)

Finally, there is the manufacture grid. This griefides the metric unit to design a
layout. For instance, if the manufacture grid i31@nm, every measure in the layout must be
an even multiple of 0.010nm in both axes, X andnYgrder to have a manufacturable layout.
This grid can usually be defined in the configuratoptions of the layout editor tool.

To guarantee that an IC using standard cells isufaaturable, the designed layers must
respect some rules stated by the semiconductodfgufhe basic rule classes for layers are
spacing, width, enclosure and extension rules|ladtrated in Figure 2.7. From these classes
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it is possible to define a vast set of rules, dgeg relations between different or identical
layers. This makes the task of designing a singleharder, as its complexity increases. To
ensure that a given layout respects all the rdes fspecific process, it is necessary to use a
design rule check (DRC) tool. This tool verifiestife generated layout can be properly
manufactured in a specific foundry and technologycess. However, ensuring that the
circuit can be correctly implemented in silicon sa®mt mean that it will operate correctly. In
order to ensure that the layout implements the iSpdclogic, a layout versus schematic
(LVS) test must be performed through an LVS todbjcl compares the schematic with the
layout and checks if the circuits are function@tyivalent.

Extension
1Spacing|, Width

Enclosure{

Extension

Figure 2.7 — Basic set of DRC rule classes [SAIORABO3].

Once a cell is fully verified, an abstract view dag generated. An abstract view is a
high-level representation of a layout and is geteerdased on the extraction of the physical
layout of a cell for a given technology [CADO7]. i$hview contains the metal layers of a
circuit and its terminals along with boundariesjahhis crucial in the silicon circuit assembly
automation. From this view, the place and routé wal obtain the necessary information to
place each gate and connect its terminals.

Following the cell abstraction step, a circuit extor tool must be used to scan the
different layers of the physical design and recmmstthe circuit schematic from this
geometrical description. The generated circuit @mstnot only the transistors that implement
the logic of the gate, but also every parasitienelit, like the capacitance between the gate
and the bulk. This allows a more accurate simutadad analysis of the designed circuit
[RABO3]. Figure 2.8 shows parasitic elements fquhgsical implementation of an NMOS
transistor.
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Source Gate Drain

O~
S
— e

p-sub

Bulk
Figure 2.8 — Physical model of an NMOS transistogxtracted from [DOAO5].

A robust physical characterization of a standattlliéeary can guarantee that a design
can be properly manufactured using the gates ofilthary, but it does not ensure that the
design will work correctly on silicon. Hence, jusgical and physical characteristics of the
gates — functionality, size and terminal positierare not enough. The quality of the result of
a synthesis tool depends strongly on the level efail of the library’s electrical
characterization process. This process consistssgacifying the delay and power
consumption of each gate as a function of the farand the input slopes [RABO3].

Due to variations in the fabrication process, gatest be characterized at different
manufacturing parameters, which will reflect the#al behavior for different fabrication
process variations. In this way, it is possiblev¢oify that a design will operate correctly and
perform to its required timing specification evenaorst case conditions. In addition, there is
also the influence of operational conditions, terapge and voltage, which can make the
delay of the cells vary as well. For instance, FégR.9 (a) shows a microphotograph of a
fabricated transistor cross section. In the pheaiplgrit is possible to identify the possible
source of process variations on a channel lengthhe distance between doped regions (left
and right bottom darkened areas). It is possibledte for example, that this later distance is
not the same for different depths of the channigiufe 2.9 (b) shows how variations in the
gate and source/drain of a transistor may occue, tdumanufacturing process variations.
Such phenomena can, when not adequately contreltdt in faulty ICs.

A robust standard cell characterization is cleady challenge, especially in
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contemporary deep submicron technologies, whereséigit variation can compromise a

whole chip. Fortunately, there are tools that awt@rihe task of exhaustively simulating all

necessary conditions to ensure the reliability ofharacterization process. Once robust
information about electrical, physical and functiboharacteristics of a cell is obtained, this
can become part of a library.

(b)
Figure 2.9 — CMOS microphotograph showing the posisie origins of process corners in (a) a
transistor of an Intel 386 processor, and (b) a gatof an Intel SDRAM [INT210].

A digital circuit is (fully) asynchronous when ndock signal is used to control any
sequencing of events. Instead, asynchronous moduses handshaking between its
components to synchronize, communicate and op&4a01] [MYEOL]. In “synchronous
terms” the resulting behavior is registers beirgckéd only when and where this is needed
[BAROO] [SPAO1]. Such characteristic presents attvges over the use of a global clock
signal in modern technologies. According to [BERPSIPAO1] [MYEO1] [BOUO7][CHOO07]
and [CRI10], asynchronous circuits may present:

Lower dynamic power consumption: When not computitite circuit is
guiescent, i.e. consumes only leakage current. Wibguested, the circuit starts
to compute and starts to consume energy. Howefter, the computation of a
task, the circuit returns to a quiescent until mexjuest.

Higher operating speed: The operating speed isngoyelocal latencies rather
than a global signal. Asynchronous circuits opesat@verage case delays, while
their synchronous counterpart are designed basebst case delays.

Better composability and modularity: Since synclzation is given by local
handshakes rather than a global signal.

Low electromagnetic emissions: Registers do notcéwall at the same time.
Instead, they switch at random points of time tigiolocal requests.
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High robustness: The circuit continues to operateectly for a larger range of
variation in the power supply. Moreover, since sswumptions are made about
the inter-cell communication delays, the circuit rsuch more tolerant to
process, voltage and temperature variations.

Yet, there are also drawbacks concerning the ussysfchronous control logic, such as
the obvious area penalty, and in some cases cispa®d and power consumption may be
compromised [BER99] [SPA01] [MYEO1] [KWEO7].

The Muller C-element [MUL57] is a fundamental compat in asynchronous circuits
design and is extensively used [SPA01] [MYEOL1].sTisi because the C-element operates as
an event synchronizer. Its output will only switghen all inputs have the same logical value.
Its truth table is represented in Table 2.2. Wheuis A andB) have the same value, the
output Q) assumes this same value. However, when the ipatdifferent, the output keeps
its previous logic value. Hence, the C-element banviewed as an AND function for
transitions [BAROOQ]. C-elements are often requiredasynchronous circuits to allow the
synchronization of control inputs. Its propertieaka C-elements crucial components in the
implementation of asynchronous circuits control.

Table 2.2 —C-Element truth table.

A | B | Q
0 0 0
0 1] Qu
1 0 | Qu
1 1 1

The C-Element can also have some variations coimgeta the symmetry of its inputs.
Table 2.3 (a) shows the truth table of an asymmeé&rElement with a normal inpuB) and a
rising' input (A). When both inputs are high, the output is higowever, ifB is low, the
output is low, becausg is a rising input. On the other hand, in Table ®)3 the truth table
of an asymmetric C-Element with a normal inpt &nd a falling inputB) is showed. When
both inputs are low, the output is low. HowevenceB is a falling input, onhA needs to be
high for the output to be high. Additionally, theElements can have reset and/or set inputs.
A reset input sets the output to low regardless/thee of the other inputs, while the set input

! Arising input is an input that drives only theinig logical switching of an output. It is reprethin symbols with “+”.
On the other hand, a falling input is an input tthates only the falling logical switching of antput. This inputs are
represented with “—* in symbols.
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sets it to high.
Table 2.3 — Asymmetric C-Elements truth tables. If{a) a C-Element with a normal input B)

and a rising input (A). In (b), a C-Element with a normal input (A) and a falling input (B).

A B Qi A B Qi

0 0 0 0 0 0

0 1 Q1 0 1 Qa

1 0 0 1 0 1

1 1 1 1 1 1
(a) (b)

From the presented cells, different versions of I&@ents can be implemented,
providing a more flexible library. For instance,[WAHO06] different versions of registers are
implemented and compared. In order to implemerdgheersions, different variations of C-
Elements are required. Figure 2.10 shows 3 buffiteémentations from logic gates. In (a), a
weak conditioned half buffer (WCHB) is designediwa NOR gate and two 2 input C-
Elements with a reset pinCL and C2). In (b), a pre charged half buffer (PCHB) is
implemented with two NOR gates, two asymmetric uinC-Elements with one rising input
and a reset pinQl andC2) and one asymmetric 2 input C-Element with a gsmput C3).

In (c), a pre charged full buffer is implementedhwiwo NOR gates, one inverter, two
asymmetric 3 input C-Elements with one rising inputd a reset pinQl and C2), one
asymmetric 3 input C-Element with a rising and lérfg input (C3) and one asymmetric C-
Element with a rising inputd4).

Ino Reset

Ino Reset +
n + Out0
Reset outo ¢
In0 —]c1
OutAck
Out0
[Outack Outack In1 Reset
— +
In1 Reset c2 Out1
Out1 n + —
i1 —[_’ i p out1 x
Reset —

+ T InAck| +
Inacy ‘—§C3_ s
(a) (b) (c)
Figure 2.10 — Different buffer implementations. We& Conditioned Half Buffer (WCHB)
circuit diagram in (a), Pre-Charged Half Buffer (PCHB) in (b) and Pre-Charged Full Buffer
(PCFB) in (c). Picture taken from [YAHO6].

The designed library counts with all the C-Elemeatiations described above. In this

way, different implementations can be obtained sipaiit to build circuits.
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Asynchronous circuits can be classified accordmgeveral criteria. The most used
classification criterion is based on the delayswifes and gates. The most robust and
restrictive delay model is the delay-insensitive) (Bhodel. Circuits in this class operate
correctly regardless of gate and wire delays. Uafately, these circuits are restricted to
modules composed of C-elements and inverters 08RAD1]. Referring to the circuit
depicted in Figure 2.11, a DI circuit would operaterectly with arbitrary delay valuak,
ds, dc, di, dz andds.

R o

Figure 2.11 — Circuit fragment with gate and wiresdelays, adapted from [SPAO1].

Asynchronous circuits can also be implemented wWithaddition of an assumption on
the wire delays in some carefully indicated forkiis kind of implementation is called quasi-
delay-insensitive (QDI). In this delay model, sigtransitions must occur at the same time at
all end points of the mentioned forks. Let us $&t the circuit in Figure 2.11 is QDI and it
contains a single fork. Therefore, Equation 2.2 tnbastrue, where is negligible, andiy, dg,
dc andd; are arbitrary [SPAO1].

Equation 2.2 — QDI delay assumption for the circuitdepicted in Figure 2.11.

d, - dy|=/

There are also speed-independent (SI) circuitsh $ircuits assume positive, unknown
delays in the gates and ideal wire delays. Foants, in the circuit shown in Figure 2.11 this
means arbitrary delay faly, dgs anddc and zero-delay fod,, d, andds; [SPAO01]. Obviously,
the assumption of ideal wires in contemporary sendactor processes is impractical
[RABO3]. Therefore the most used classes are thé @0 DI, the latter being more often
applied to higher levels of abstraction, where grain is not at gate level, due to its nature
[BAROO]. More delay models and more detailed infation can be found in [SPAO1].

#" $ %

Handshaking is the most used communication protlmcsynchronize and transfer data
through asynchronous elements of a given circl®y&L]. It consists, in its most basic form,
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of two control signals in opposite directions, resjuand acknowledge. Given that the
mechanism can be used with the sole purpose ofatptd synchronize elements only, a data
channel is optional. The protocol consists of amvacelement sending a request to
synchronize with a passive element, which issueacknowledgement, when it is ready to
communicate. Figure 2.12 (a) shows an example ofdwmponents that use handshaking to
synchronize through the signaleq and ack representing request and acknowledge
respectively. If the components are to transfen,dtiere are two possible configurations:
using push or pull channels. The former consistevof handshaking elements that transfer
data, where the data flows from the active to thssjve. In the latter, on the contrary, the
data flows from the passive to the active. Exampiepush and pull data channels are
depicted in Figure 2.12 (b) and (c), respectively.

req req req
,,,,,,,, ) { __ 73 __ L ___73_
Active Passive Active '&» Passive Active &» Passive
4,@9}8,,, <,€Ek, ,,,,, 4,,,@9,‘8,,,

@ (b) (©
Figure 2.12 — Example of communication through hanshaking. A pure control channel (a), a

push data channel (b) and a pull data channel (cJOMO06].

There are two possible ways to implement handskagintocols, transition and level
signaling [SPAO01] [TOMO6]. In the latter, also knowas four phase protocol, the logic level
of the request and acknowledge signals are usedritrol the handshake. Figure 2.13 (a)
shows an example of a four phase handshake comatiamcIn this example, the active
element starts with a requisition to communicaiging thereq signal. If any data is to be
transferred through a push channel it must be \atithis moment. The passive element
reads, processes the request and asserégkisignal. In a push channel the passive element
reads the data made available by the active elenrera pull channel, data must be valid
when the acknowledgment is signaled. When the e&iement reads the acknowledgement
it also reads the data, if any, and setsréeesignal to low. At any moment from there a new
communication can take place. Since the level $imgahas four handshaking phases,
different validity schemes can be used. For sintglgake, they will not be described in the
present work. In [TOMO6] each scheme is discussetétail.

Transmissions Transmissions
1st 2nd 1st 2nd 3rd 4th

req JLJ(l\ }L)rh req JI‘ L }L L
ack | 1 ax 4 4
(a) (b)

Figure 2.13 — Operation of the four phase (a) andio phase (b) handshake protocol [PONO0S8].
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The transition signaling is very similar to the déwsignaling but its transitions are
reduced to half. In this protocol, as shown in FégR.13 (b), the active element starts with a
request, switching the logical level of ttreq” signal. If a push channel is implemented the
data must be valid at this moment. When the pasderaent reads the request, it processes it,
reads the data (if any) and, then, sends an ackwdgeiment, switching the logical level of the
“ack” signal. If a pull channel is implemented, data nigsvalid when the passive issues the
acknowledgement.

There are also the timing restrictions when deahith data transfer handshaking. For
instance, the setup time between the request stgmadition and the valid data in a push
channel. Every relationship between control andi dagnals must respect their respective
time constraints.

! " %

Asynchronous circuits use synchronization protocmisorder to its elements to
communicate and the handshake protocol is the cmmston approach, as explained before.
In addition to the way the data is transferred, Wl how it is encoded is also an important
decision in a design. For instance, in synchrongdrsuits, data is usually encoded 2m
distinct symbols represented by Boolean logicali@al(0 or 1), on n wires and the validity of
these data signals is given by a clock signal alertig control signals [BAROO].

In asynchronous designs there are different wayserioode data. Bundled-data
protocols implement a situation where data signaks normal Boolean encoding to carry
information and their validity is given by bundleg@quest and acknowledge signals.
Communication can then be implemented using foutwar phases protocols [SPA01]. As
Figure 2.14 (a) shows, a four phase bundled dataremication starts with sender rising the
request signalréq). At this moment the data must be valid. The nemeacknowledges the
communication by rising the acknowledge sigraalK(. After that, the sender sets the request
low and the receiver subsequently sets the ackmigelesignal low. At this point, a new
transmission can take place. A similar operatidesaplace in the two phase protocol, the
difference is that it avoids the unnecessary retaraero transitions of the control signals
present in the four phase. In a two phase bundi¢éal communication, every transition of the
request and acknowledge represents a transmissdfigure 2.14 (b) depicts.

req L | req
ack [ 74 | | ack _ {1

data_ X' o1 X 11 data_ " o1 X 11
@ (b)

Figure 2.14 — Four phase (a) and two phase (b) buledl data transmission.
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However, the assumption of bundled control sigmetpiires extra care with the time
constraints between data and control signals. Ratély, DI codes present a solution that is
robust to wire delays. The dual rail protocol erendhe request signal into the data signal
making use of two wires per bit. Hence, there ar¢iming constraints for the data channel.
However, the request must be computed from it tredefore, demand extra hardware. In the
dual-rail protocol each single bit requires two egirto be represented. Moreover, this
codification can use either two or four phase comigation protocols.

As it is shown in Table 2.4, in the four phase duadll protocol logical O is represented
by a lowd.t and a highd.f while logical 1 is the opposite. The request impated wherd.t
andd.f assume different logical values and to signamattansition of the request, a spacer is
used wheral.t andd.f are set to logic 0. id.t andd.f are logic 1 the data is inval[8PA01]
Figure 2.15 (a) shows an example of a four phase &l data transmission. Firstly, the
sender put valid data,01’ in the data channel. The receiver computes tlypeast and
acknowledges setting theck signal high. When the sender reads the acknowledgnit
transmits a spacer to finish the handshaking. Eaeeiver computes the spacer andasdt
low. The sender can then start a new transmission.

Table 2.4 — Four phase dual rail codification for Iit of data [SPA01].

Value dt | df
Spacer 0 0
0 0 1
1 1 0
Invalid 1 1

The two phase dual rail protocol avoids the avditks unnecessary return to zero
transitions in the acknowledge signal and preserdifferent data codification. In this
protocol, logical 1 is represented by a transitiond.t. while switchingd.f characterizes
logical 0. The request is computed when every Witch one of its wires. Figure 2.15 (b)
presents an example of a two phase dual rail datesrhission. Firstly, the sender issues a
request putting01” in the data channel. When the receiver computesequest it switches
the acknowledge signal. From this point a new trassion can take place. For more detailed
information about data encoding protocols one e&er to[BAR0O] [SPA01][TOMOE].
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d1.t 1 d1.t
af L af [ L
dot _ [ 1 ‘;‘ ] do.t ‘

do.f dof /[ 1_
ack “\:| §| ack “:]
(a) (b)

Figure 2.15 — Four phase (a) and two phase (b) duidil transmission.

Bistable circuits have two stable states that sselogical 1 and O values. In this
scope, a static memory can be implemented by usasgaded inverters. An example of a
static memory composed by two cascaded invertgysap in Figure 2.16(a). Figure 2.16(b)
shows the voltage transfer characteristic (VTC}hi$ circuit in three graphs. As it can be
seen in the last graph, the circuit has three plessiates (A, B and C). Assume the value of
Vo2 IS sampled at a given instant in time. If in timstant the circuit is stable in A or B, the
sampled value will be logical O or 1, respectivélpwever while the circuit is transitioning,
this value passes by point C, which is neitheogichl 1 nor at logical 0. If a digital circuit
uses (samples) this signal in this moment, for gtarto transfer its value to another bistable
circuit, it may either store a logical 0, or a lcagi 1 or simply transfer the logically undefined
value to the destination circuit. If this laterusition happens, one must remember that
physically this corresponds to N and P transisginsultaneously operating in a state of
conduction at the destination of the sampled sighia¢ signal will eventually fall back to a
stable state, but this can take an arbitrarily ltinge to occur. This is called metastable
state and can imply devastating situations for theuwtrdncluding transitory or permanent
circuit failures [RABO3].

V.
Vo1 = V\2
Vo1 = V\2
(@]

Vit Voo Vit = Vo2
@ (b)
Figure 2.16 — Two cascade inverters (a) and theirhCs (b), based on [RABO3].

$ %

Balsa is both a language to describe asynchronaesits and a framework to
synthesize such circuits [SPAO01] [EDWO06]. It waveleped as a response to the need of a
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language to replace the Philips Tangram system HBERKESO1] in an existing Tangram
application in the University of Manchester [BAR9&h fact, the Balsa language can be
viewed as an extension of the Tangram language.appeoach adopted by the language is
the syntax directed compilation into handshakingigonents. Balsa was developed and is
maintained by the Advanced Processor Technologiesfzof The University of Manchester
[APT10].

The compilation of a Balsa description is transpgrianguage constructs are directly
mapped into handshake circuits. The advantageaisiths relatively easy for the user to
visualize the circuit-level architecture describi®da balsa description. This way, language
level changes reflect in predictable changes inrdsailtant circuit. Additionally, different
technologies can be used to synthesize Balsa tiescriptions, generating silicon or field
programmable gate array (FPGA) netlist implemeotestiBAROO]. The back-end generated
gate level netlists can then be imported into caewpaided design (CAD) systems to
implement the described circuit. At present, Bademerates netlists fully integrated with
consolidated CAD systems [SPAO01] including: XilildPGA design tools [XIL10] and
Cadence Design Framework [CAD10].

Figure 2.17 shows an example of a balsa descrippibra 2 place buffer. The
input/output channels (I/O) of the buffer are desthin line 2, an inputi{ and an outputa)
of one byte. Two one byte internal registers aaded in line 3x1 andx2. The behavior of
the circuit is given in lines 4-10. The circuit w&aifor a request in the input chanmeind
when it is asserted, the data in the channel iedtm registex1l. Next, the data stored in
registerxl is copied to registex2. Finally, the circuit issues a request in the atiighannel
and waits to transfer the data stored in regis2eOnce the output communication finishes,
the circuit will wait for a new input communicatiodue to the loop declared in line 5 and
finished in line 9.

1 import [balsa.types basic]
2 =procedure buffer? {input i : byle; output o byte) is
3 variable x1, %2 | byte

4 =hedgin
5= loop
B i-=x1; --inpul communication
7 X2 = X1, --implied communication
g 0=-X2  --oulput communication
9 end
10 end
1

1

Figure 2.17 — Example of a two place buffer descréd in Balsa, from [EDWO6].

The sequentiality of the handshakes is given bydperator®;” . Therefore, in the
given example, the input data follows through regigl, x2 and then to the output, in this
order. Figure 2.18 presents a waveform for therisst two place buffer with random input
values.
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\balsa->buffer2.i data[7:0
\balsa.buffer2.x1 data[7:0
\balsa.buffer2.x2 data[7:8
\balsa->buffer2.o data[7:0

Figure 2.18 — Waveform for the circuit described inFigure 2.17 with random input values.

A more complex circuit description is give in Figu2.19. The described circuit is a
multiplier with parameterizable /O channels siZ@ree internal registers, which width is
variable as well, are requiredesult data_aanddata_bh The operation of the circuit consists
in successive sums. Initially, the circuit waits gorequest in the input channels in order to
load its internal registers. A parallel operdir is used in line 14, in this way the two input
channelsdata_in_aanddata in_bwait for a request through the operdter” . Once both
of the channels are requested, and the internédteeg loaded, the computation may start.
The internal registenesultis reseted, in line 16, and the successive suamistetough the line
17 loop. The partial result is added with the vabfielata_afor data_btimes. After that, a
request is issued in the output channel and thea datransferred. From there on, a new
multiplication operation may start when both theltiplier and the multiplicand are loaded
through the input channels once more. In line 236abits multiplier, mult16x16 is
instantiated.

1 import [balsa.types basic]
2 =procedure multiplicador {
3] parameter size_a : cardinal;
4 parameter size_b : cardinal;
g input data_in_a : size_a bits;
B input data_in_b : size_b bits;
7 output data_out : size_a + size_b bils
g8 Jis
9 variable result : size_a + size_b bits
10  wvariable data_a : size_a bits
11  wvariable data_b : size_b bits
12 =begin
13 = loop
14 data_in_a -»>data_a || --lead a
15 data_in_b -=data_b; --foad b
16 result = (0 as size_a + size_b bits); --foad_resuft with ©
17 = loop while data_b = (0 as size_b bits) then 0" fferarions of sum
18 result = ((result + data_a) as size_b + size_a bits); --sum partiaf resulfs
i@ data_b = ((data_b - 1) as size_b bits) --decrement index
20 end; -- foop
21 data_out <-result --wrile resuft
22 end --loop
23  end -- multiplicador
24
25 =procedure mult16x16 is multiplicador( 16, 16)
26

Figure 2.19 — Example of a parameterizable multipér described in Balsa.

Figure 2.20 presents the waveform of a simulatiothe 16 bit multiplier of line 25 of
Figure 2.19 with an input ofigand 9o. Firstly, the values are loaded in the internglgters
and the partial result is reseted. Next, the dircoinputes 2 times the sum of the partial result
and 9. Finally, a request is issued in the outp#noel and the resultant value is made
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available.

\balsa->multiplicador-@.data_in a data[15:0]
\balsa->multiplicador-8.data in b data[15:0]
\balsa.multiplicador-0.data_a_data[15:0]
\balsa.multiplicador-0.data b data[15:0]
\balsa.multiplicador-8.result data[31:0]

0]

\balsa->multiplicador-6.data out datal[31:

Figure 2.20 — Waveform of a 16 bit multiplier desdbed in balsa for the inputs 2o and 9.

Another option to synthesize Balsa descriptionshes open source back-end system
designed in the University of Manchester: Teak [BAR It consists in a new target
parameterizable component set and synthesis sctiehaims the improvement of circuits
described in the Balsa language. The tool optimBadsa descriptions synthesis by replacing
data-less activation channels with separate contrahnels. Albeit the Balsa System allows
different data encodings over two- or four-phasetquols, Teak implementations are
typically QDI four-phase dual rail asynchronousuits. Hence, circuits synthesized through
this tool are limited to that choice of protocobtlashata encoding.

The components used in the Teak synthesis areaabslata and control flow
manipulation elements as displayed in Figure 2Pie Steer component conditionally
distributes an input value to exactly one of itdpod. The fork splits a channel mparts
unconditionally. This is a delay insensitive formsend different parts of some information
to distinct destinations. The Join element, onatier hand, unconditionally joimschannels
in one single information flow and synchronizesomfation appearing at distinct instants on
all its input channels. A Merge component selecks of n mutually exclusive inputs and let
it available in a single output. Variables are ugmdstoring values and have separate write
and read sections. Operators represent any datstdrening operations. Finally, a buffer is
used for data storage and channel handshaking pléoguA better explanation of these
components can be found[BARO09].

Distribut Gath: .
(Distribute) (Gather) Variable
Steer o/(n-2:01 | Merge/ Operator
g n, / . ' . } ﬁrb“er V /wr\te portions
g =S|, | _ 5™ A w | O o
e - | 2w A wglo]—={ w wd[0] A T
\ / . . 2: app 1 0[7:0] 1
. H 30 add 2 ofzz:e]
. 0 s
z Fork Ao n . Join wgln=1ll——= W |——#= wd[n-1]
= 7 B n+.+m
8 o ] F . . J rglo]—Z ] r |—= rdio] Buffer
s B * m, * . .
5 — | : : -~ n
% \ / rg[m—l]ﬁu/——v v rdin-1] i E o
= (Parameterised) (Unparameterised) G read portions

Figure 2.21 — Teak components, captured from [BARQ9
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To make clear how Teak conducts the transformatbran asynchronous Balsa
description into a diagram of components, this iBachow depicts the processing of an
example. A 4-bit sum and subtraction unit was dbedrin Balsa language, as Figure 2.22
shows. First, two values must be loaded throdgka_a and data_b Next, the desired
operation is signaled througttr. Depending on the logical value off the circuit sums or
subtracts the loaded values and copies the resddtta _out

1 import [balsa.types.basic]

2 =procadure sum_sub |

3 input data_in_a, data_in_b : 4 bits;
4 input ctr @ 1 bits;

5 output data_out : & bits ) is
& variable data_a, data_b : 4 bits
7 =hedgin

8 = loop

9 data_in_a-> data_a ||
10 data_in_b -= data_b;
11 = ctr-= then

1& = ifctr= 0 then data_out <- (data_a + data_b as 8 bits)
13 else data_out <- (data_a - data_b as & bits) end

14 end

15 end

16 end

Figure 2.22 — Balsa description of a 4-bit sum anslubtraction unit.

The diagram of the Teak netlist obtained throughKTgynthesis is depicted in Figure
2.23. This netlist shows typical handshaking congmds, which are used by Teak: Merge
(M), Fork ), Join (), Steer §), Variable (lata_a-data_lpand OperatorsH, - and=). The
C-Element is a fundamental primitive gate for inmpémting all these components. For
instance, a 1 bit fork uses two buffers and onep2di C-Element. A 1 bit Steer uses seven
buffers, two OR gates and three 2-input C-Elements.



27

data_in_a data_in_b

0] g1l

0 [ r1|r2(r3 ctr

[o: [o: [0

data_a-data_b | w0

30 /21 59 23 2 fas

0] 1]
\ /) A\
0] 1]

20

({2°d0,in[0:0]} - {2'd0,in[1:1]})

25 | ({0,in[0:0]} + {0,in[1:1]})

Figure 2.23 — Diagram of the Teak-generated netlisbr the sum and subtraction unit.

The circuits generated by Teak do not perform vell in terms of performance when
compared to the ones generated by the Balsa SYB#®R09]. This is due to the fact that the
system is still in its early stages of developmami some functionalities of the tool do not
present satisfactory results. However, due to #stricted set of standard cells that this
system requires to generate a complete netlistafor circuit described in Balsa, the
developed library will initially support Teak symisis only, as well as flows starting with
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VHDL descriptions helped by several manual operatid-uture work includes expanding the
set of gates in order to support Balsa System sgiglas well.
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“What one man can invent, another can
discover.”

Sir Arthur Conan Doyle

At present, the use of standard-cells in the desigCs is a consolidated design style.
Therefore, a wide variety of standard-cell libraris on hand for different technologies,
different processes and different purposes. Mongogeen free of charge libraries are
available for educational institutions. Howeveryragironous elements are usually not
present in contemporary standard cell librariessi@res that demand asynchronous elements
usually design their own gates in a full-custom rapph or use typically synchronous
elements to build asynchronous ones.

Another major draw-back of the asynchronous paradgthe enormous gap between
the development of EDA tools for asynchronous discand their synchronous counterpart.
Therefore, the design and implementation of asymbus ASICs through typically
synchronous EDA tools have also been proposed akexnative.

This chapter presents an overview of current stahdell libraries and design and
implementation of asynchronous circuits in present.

' # o (O)r+

Grad and Stine present a public domain StandaridL@eary for educational proposes
that supports a fully automated design flow. Thealy contains combinational cells, such as
NANDs and NORs, with various drive strengths and pasitive edge Flip-Flop
implementation for sequencing operations. The celtesye designed for the American
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Megatrends INC (AMI) [AMI10] 0.5um process, whicHoavs fabrication through MOSIS
[MOS10] educational program. The design flow of tibeary used tools from the Cadence
Framework [CAD10] and its physical and electridahacteristics are described through LEF
and LIB text-based files, respectively.

A fully automated Semi-Custom IC design flow iscaldistributed through a set of
script templates. The design flow uses tools thatwaidely available in the market and
educational institutions. Synopsys [SYN10] Desigon®iler is used for synthesis and
Cadence Silicon Ensemble for place and route. Maeothe scripts are highly
parameterizable in order to provide full controkothe final layout to the designer.

This library was not designed to support asynchusrdesign styles.

, - C# (*0+

The library presented by Djigbenou and Ha, from gwilma Tech VLSI for
Telecommunications (VTVT) Lab, targets the TSMC W] 0.25 pum process with a
supply of 2.5 Volts. It was designed using comnarciesign and simulation tools and
provides various primitive gates, multiplexers dliygflops with a variety of drive strengths.
In total, the library contains 84 cells.

In order to provide a glance of the real world gasenvironment, the presented library
is available for educational purposes free of abaiidhe supported Semi-Custom IC design
flow uses a VHDL or Verilog behavioral descriptithat is synthesized and simulated using
Synopsys tools. The synthesized design is theniiegdanto Cadence Framework to generate
the IC layout through place and route tools. StHis library does not have any typical
asynchronous element.

1 mn
(-*0+

The lack of appropriate support to design asynabuenASICs is one of the main
drawbacks for this paradigm in present. Hence, Ghddwee and Chang present a
methodology of designing asynchronous circuits gistonventional IC design tools and
standard cell libraries.

In the design methodology proposed@HO07], the circuit is implemented as a latch-
based pipeline and an asynchronous latch contraitenposed of conventional elements, is
proposed for the synchronization of each stagesyhthesize the design, the architecture of
the circuit is divided in three: data path circuigsynchronous latch controllers and state
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machines. The first, is basically synthesized tghoa normal combinational logic synthesis.
The latch controllers, on the other hand, cannosyrghesized because the synthesis tool
would end up generating a very different circuitothgh its optimization approach. Finally,
the state machines are synthesized through coowvehtiRTL synthesis with one delay
assumption: the delay for a change of state hadsetdower than the worst delay of the
combinational logic.

To validate their design methodology, an asynchusniinite impulse response (FIR)
filter was implemented in a 0.35 um CMOS proceske Tesign flow counted with
conventional commercial EDA tools from Synpsys @adience.

$ 2 3 4
(.)*5+

Cortadella et al. present a paradigm for autométiegdesign of asynchronous circuits
from synchronous specifications. In [CORO06], diéfier protocols for desynchronization are
addressed and a desynchronization flow is propo$éd flow consists, in essence, of
switching each register of a pipeline for two lastand implementing a control for each local
handshaking, in order to eliminate the global clo&#ditionally, combinational logic delays
are matched in their respective synchronizatiogslin

The work validates the proposed paradigm throudid smplementations, including a
desynchronized version a DES core and a DLX pracg$$EN02]. A SoC containing the
DLX processor and two on chip memories was syntieesithrough typically synchronous
libraries and tools, fabricated, and tested. Thp shpported multiplexed clock that enables
it to operate in both the synchronous and the ddspmized mode. A comparison between
the two implementations proved that the presenge@digm did not introduce significant
penalties in the design and, more importantly, edil benefits of asynchronous circuits,
such as lower electromagnetic emission and lowaevepaconsumption. However, for its
nature, this paradigm provides just a taste oatheintages of asynchronous circuits.

& | #  (16)*$+ (16)*5+

In these works, Ferreti presents a Single-Track-Buifer Standard-Cell library that
was designed to support high-speed area-efficispichronous nonlinear pipeline design.
The library was designed for the TSMC [TSM10] 0i2% process and validated through
silicon implementations. Each cell of the presentddary employs an asynchronous
communication channel that can help automate tipéeimentation of local handshaking.

The designed STFB Standard-Cell is freely availdbteugh the MOSIS Educational
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Program [MOS10]. As far as the Author could veiifythe available literature this library is
the only freely available standard-cell library fasynchronous ASIC design. The library
supports dual-rail and 1-of-3 data encoding andtiek-end design flow using the presented
library can be done through Synopsys and Cademntg to

5 2 % 7 4 (8*B+(.8*5+

Ozdag and Beerel present the implementation of synchronous low-power high-
performance sequential decoder along with the deffigv of a QDI precharged half buffer
(PCHB) standard cell library. The design flow u#d to generate the gate-level cell library
counts with the following steps: Cell Specificati@ell Design and Cell Abstract. For each
cell it was designed the physical layout, transit#wel schematic view, symbol and
behavioral (Verilog) views according to its spezation. Moreover, spice simulations were
used to characterize the electrical behavior ofi edi¢che cells.

The resulting cell library, which is available tbgh MOSIS [MOS10] for the TSMC
[TSM10] 0.25 um process, counts with a set of 4@adyic cells, to implement function
blocks, and 10 cells to implement control logic.wéwer, the cells are significantly limited
when it comes to output driving strength and mahthe cells have a short range of output
load capacitance. These limitations are due tdatiethat the designed library was generated
in order to implement a specific application an@réh was no fine grain optimization
regarding the design of the gates.

0 #6

The only fairly way to experience asynchronous ASI€ to have an asynchronous
standard cell library available. From this assuomti TIMA and LETI (both French
laboratories) developed a library to support sugsighs. A 130nm gate length version of this
library, called TAL-130 is presented in [MAUO3]. this work, the flow used to design the
library is detailed and compares the results ofiémenting QDI circuits using TAL-130 and
using a standard synchronous library (through ACZ22s).

At present, a 65nm transistors gate length versidhis library has also been designed.
This library is called TAL-65 and is fully validatethrough characterization process and
silicon implementation. Two sets of cells compdse library, a set of C-Elements and a set
of PCHB templates. In the former, different vaoat of C-Elements are available. Among
these are two, three and four input cells and asstmercells.

However, this library is not freely available. Thdormation obtained about it was



courtesy of TIMA and LETI.
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“To let the brain work without sufficient
material is like racing an engine. It racks
itself to pieces.”

Sir Arthur Conan Doyle

The main goal of this work is to describe the desigd implementation of a standard
cell library called ASCEnD ST65, specific for build asynchronous ASICs. In particular,
this Chapter presents the adopted design flow megpand used to develop ASCEnD ST65.
The contents of the library are the subject of @GP .

This flow can be divided in three main sectionghwthe dependency relations among
them depicted by Figure 4.1.

__ i . Library
Library Design Validation

Figure 4.1 — Dependency between the main steps bétadopted design flow for the

standard cell library.

$ 3 ' #

As it was explained in Chapter 2 , the standartaggroach to design ASICs makes
use of pre-designed and pre-verified functionatkdoin order to build complex ICs. These
blocks can be seen as Lego bricks and, in ordehé&n to fit side by side, rules are needed to
define physical characteristics like cell heightl a@rminals positioning. Moreover, a PMOS-
to-NMOS ratio must be defined to obtain balancdts ceith rise and fall propagation times
the more similar the possible. Finally, differemsa@jns of a same gate are usually demanded
to support different requirements, such as desagsitly or circuit performance. Therefore, a
metric to define the driving strength of cells mhstspecified as well.



36

&% "' 1 % (

The stance of the doping layers, power rails amoheotion pins along with the width of
the power rails and the height of the cell werenddadized for each cell of the designed
library. The width of the cells varies, albeit respng the routing grid. Moreover, in deep
submicron technology nodes, minimum DRC rules ateemough to guarantee a significant
die yield. To do so, design for manufacturabilijes (DFM) are essential in 65nm nodes and
below, where a slight variation of process parametey ruin a whole die [WONOQ9].

This work proposed a set of layout guidelines ideorto obtain designs that are more
likely to respect all DFM principles and improveslg. A fundamental choice is not to use
minimum size, but at least 2 manufacture grid mlrigger geometries. The set of adopted
DFM rules is summarized in Figure 4.2, whéreepresents the polysilicon extension from
the gate region, which was defined to be 4 manufax grid points bigger than the
minimum size rule. When the source/drain runs irale with the overlapping polysilicon,
this size must be even bigger (6 manufacturing paihts) to avoid unwanted short circuits.
In patterns, the distance between lanes of a sayee, Irepresented & must be at least 4
manufacturing grid points bigger than the minimumesrule. Contact redundancy is
recommended whenever possible to reduce failurallyy contacts, as depicted i The
same is recommended for vias to interconnect aiffiemetal layers. Finally, the enclosure of
contacts [E) must be at least 2 metal pitches bigger tharrebemmended. Once more, the
same rule applies to vias. All the DFM rules addpieere obtained from the design rules
specification in the design kit manuals.

pol ] mi|  [m1] [m1] w4
A co
Diff b
«—> CO «—>
E|
B
, | |
________
c

Figure 4.2 — Adopted set of DFM rules concerning IQayers. PO is polysilicon, Diff is diffusion,

CO is contact and M1 metal 1 layers.

The architecture of each standard cell has also beéned in order to be compatible
with the library provided by the foundry. In thiawan IC can be implemented through the
use of cells from both libraries. Figure 4.3 présahe defined architecture for every gate.
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The height of the gates is fixed in 2.6um, while Wadth can vary, albeit it must be an even
multiple of 0.2um. The power rails have standardtixg of 0.56um and the doping layers

have predefined sites and extension over the stamed.
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Figure 4.3 — Standard layout architecture. The regolygon is polysilicon and the green
rectangles are diffusion. NP and Nwell are the negiae doping layers and PP is the positive

doping layer.

Another important definition for the physical desigf the library is the fact that all the
cells will be tapless, where a tapless cell coassiéta standard cell without connections to
bulk silicon. This is done for compatibility sakethvthe basic library of standard cells
provided by the foundry. The use of tapless cellbées the design of hybrid ICs, using cells
from the asynchronous standard cell library andypeal library provided by the foundry. In
the approach described here as in the basic 65mmanyi of ST the polarization of the
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substrate is not given by each gate, but by spetahents calletiipping cells These cells
are already available in the library provided by thundry and when generating the layout of
an IC, they are placed in stripes separated byefiresti distances.

L% )y o4& (

The PMOS-to-NMOS transistors ratio is a constardt tbefines the size (more
precisely, the width, since the length is fixed)tlkd PMOS as a function of the size of the
NMOS transistor, as Equation 4.1 establishes. Tathod adopted by this work to define a
PMOS-to-NMOS ratio consisted in describing the sthiéc of an inverter, the most
elementary logic gate, using the SPICE languagesandlating it in a test circuit. Cadence
Spectre was the simulator used [CAD10]. This chaogea reflex of its availability and
widespread usage. The test circuit consisted ahwerter with an output of 0.5 pF and an
input slope of 0.033 ns. These values were obtdirmed the design kit manual, where it is
specified typical simulation scenarios.

Equation 4.1 — Size of PMOS transistor\/,) as a function of the size of the NMOS transistor
(W,) and the PMOS-to-NMOS ratio ().

W, =b" W,

Firstly, an initial PMOS-to-NMOS ratio was obtainéy setting the NMOS to its
minimum size and varying the PMOS from its minimsire to a maximum size of two
fingers' (an extreme transistor size for the target teamyoprocess), respecting the defined
maximum cell height and doping layers stances.egffit simulations were performed for
each PMOS size variation and a ratio of 2.19 wdaiokd from the simulation results. As
Figure 4.4 shows, the best PMOS-to-NMOS ratio veasd for a PMOS of 0.295um with a
minimum sized NMOS (0.135um). A total of 244 sintidas were performed, each varying
by 5nm the PMOS size for one finger implementatiand by 10nm for two fingers.

! Since the maximum cell height and doping layeasi@ts restrict the maximum size of a single tramsitshe only way to
implement a transistor bigger than this maximune $&zto have transistors in parallel. In these s;afee widespread
folding technique can be applied to obtain biggansistors, inflicting a smaller area penalty tf@plementing two
separated parallel transistors. The technique stnsi utilizing the drain/source of the transistorgenerate a next
“finger” and connecting the drain/source nodes tlogieto implement two parallel transistors. Finallye gates are
connected to implement the equivalent folded biggersistor.
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NMOS = 0.135 um. Most balanced at PMOS: 0.295
4e-09 T T T T

Rise F’rbpagation ‘
3.5e-09 Fall Propagation N

3e-09 - E

2.5e-09 R

2e-09 R

1.5e-09 - R

Propagation Time (s)

1e-09 - R

5e-10 R

0 1 1 1 1 | 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

PMOS Size (um)

Figure 4.4 — Simulations results for an inverter wih a minimum sized NMOS transistor
(0.135um) with the PMOS transistor size varying fron minimum to a maximum size of two
fingers. A total of 244 simulations were performedpbtaining the best PMOS-to-NMOS ratio of
2.19.

In order to obtain a more reliable ratio, the sdlow used to obtain the most balanced
PMOS for a minimum sized NMOS, concerning to risel dall propagation delay, was
performed for different NMOS sizeErro! Fonte de referéncia ndo encontradapresents
the simulation results for all performed variatiarfsthe NMOS size. Table 4.1 summarizes
the obtained PMOS-to-NMOS ratio results. Finally,average of PMOS-to-NMOS ratio of
2.11 was obtained through the performed simulations

Table 4.1 — Summarized results for PMOS-to-NMOS rab simulation different NMOS sizes.

| "% $ | "

0.135 0.295 %8&(
0.2 0.47 %8&)
0.3 0.645 %&)
0.4 0.85¢ %8
0.5 1.03 %8+,
0.6 1.24 %o&+
0.7 1.45 o&+-
0.8 1.67 %8+

), 1-%* %

Different designs of a same gate are usually redquio assist different needs, such as
density or speed. The former need entails to ksridller transistors, so that the final design
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will use less area and consume less power, white ldtter need leads to larger and,
consequently, faster transistors with good driviagability, albeit with an area and power
consumption penalty [MIC94] [JAM99] [RABO3]. Simtian results prove that bigger
transistors provide faster, although more powesuaaring, cells. Figure 4.5 shows the results
of multiple simulations for a ring of 11 identidalerters with different transistors size for a
65nm gate length technology process. The ratio ts@timension the transistors was 2.11,
i.e. an inverter with a PMOS 2.11 times bigger tham NMOS, which in average provides
the best balance between rise and fall cell delays.

6.6e+09 T T, T T T T T T T 0.0004
Operation Frequency .
6.4e+09 | Power Consumption 1 000035 =
o
o
g 6.2e+09 <4 0.0003 =
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L 5.6e+09 4 0.00015 ncgj
542409 { ooo0o1 &
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0.135 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

NMOS size (um)

Figure 4.5 — Simulation results for different celldimensions in a ring with 11 identical

inverters, for a 65nm gate length technology procesusing a PMOS-to-NMOS ratio of 2.11.

Having different implementations of each cell imyes the performance of the circuit
that may achieve near full-custom performance aessigtHAS03]. That happens because
when the cell does not need to drive a big loaghall transistor version can be used, which
leads to lower power consumption. On the other htordnstances that need to drive a large
load, a cell with larger transistors can be empdoie improve performance. Therefore, an
indispensable step for the design of a standatdilmelry is to define different output driving
strengths.

The methodology adopted in this work is to defingpat driving strengths through
simulations using Spectre. Firstly, it was to assdrthat a X1 drive cell would drive the
same load that a minimum sized inverter in a pedabtdme of 1ns, a X2 would drive two
times this value, a X3 three times and so on. Toerethe first step was to define the
maximum load (dis)charged by an inverter with miaim size transistors, respecting the
defined PMOS-to-NMOS ratio. The test circuit coteilsof a minimum sized inverter with
an input slope of 0.033ns (as defined by the delsiignser guide) and varying output loads,
from 0.01pF to 0.40pF in 0.01pF steps, becausad verified by previous simulations that
these values represent extreme values for a minisizead transistor. The results showed that
the circuit was capable to drive a maximum of ORW#plns, as Figure 4.6 shows.
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Figure 4.6 —Simulation results of a minimum sizedniverter with varying output loads and an

input slope of 0.033ns.

Next, different simulations were performed to defiwhat transistor size would be
capable to drive 2 times the X1 drive (0.54pF/is)order to do so, a test circuit composed
by an inverter with a 0.54pF capacitance in itgpatiand a slope of 0.033ns in its input was
described in the Spice language. The inverter virasilated for different sizings, varying
from minimum, 0.135um NMOS and 0.285um PMOS, toaximum size of two fingers in
the NMOS (1.4pm). The size of the PMOS was alwaysdfin 2.11 times the NMOS
transistor size. In the results, depicted in Figuig the red line represents the time taken for
each transistors dimension to drive the output losbdile the green line represents the
balance for rise and fall propagation delays. Tomtpwhere the red graphics cross the 1ns
line is the best inverter dimensions for that outirive. Moreover, the closer the green line is
to 1ns, the more balanced is the cell. Therefaris determined that a X2 cell requires an
NMOS of 0.285um and a PMOS of 0.600um.

Figure 4.7 — Simulation results for an inverter wih varying transistor sizes, an input slope of
0.033ns and an output load of 0.54pF. The resulthew that the transistor size required to drive
the output load in 1ns is an NMOS of 0.285um and ARMOS of 0.600um.
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The same method was used to specify the tranggtioig for X3, X4, X5, X6, X7 and
X8 inverters. The complete set of results for eddkie can be found iErro! Fonte de
referéncia ndo encontrada. Table 4.2 presents the summarized results fosithelations
performed to define the transistor sizing for eacatput drive.

Table 4.2 — Summarized simulation results for diffeent output drives of an inverter.

P"#$ I"H#$ "l $
X1 0.135 0.285 0.27
X2 0.28¢ 0.60(C 0.54
X3 0.430 0.905 0.81
X4 0.57¢ 1.21C 1.0¢
X5 0.725 1.530 1.35
X6 0.86( 1.82( 1.62
X7 1.000 2.100 1.89
X8 1.15(C 2.42( 2.1¢
$ L it

Figure 4.8 shows a summary of the method adoptethédesign portion of the flow
proposed in this work to implement the standard ld@lary. This method consists of three
main steps for each cell: Specification, Design ¥atidation. The rest of this Section gives
an overview of the cell design flow, while SectiodA®.1 through 4.2.7 detail all the
intermediate steps of the process.

—— o —— —— — ——— — ————_—— e

Figure 4.8 — Adopted flow to design each standarcet of the library.

Figure 4.9 depicts the flow in detail, along witkettools used at each step. The first
step is to specify logical and electrical behavianctionality along with requirements and
constraints, of each cell. The schematic of theapaluit is then described and exported to a
text-formatted file in the Spice language. A spicidesigned tool, developed in the C++
language, called Ring Oscillator Generator (ROGenjpmatically generates a simulation
circuit in the form of a ring oscillator to testetleell for different transistor size combinations
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in a total of 1219 variations. Each ring impleméota is simulated and some of its
characteristics are measured. The results arezathnd compared to define two versfons
of the cell, performance driven (BS) and low powensumption driven (BP). This process is
also fully automated by another specially desigioad, also implemented in C++ called Cell
Specifier (CeS). From this point, the physical vietveach version is obtained using the
65nm process STMicroelectronics design kit [STMERAch physical view is the result of a
hand design using the Cadence Virtuoso layout editext, equivalent circuits are extracted
from the layout producing not only the drawn buscalthe parasitic devices. This step
employs the Mentor Calibre tool. Each extractedcusir have its electrical behavior
characterized, with Encounter Library Characterimat (ELC), and if it meets the
specification, an abstract view, a symbol view arderilog view are generated and the cell
follows to the library. If the extracted circuit &€® not meet the requirements, its layout is
redesigned and the design and validation stepepeated.

% Y M ) N

Figure 4.9 — Adopted design flow for each gate ofi¢ designed standard-cell library and

required tools. The three main steps are: Specifi¢n (blue), (Physical) Design (red) and
Validation (purple). Actions are represented by bogs, decisions by diamonds, descriptions as
rounded corners boxes and repositories as a greeylinder. The tools used in each step appear

in the top and bottom stripes.

11 Every C-Element cell in the library will have timplementations, a low power driven and a perforteagriven ones.
However other cells have only one implementationisTis due to the fact that, because of their ®attire approach
used to specify C-Elements could not be implemeritéerefore, another approach was adopted, gengratsingle
version of the cell, that is most balanced in teofngse and fall propagation delays.
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The tool used to describe the schematic of the egltl export them to symbols is the
Virtuoso Schematic Editor, designed by Cadences Thoice is a reflex of the compatibility
of the design kit with the Cadence Framework, aé age its availability in the resource set to
develop this work. For compatibility sake, the amdayout design tool is the Virtuoso
Layout Editor, also part of the Cadence Framew®he tool used to verify the layout, design
rule check (DRC) and layout versus schematic (L\¥SMentor Calibre. Moreover, Calibre
is also used to extract the circuits from the desiglayouts. This choice derives from the
possibility to seamlessly integrate the desigrakid the Cadence Framework with this tool.
The chosen simulation tool is Cadence Spectre dasans identical to the choice of the
layout editor. The tools used to automate the m®ad specifying the standard cells were
designed by the author in C++ and are called RO@Gsed to generate ring oscillators, and
CeS, used to select transistors dimensions.

The first step of the adopted flow to design adad cell is to specify its functionality
and its electrical requirements. The functionabtgiven as a logical expression defining the
output(s) as a function of the input(s) of the wircEquation 4.2 shows an example of a
standard cell logical specification, in this caseiaput C-Element.

Equation 4.2 — Example of logical expression defing the output of a 2 input C-Element as a

function of its inputs. Q is the output andA and B the inputs.

Qi =(AUQ|)U(AUB)U(BUQ|)

The electrical requirements consist in the requispged for a cell to charge or
discharge its output(s). Basically, the electrigpécification of a standard cell is a tradeoff
between area, power and speed [MIC94] [RABO03]. &snsin previous sections, high
performance gates require larger transistors and, @nsequence, consume more power and
demands more silicon area. Therefore, usually réiffecells are specified for a same logical
function in order to support different output dngistrengths.

Additionally, the definition of the name of the stiard cell and its connection terminals
is also part of its specification. For instance;, Eguation 4.2 defines the functionality of the
cell GPSVT_CMULZ2, beingh andB its inputs and) its output. Assuming that the required
output driving strength is the equivalent of a >&l,cthen the cell must drive 1.08pF in 1ns.
Firstly, a schematic of the circuit that implemetite specified logic is generated through
Virtuoso Schematic Editor, depicted in Figure 4.10.



45

Figure 4.10 — Example of schematic design using Viroso Schematic Editor.

Depending of the characteristics of the circuitp tfferent flows can be implemented
to define the transistors size. In this case, siheedrive of a C-Element is given by an
inverter (composed by the transistddd andM4) the sizing of these transistors is fixed in
0.575um for the NMOS and 1.21um for the PMOS, dmeeé for X4 cells in previous
sections. Moreover, the inverter composedM® and M5 is used only to keep a previous
state. Therefore it is fixed in minimum size foethMOS and the PMOS. The remaining
transistors have a variable size, until a dimenglmat best drives the output inverter is
defined. In this case, two versions are speciftet® that drives as fast as possible without
concerning with power consumption and another dra best drives it as a function of
performance and power consumption.

In order to do so, the designed schematic is autoall exported to a Spice
description. The ROGen tool is used to automaticgénerate an oscillator ring for the
described circuit, which gate level view is reprdged in Figure 4.11, also in SPICE
language. The generated description varies thedditee drive transistors through ttedter
function from minimum size transistors to threegéns transistors at maximum size. The
minimum transistor size is defined by the foundnd éhe maximum by the adopted standard
cell height. Additionally, due to the nature of éE@ment gate, a NAND port is also included
in the ring to make it oscillate. However, the effef this gate over the ring circuit is
normalized over the simulations and results corspari
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Figure 4.11 — Example of a gate level view of a sutation circuit automatically generated
through a specially designed tool. When thiN pin is at logical 0, the circuit is static with al the

nodes in logical 1. However when the input is asded, the circuit starts to oscillate.

Information about electrical behavior of each vi@oiaof the circuit is obtained through
the .measurefunction. Such information counts with: dynamic adedkage power of the
whole ring, rise and fall propagation and transititelay of each cell and operating frequency
of the whole ring. The leakage power was measwdtie@aaverage power consumed from the
power source while the circuit is quiescent. On oliger hand, the dynamic power is the
average power consumption from the source whernirigas oscillating.

The fall and rise propagation delay are measuretieaslelay of a signal to propagate
through the cell under simulation, in this caseiap2it C-Element. For instance, from Figure
4.11, the rise propagation delay can be measurdtkasne that takes to nodé to rise after
n5 has risen. However, it is very important to measapdes between the cells under
simulation, in other words, one could lose precisioneasuring nodes0 or n10 due to the
effect of the NAND port in the I/O of the cell teeldimensioned. Figure 4.12 shows an
example of a measurement of the fall and rise maji@n delays for a simulation of the
oscillator ring. The adopted switching thresholdsrise and fall are 40% and 60% of Vdd,
respectively. This definition is recommended in ti@nuals of the design kit.

Figure 4.12 — Example of propagation delay measureent. The graphics were generated by
Cadence Wavescan [CAD10].
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The rise and fall transition delay, are the trams@elays of the output of the cell to be
dimensioned. For instance the rise transition i@sueed as the time that it takes for the
output of the cell, sag6 from Figure 4.11, to switch from logical O to logicl when it starts
to rise. Figure 4.13 depicts the fall and rise sitdon of a simulation of the oscillator ring.
The transient time is between 20% and 80% of Vddeaommended by the manuals of the
design Kit.

Figure 4.13 — Example of transition delay measurenmé.

The operating frequency is measured for the whalg it is a metric that defines how
many times per second a signal switches to lodic@r logical 0). For instance, the time
between two logical rises in n6 is the inversehaf operating frequency. Figure 4.14 shows
an example of how to measure the frequency of sieédlator ring.

1/

Figure 4.14 — Example of frequency measurement.
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From a Spectre simulation, the measurements pegfbrfar each variation of the
circuit are exported to a text based file. A sectwal, CeS, is used to analyze the results and
chose for a dimension of PMOS that best drivescatle for each NMOS transistor size
variation. The result is the set of the best PMOMI combination for each sizing
variation. From this set, the fastest combinat®gdlected as a “best for speed” (BS) version
and the sizing that consumes less power as a @uncfi the performance is selected as a
“best for low power” (BP) implementation. The deked automated transistor sizing flow is
represented in Figure 4.15. A total of 1219 simafet are performed and analyzed before
selecting the best dimensions.

/
( )__ NMOS at PMOSat | | Results
Increment | | / R It:
PMOS size esulls Best PMOS/
NMOS
/ -
PMOSat | | Results ( )( Highest )
Performance

Increment
| NMOS size .. Results

NMOS at
— Results

100 48

Figure 4.15 — Automated flow for simulation, analys and specification of transistors size. A
specially designed tool generates an oscillator gnfrom the designed schematic view, this ring
is simulated for different dimensions of PMOS transstors over different dimensions of NMOS
transistors and each variation has its electrical éhavior measured. The results are analyzed by
another specially designed tool that selects the &#PMOS dimension for each variation in the

NMOS size. From there, two implementations are sedéed, one for lower power consumption

(BP) and one for high performance (BS).

The output of this flow is a set of graphics defmithe electrical behavior of each
variation in the dimension of the transistors. Bonplicity sake, only two graphics will be
presented here, for the full set of results of geeltl of the library, one can refer to [ASC10].
The metric used to define the best sizing for &perance driven cell, as explained above, is
the operating frequency. Figure 4.16 presents pezating frequency of the ring, measured
for each combination of PMOS/NMOS sizes. As itepresented in the graphic, when the
transistors are too small, poor operating frequas@ptained. As the dimensions get bigger,
the operating frequency increases. However theaepsint where the transistors start to get
too large and their input capacitance starts tbigger than the maximum load driven each
cell and the performance starts to plummet. Theeefthe best dimension for a high
performance cell is the peak of the graphic, is tase a NMOS of 0.9um and a PMOS of
1.7um.
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Figure 4.16 — Results obtained from operating fregency measurements for a ring of C-

Elements with varying transistors size.

The metric used to define a best cell, concernmmdotv power consumption, is a
function of the total power consumption and therapeg frequency. The cell that presents
the best cost-benefit, regarding Watts consumed Hertz obtained, is the BP
implementation. Figure 4.17 presents the resulttis relation between power consumption
and operating frequency. As the graphic showsHisr éxample, when the size is too small,
the W/Hz relation is not the best, that is duehe fact that this dimension of transistors
offers poor performance, albeit consuming littlempo. Therefore, the result is that as the
sizing is increased, a better cost-benefit is olethi However, there is a point where the
power consumed to increase the performance stagstttoo large and the cost-benefit gets
worst. In this case, the best cell for a BP impletaton has NMOS transistors of 0.25um
and PMOS of 1.3um.

Figure 4.17 — Results obtained from operating fregency and power consumption
measurements for a ring of C-Elements with varyingransistors size. The graphic represent the

cost-benefit of bigger transistors regarding to Wais consumed per Hertz obtained.
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Therefore, two specifications of the cell are aiedi, summarized in Table 4.3. The
tradeoff between these implementations is cleamwdmmparing the cost in area and power
consumption to obtain a higher operating frequency.

Table 4.3 — Summarized specifications of a BP andBmplementation of an example gate.

0 ! ! : 1 )
BS 0.9um 1.7um 1.44GHz 0.257mW
BP 0.25um 1.3um 1.16GHz 0.172mW

However, when it is not an inverter that drives ¢ligput of a standard cell, a different
method is used, albeit very similar and fully auted as well. For instance, assume that the
functional specification for another cell is exged by Equation 4.3 (a) and (b). For instance,
assume that this cell must drive an equivalent lofithe one driven by a X1 inverter, as
determined in previous sections. Say this gatalied GPSVT_FILTER and its input ports
areRAandRBand its output ports areA andAB.

Equation 4.3 — Specification of a filter functionaity for its two outputs: (a) AA and (b) AB.
AA=(RAURB (a)
AB=(RBURA (b)

In order to define the transistors size, the fstp is to generate a schematic that
implements the specified logic. Figure 4.18 sholes schematic designed for the specified
filter. In this case the outputs are not drivenabgimple inverter. Therefore the approach to
define the best size for the transistors is sligditfferent.

Figure 4.18 — Schematic that implements the logid GPSVT_FILTER2X1 standard cell.
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In this case, the whole circuit drives the outpiiserefore, an approach similar to the
one used to define the size of inverters for déiftroutput drives, in section 4.1.3 , must be
used. The approach is fully automated and consisfing an output load in the output
terminals of the cell and simulating the circuitr fdifferent NMOS and PMOS sizes
respecting the ratio defined in section 4.1.2 . Biees of the transistors vary from a
minimum size of NMOS to a maximum of three fingavl@S. The size of the PMOS tracks
the NMOS respecting the defined PMOS-to-NMOS ratieor instance, for the
GPSVT_FILTER2X1 cell, the best dimensions can be dobg placing a capacitance of
0.27pF in the output terminals and measuring time tihat each variation of transistors size
takes to (dis)charge this load. The combination tedt closer to 1ns represents the best
sizing for PMOS and NMOS transistors. Figure 4.18spnts the results of the simulations
performed for different variations, concerning tanisistors size, of the specified circuit. As
the graphic shows, the sizing that got closer ®Was the minimum sizing able to drive the
output load, a NMOS of 0.15um and a PMOS of 0.315]iherefore, this is the sizing that
will be used in the design of the physical vievita$ cell.

Figure 4.19 — Results for simulations of differenvariations, concerning to transistors size, of
the GPSVT_FILTER2X1 cell with an output load of 0.Z7pF.

From the circuit schematic, the physical charasties of the standard cell are usually
designed with the use of a layout editor. The basiction of this tool is to place polygons
representing the different layers used to fabriGatelC in a given technology [MIC94]
[RABO3]. As it was mentioned in previous sectiotige chosen tool to design physical views
is Virtuoso Layout Editor. Figure 4.20 shows thgolat of the 2 input C-Element specified in
Equation 4.2. In this example, the green blocks thee diffusion and the red ones are
polysilicon. Every polysilicon that overlaps thefddion forms a gate of a transistor and its
side diffusion is the drain/source. The logic isnthmplemented by connecting the nodes
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together through metal 1, blue blocks. Contactgdus connect different layers like
polysilicon and metal 1, are represented by yelleguares. The doping layers are the
NWELL, orange rectangle, P implant, pink rectangid B implant, yellow rectangle.

Figure 4.20 — View of the Virtuoso Layout editor. he physical design of a 2 input C-Element.

The layout must respect DRC and sometimes DFM rdlbe. present work defined a
set of DFM rules through a layout guideline, in.4.1 The adopted design flow for the
physical view is to handcraft each transistor @f $pecified circuit and verify it until it meets
the specifications and the design rules, as hasvs in Figure 4.21.

Figure 4.21 — Adopted physical view design flow.

The tool used to perform DRC and LVS verificatiorCalibre, developed by Mentor.
Once the view succeeds in both verifications, it ba extracted. Calibre is also the tool used
for extraction. The process of extracting a cirdoim a layout consists in scanning the
designed physical layers and reconstructing theuitirThe difference is that the extracted
circuit will contain not only the projected devicésand N type transistors, but also parasitic
elements. In this way a more accurate analysis theecircuit is possible.

However, due to the fact that the designed standelid are tapless and have no bulk
polarizations, a tapped version of the cell musigbeerated in order to extract the circuit.
Therefore, a circuit consisting of the designed gmtd a tapping cell is designed. The
distance between the tap and the gate is the maxidistance recommended by the design



53

kit manuals. Figure 4.22 shows an example of aedpgell, in this case the 2 input C-
Element from Figure 4.20.

In the adopted flow, the extraction tool performB@ extractionj.e. extracts parasitic
capacitors and resistors. Moreover, the circuiextracted for 3 process corners, typical,
minimum and maximum parasitic devices. From the&salescriptions of the circuit are
obtained, based on the design kit manuals recomatiend:

Best Case: minimum parasitic devices for a tempegaif -40C;
Typical: typical parasitic devices for a temperatoi@5C;

Worst Case: maximum parasitic devices for a tentpegaf 125C.

Figure 4.22 — Example of a tapped cell, required fccircuit extraction.

To design an IC using a standard-cell library, aitesd documentation about the library
is required. That is due to the fact that the dedigw of a complex standard-cell based
design is virtually impossible without the aid eftamated tools. Such tools must rely on the
referred documentation in order to synthesize hidéeel descriptions of circuits, such as
RTL sources. Therefore, a robust library must haagehestandard cell electrical behavior
characterized for different process variationspatitoads and input slopes.

As mentioned before, the tool used to charactezamd gate of the library is Encounter
Library Characterization (ELC) [CAD10b]. This tool kes use of non linear table delay
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models to characterize circuits. These models sbrdi tables defining input slopes and
output loads and each combination represents alaio scenario. Therefore a limited
number of simulations are performed, constrainethbynumber of elements in the table, and
less computation is required to characterize adstahcell. However, the obtained results are
not a continuous function of input slopes and outpads and any missing value is defined
by linear interpolation. In this way less compudatis required to characterize a standard cell.
In fact it the recommended number of values fors¢henodels is from 5 to 7 [RABO3].
Therefore the adopted flow will use non linear tablgth 7 values of input slopes and 7
values of output loads. Figure 4.23 shows an examph non linear model input table used
to characterize X4 drive cells.

Figure 4.23 — Example of non linear model input take.

Figure 4.24 depicts the electrical characterizafilonv using ELC. Firstly, a logic
model is generated from a transistor-level cirdgscribed in spice format, usually exported
from a schematic description. From this logic modtiett vectors are automatically generated
in order to simulate every possible transition &l &ws each possible state of the cell. Then, a
characterization environment is formed, specifytimg operational conditions and the process
corners along with a non linear table. From thdiéerent SPICE simulations are performed
for each combination of the input table for eachagated test vector. From the simulations,
the electrical behavior of the circuit for each dmnation of input slope and output load for
the specified process corner is determined.

a>ba>o

Spice

C D G

Figure 4.24 — Library characterization flow using B.C [CAD10b].

The aspects characterized by ELC are: slew rate agatjon time, static and dynamic
power consumption, input pins capacitance and maxinioad for each output pin. The
propagation time is characterized pin-to-pin, whicbans that every possible path in the cell
will have its propagation delay characterized. dotf the propagation delay represents the
time that it takes a change in an input to affectoatput. For the adopted design flow, as
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defined by the design kit manuals, the switchingghold is at 40% for rise transitions and
60% for fall transitions. For instance, Figure 4&5shows the propagation delays for an
inverter wherestand t represents the fall and rise propagation del@gpactively.

Figure 4.25 — Example of propagation delays (a) angansition delays (b) for an inverter.

The example of an inverter is rather simple andethera direct effect from a single
input to the only output of the gate. However, mooenplex cells, where the propagation
time between an input and an output port can deparitie status of other input ports, are not
that trivial to be characterized. This aspect iedastate dependency. ELC automatically
detects state dependency and generate test veéctoesify every possible state of the cell
[CAD10b].

Along with the propagation delay, the time thata@riput takes to switch its logical
level for a given input slew and output load musbée characterized. Such time is called
transition time. To avoid the uncertainty of whertransition actually starts or ends, it is
defined that the transition times occur between 20% 80% of the output voltage. Such
assumption is defined in the design kit manualgure 4.25(b) shows an example of risg (t
and fall () transition delays.

To characterize the dynamic power consumption, thestent power and the power
needed to charge the circuit, output load and piarasapacitors, must be defined. For
instance assuming that the NMOS and the PMOS afivarter are never on simultaneously
its transition circuits can be represented as gutie 4.26. The output load is represented by
the capacitolC_ and the circuits (a) and (b) represents the higlowand the low to high
transition circuits, respectively. During the lowv liigh transition of the output, the capacitor
C_ is charged through the PMOS and an amount of ernerdsawn from the power supply,
albeit part of this energy is dissipated in the PBA@evice. When the output switches once
more, high to low transition, the load @i is discharged through the NMOS and part of this
stored energy is also dissipated in the NMOS.
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(@) (b)

Figure 4.26 — Equivalent transition circuits for aninverter, (a) high to low transition and (b)
low to high transition, from [RABO3].

However, in actual designs, the assumption thaP®©S and the NMOS are never on
in the same instant is not correct. For a shoriodeof time, there is a transient current
between the power rails. That is due to the faat there is a range of values where the
logical value is undefined, recalling Figure 4.25(between 20% and 80%. Hence, during
this period of time the current flows from the poveeipply to ground, reaching its peak in
half of the signal excursion as it is depicted igufe 4.27. Moreover, there are also the
parasitic capacitances that are inevitable becafitiee proximity of the components of the
circuit. The energy required to load these capac#aralso represents power consumption,
because each rise transition of the cell requiergnto load them. Together with the power
consumed during the transient period of the inputd the power consumed to charge the
output load, it represents the dynamic power corpsiom.

\hn

Ishort

t
Figure 4.27 — Transient current, adapted from [RABG].

The static power dissipation of a circuit is expeesby Equation 4.4, whetga is the
current flowing between the power rails when thisr@o activity in the circuit. When the
circuit’'s inputs are static and its state is welfided, the PMOS and the NMOS should not be
on at the same time. However there is a leakageermuflowing through the transistors
between the substrate and the source, or drain.clinisnt represents power dissipation for a
static state of the circuit.

Equation 4.4 — Static Power Dissipation [RAB03]
P =1

stat —

VDD

stat
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The capacitance of the input pins and the maximuad ltor the output pins are
essential information for the electrical charastirs of a library. The input capacitances rely
on the size of the transistors. A large transistas a large gate and, consequently, a large
input capacitance. The output maximum load, on therohand, is the maximum load that
the drive transistors were capable to drive in riage period of time. For the present work,
the cells are characterized with a maximum simomattime of 0.5ns. Therefore, the
maximum output load represents the maximum loadatséandard cell can drive in 0.5ns.

All the described process, of characterizing a egth ELC, is automated. Therefore,
usually, one may just supply the spice circuit, itiput look-up table, the process corners and
the operational conditions in order to obtain thectical characteristics of a cell for the
given parameters. As it was explained before, wiffe process corners and operational
conditions must be characterized in order to asteeeliability of a library. For the present
work, three characterizations are performed:

Best Case: using a best case extracted circuastdNiMOS and fast PMOS (FF)
process corner and a temperature of -40C,;

Typical Case: using a typical extracted circuitypidal NMOS and a typical
PMOS (TT) process corner and a temperature of 25C;

Worst Case: using a worst case extracted circustp@ NMOS a slow PMOS
(SS) process corner and a temperature of 125C.

All the information generated by ELC characteriaatprocess is exported to a Liberty
Library (LIB) file. The LIB is a powerful high-levedescription that can represent a wide
variety of characteristics of a circuit. It was d®ped and is maintained by Synopsys
[SYN10].

The abstract view is automatically generated throGghence Abstract Editor. Figure
4.28 shows the abstract view of the layout depiateéigure 4.20. The filled blue rectangles
represent the metal 1 connections of I/O terminalgch can be used for the cell routing. On
the other hand the empty blue polygons represetalrbckage, due to internal routing of
the gate. This view is then automatically exportedattext based library exchange format
(LEF) [CADOQ9]. This format was designed and is maiméd by Cadence.
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Figure 4.28 — Example of abstract view automaticall generated through Cadence Abstract

Generator. Abstract view of the layout showed in Fjure 4.20.

Next, a symbol must be generated for the standalid This view is automatically
exported from a schematic by Virtuoso Schemati¢dedind can be used to gate level circuit
descriptions. Figure 4.29 shows an example of absymiew for the schematic showed in
Figure 4.10.

Figure 4.29 — Example of symbol generated throughixuoso Schematic Editor.
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Finally, from the specifications of the gate, a&ahbral view of the gate is described in
Verilog. This description is simulated in a test tdlemnd it is verified if it implements the
specified logical function. If not, it must be rstgned until the specification is met. After
that, a netlist containing only the described gateplaced and routed and its delay is
annotated and exported to a standard delay for8iaF) file [IEEO1]. The choice for this
format is due to the fact that it is tool-indepemdand, therefore, widely accepted in EDA
tools. A timing simulation is then performed andnpared to the annotated delay. Figure
4.30 presents the adopted flow to generate thddgeview.

v

Place &
Route

Figure 4.30 — Flow adopted for the Verilog view gesration.

For instance, in Figure 4.31, lines 1-12 show thmitive generated for a 2 input C-
Element. Verilog provides user defined primitiveDf®) to model complex gates, which are
not built-in the language [CILO2]. The primitive described as a truth table implementing
the specified function, in this case Equation 4n2irles 14-25 this primitive is addressed for
the BS version of the specified C-Element.

Figure 4.31 — Example of Verilog view, a 2 input Gzlement.

A test bench is described in order to test evemydition arch of the described behavior.
This verification is automated by usingassertfunctions through a VHDL description.
Figure 4.32 shows an example of a VHDL test bewchte Verilog of Figure 4.31. In order
to test every possible combination of inputs tramsj a clock signal is generated for each
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input. A base clock signal has a period of 80ns ewely extra clock is 4 times faster. For
instance, for a 2 input circuit, the test bench hasock signals¢lockOwith a period of 80ns
and clock1 20ns. A control signal switches the input signalery time the slowest clock
completes one period. Moreover, each clock hasffareint transition delay. In this way,
every possible transition combination is verifidthe verification of the two transition arches
for the described gate is represented in linesn8s38.

Figure 4.32 — Example of a test bench, described WHDL for automatically verifying the

behavioral description from Figure 4.31.

The simulator used to verify the Verilog view is @ade Incisive. However the
simulations were also performed in Mentor Modelskigure 4.33 shows the waveforms
obtained by simulating the test bench describdeigare 4.32.

Figure 4.33 — Resultant waveform from the simulatio of the VHDL test bench described in

Figure 4.32.

Finally, in order to verify timing annotation, aths&t consisting of a single cell is

generated and then placed and routed through Cademcounter, showed in Figure 4.34.
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The delay of the design is annotated through Encoudmen the characterized electrical

behavior of the standard cell. Next, the informati® exported to a SDF file. This process is
fully automated by Encounter.

Figure 4.34 — Example of a single cell design plat@nd routed in Encounter. The filled blue
square is the physical site of the standard cellnithe borders of the outer square are the 1/0

pins and the routing is through metal layers, redgreen and yellow rectangles.

An example of a SDF file is given in Figure 4.35€ldelays are organized according to
the structure presented in lines 6 and 7. Fistdiefined the pathA to Qin line 6 andB to Q
in line 7. The rise and fall propagation delays @eéned in the first and second parenthesis,
respectively. Each delay definition has three vglu®r best, typical and worst cases,
separated by a colon. The time scale for this ekamsmefined to 1ns.

Figure 4.35 — Example of SDF file, generated fromr€ounter.

Next, a timing simulation at gate level is perfodriBrough Incisive. The results of this
simulation are compared to the ones obtained inSB& file. Figure 4.36 presents the
resultant waveforms for the timing simulation o&thxample design for a typical process
corner. Recalling Figure 4.32, the signial8, in1 andoutO are pinsA, B andQ, respectively.
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The rise propagation of inpétto inputQ is represented in Figure 4.36 (a), the propagation
delay is the difference between the two signalktige this case 14ps. The same value can be
verified in Figure 4.35 line 18 for a typical preserise propagation delay. Similar

verifications can be done for each transition alcthey are all met, the timing annotation is
correctly working.

(@)

(b)

(©)

(d)

Figure 4.36 — Timing simulation results for a gatdevel design of a single 2 input C-Element
standard cell. (a) and (b) presents, respectivelyise and fall propagation delays from pinA to

Q, while(c) and (d) presents the propagation delays from piB to Q.
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From the information generated in the charactadnagprocess, it can be verified if the
extracted cell electrical behavior is equivalentite one obtained in the specification steps. If
the cell does not meet the requirements, it musedesigned. If it does, the cell follows to
the library.

$ # 9 r

After a set of cells are specified, designed arlidlated, a library is obtained. From this
library, different ICs can be designed. Two diffdreesign flows were adopted to generate
test ICs from the designed standard cells. Firgtlyypical design flow consisting of a high
level description of the circuit at register trarsfevel (RTL), in this case VHDL, and the
Cadence Framework, showed in Figure 4.37(a), wasl us design the router of an
asynchronous network on chip (NoC). Another flowgnsisting of a Balsa source,
synthesized by Teak and placed and routed by Enagufitpire 4.37(b), was also used to
implement an asynchronous RSA based cryptograpbyiton the designed standard cells.

VHDL Balsa
Sources Sources

A A 4

RTL Teak

Place &
Route

Figure 4.37 — IC design flows used to implement digas on the designed library gates.
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“Things must be done decently and in
order.”

Sir Arthur Conan Doyle

The method described in Chapter 4 was adopted tecie set of gates for the ST
Microelectronics 65nm bulk CMOS process (ST CMOSKB)M10]. A total of 251 gates
were successfully designed and characterized. Tei set counts with numerous
implementations of C-Elements and different versiohsnetastability filters. The standard
cell library is called Asynchronous Standard Cé&lisablingn Designs (ASCEND), currently
at version 0.1. Together with a standard cell Ijpnaith typical cells (like ANDs, ORs and
buffers), provided in the design kit, ASCEnD ST6% ¢ used to implement asynchronous
ASICs in several current design styles, includirigl @nd others.

& . 5&

The ST CMOS65 technology provides low power and geanaurpose devices for a
65nm CMOS gate length fabrication process. Moreavejives access to standard threshold
voltage (Vt) transistors (SVT), and high Vt transist(HVT). It allows a back-end with 6 or
7 metal levels. This work makes use only of gengmaipose standard Vt (GPSVT)
transistors. However future work includes implenmanthe library with low power standard
Vt (LPSVT) devices as well.

& 4

The adopted convention to name each cell is orgdnizs: “DEVICE-
TYPE_(BP/BS)_CELL-NAME_DRIVE"So far, the ASCEnD ST65 library counts with
GPSVT devices only, therefore every gate name staitisGPSVT.
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The C-Element is a fundamental gate in most asynoliodesigns [SPA0L] [MYEOL].
Therefore, it is essential to have available difierenplementations of a C-Element in a
standard cell library intended to support asyncbusncircuits design. Moreover, due to its
continuous notion of time, the project of asynclmas circuits must deal with events like
metastability. Therefore, the implementation ofeédint metastability filters is indispensable.

This work presents the design and implementatioa stindard cell library containing
251 gates, from which 247 are C-Elements and 4 aetastability filters. The flow
implemented to design each gate is presented itio&et.2 and the logical specifications are
in AppendixErro! Fonte de referéncia ndo encontrada.For each specification, different
cell variations were implemented, concerning tgpatidrive strength and, in the case of C-
Elements, architectural variations. Examples of l&ayand schematic views appear in
Appendix Erro! Fonte de referéncia ndo encontrada. Finally, one can consult the
homepage of the library [ASC10] for a full docurregign suite on the library.

The circuits designed in [PON10], [PON10b] and irs tivork showed that out of all
asynchronous standard cells in an asynchronous ABKn, 90% are C-Elements a gate
originally proposed by Muller in [MUL57]. Therefgre large set of C-Element variations
provides adequate resources to trade off powerutopgson, area and performance in
asynchronous circuits. This work proposes a tota2bivariations of the basic C-Element,
regarding number and symmetry of inputs, . Threeediht CMOS implementations of each
variation were designed: Conventional, Symmetrid &vieak Feedback (Muller) [SHA96]
[SHA97] [SHA98]. Moreover, each implementation bietC-Elements counts with a low
power driven (BP) and a high performance (BS) wersas Figure 5.1 shows. Initially, each
gate was designed for an X1 output drive. Howewmme output drives are provided for most
of these gates (typically 4 choices, from X1 to X4)

@&
a» aaaED COOED &

Figure 5.1 — Versions of each C-Element specificati.

The designed two and three-input C-Elements are suimetd in Table 5.1 and Table



5.2, respectively.
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Table 5.1 — Designed 2 input versions of C-Elements

C1D2

C1D_RST2

C1D_SET2

Cluz

ClU_RST2

ClU_SET2

C2

C_RST2

C_SET2

X1

X1

X1

X1, X2,
X3, X4

X1

X1

X1, X2,
X3, X4
X1, X2,
X3, X4
X1, X2,
X3, X4

Two-input C-Element with one normal input and ondirfgt
input.

Two-input C-Element with one normal input, one fadliinput
and an active-low reset input.

Two-input C-Element with one normal input, one fadliinput
and an active-high set input.

Two-input C-Element with one normal input and onéng$
input.

Two-input C-Element with one normal input, one risingut
and an active-low reset input.

Two-input C-Element with one normal input, one risingut
and an active-high reset input.

Two-input C-Element with two normal inputs.

Two-input C-Element with two normal inputs and anvaetow
reset input.

Two-input C-Element with two normal inputs and aniwast
high set input.

L A falling input is an input that has influence pin the high to low transition of the output.

2 A rising input is an input that has influence oimythe low to high transition of the output.
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Table 5.2 — Designed 3 input versions of C-Elements

C1D1U3

C1D1U_RST3

C1D1U_SET3

C1D3

C1D_RST3

C1D_SET3

Clu3

ClU_RST3

ClU_SET3

C3

C_RST3

C_SET3

X1

X1

X1, X2,
X3, X4

X1

X1

X1

X1

X1, X2,
X3, X4

X1

X1, X2,
X3, X4

X1

X1

Three-input C-Element with one normal input, oneagsnput
and one falling input.

Three-input C-Element with one normal input, onengsnput,
one falling input and an active-low reset input.

Three-input C-Element with one normal input, oneagsnput,
one falling input and an active-high set input..

Three-input C-Element with two normal inputs and taikng
input.

Three-input C-Element with two normal inputs, onlérfg
input and an active-low reset input.

Three-input C-Element with two normal inputs, onlérfg
input and an active-high set input.

Three-input C-Element with two normal inputs and demg
input.

Three-input C-Element with two normal inputs, orseng input
and an active-low reset input.

Three-input C-Element with two normal inputs, orseng input
and an active-high set input.

Three-input C-Element with three normal inputs.

Three-input C-Element with three normal inputs andetive-
low reset input.

Three-input C-Element with three normal inputs andetive-
high set input.

A comparison of the three CMOS implementations seas(conventional, Muller and
symmetrical) for a 2-input C-Element appears in Fegh.2. The total area of each cell is
compared in (a) for different output drives, shagvithat the Muller version presents the
smallest area. The operating frequency of a rind®fC-Elements and a NAND gate is
compared in (b) and its dynamic power consumptio(c). Results show that the symmetric
C-Element presents higher operating frequencies lamgtr power consumption. The
conventional version presents low leakage poweswamption for different output drives as
Figure 5.2 (d) shows. For a 2-input cell, the syrrimend the conventional static (leakage)
power consumption is equivalent. However for 3-inpells, the latter dissipates in average
30% less power when the circuit is quiescent tafihe schematic and layout views of

these gates are showed in Apperigixo! Fonte de referéncia ndo encontrada.
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C-Elements Area Comparison (um?)
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Figure 5.2 — Several comparisons between differe@-Elements CMOS implementations with
varying drive strengths, from X1 to X4. The compare C-element classes are conventional
(CCONV), weak feedback or Muller (CMUL) and symmetric (CSYM). In (a) the area of the
cells is compared. In (b) and (c), the operating &quency and the dynamic power consumption
of a ring of C-Elements are compared. In (d), thedakage power consumption of the gates is
compared for 2 and 3-input cells. For instance, BRCMUL2 is a 2-input BP Muller (weak
feedback) C-Element, while BP_CMUL3 is its 3-inputwersion.
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Metastability Filters are crucial elements to inmpént asynchronous circuits. This is
due to the fact that they guarantee a robust imgteation of control elements, like arbiters.
These elements are essential to compute data aadiémksions for the correct operation of
the circuit [BER99b] [MYEO1] [SPAO1].

The designed library counts with 4 implementatiohs anetastability filter. Each of
which has a different output driving strength, adaeg to Section 4.1.3 . The specification of
a metastability filter behavior is described in A&pgix Erro! Fonte de referéncia néo
encontrada. and an example of schematic and layout viewstfare available in Appendix
Erro! Fonte de referéncia ndo encontrada.
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“We can but try.”

Sir Arthur Conan Doyle

An asynchronous RSA based cryptography circuit described in Balsa language and
synthesized with Teak using a typical standard ldethry, provided by the foundry, and the
ASCEND ST65 library. The generated netlist was plaad routed through Encounter and
the obtained netlist was validated through timimguation. Another IC flow was also
employed to implement an asynchronous NoC routdCAThis was done by describing the
circuit in VHDL and synthesizing it with Cadence RTompiler. The generated netlist was
placed and routed through Encounter and the civeastvalidated through timing simulation.

5 ) %

The design flow adopted to describe and implemeat aBynchronous RSA based
cryptography circuit is showed in Figure 6.1. THiewf counts with a novel language for
describing asynchronous circuit, a novel tool tatkgsize such circuits and the ASCEnD
ST65 library.

C e e RO

Figure 6.1 — IC design flow adopted to describe anidnplement an asynchronous RSA based

cryptography circuit.

RSA [SCH96] is a public key cryptography algorithih.is widely used in current
electronic protocols and can be easily implementduardware. The designed circuit is able
to encrypt and decrypt information using a pubhd a private key, denoted by Equation 6.1
(@ and (b) respectively. Equation 6.1 (c) and (ddvss the encryption and decryption



72

operations, whermis the original message ands the encrypted message.
Equation 6.1 — RSA algorithm equations and key defitions [SCH96].

pub_key=(ne) (a)
priv_key=(nd) (b)
c=m*mod@)  (c)
m=c'mod()  (d)

The circuit was described in Balsa language. Thecesuthat implement the algorithm
can be found in Appendi&rro! Fonte de referéncia ndo encontrada.For simplicity sake,
the syntax of these descriptions will not be exgdom this document. A user guide for the
Balsa language and system can be found in [APT10].

The inputs of the circuit areontrol, data_in data_out_aclkandreset The outputs are:
data_out control_ackanddata_in_ack Each input, but for theesetinput are dual rail and
have a true and a false channel. Moreover, theddiiee data inputs is parameterizable. The
control signal defines the operation of the circuit. Tlxsgble operations are: load message
(0x0), load e (0x1), load n (0x2), load d (0x3)cemt (0x4) and decrypt (Ox5). By issuing
the identifier of a function in theontrol channel, the operation is performed and the dircui
issues an acknowledge signal in gdeatrol_ackoutput. For the load operations, the data must
be issued in thelata_inchannel. After reading the data, the circuit issaa acknowledge
signal in thedata_in_ackoutput. For the encrypt/decrypt operations, thmeud performs the
algorithm with the values in its registers and phe result in thedata outoutput. An
acknowledgement must be signaled in tlea_outinput and another operation may take
place.

In order to verify the functionality of the circuid set of public and private keys were
generated according to [SCH96]. The obtained pui#iz was (3238 17) and the private
key (2753, 17). A test bench for a 32 bit asynchronous RSA diraas described, also in
Balsa language, and simulated using the Teak SyStemtest bench consisted in a looping
procedure that, firstly, encrypted the message pl2sd then decrypted the obtained
encrypted message. Figure 6.2 shows the obtairedtse By encrypting “123 with the
public key (3233, 17), the message “855 was obtained. This message was decrypted
using the private key (275317) and the original message, “X?3was recovered.
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Figure 6.2 — Simulation of a test bench for the Bah description, using Teak System.

Next, this circuit was synthesized with Teak Systeto handshaking components and
a Teak netlist of the circuit was obtained. So the data encoding and the handshaking
protocol, were not defined. However, after the Teakthesis, the generated circuit
implements a four phase dual rail codification. Tdirsuit is optimized by Teak by replacing
data-less activation channels with separate cowitiahnels. The diagrams of the obtained
circuits, before and after Teak optimization, ar@veed in AppendixErro! Fonte de
referéncia ndo encontrada.

The Teak netlist is automatically exported to a \égrihetlist composed of a set of
components of a target library. This netlist wasidated in Incisive in a test bench described
in VHDL that implemented the same function of thelda test bench described before. The
message “123 is encrypted with the key (328317) and its result decrypted with the key
(2753, 17). The results of this simulation are presentediguie 6.3. Each ellipsis denotes
the beginning of a new encryption/decryption. la black square it is shown the request for a
encryption operation. Initially, a message is lahtyg signaling “0x0* in thecontrol channel
and loading the value “133in the data_inchannel. Next, the two values of the public key
are loaded by signaling “Ox1” and “0x2” in tleentrol channel and loading the values pl17
and “3233" in the data_inchannel, respectively. After that, an encryptioguest is issued
by signaling “0x4” in thecontrol channel. After computation, as it is showed in thd
rectangle, the circuit responds with the encryptezksage “858 in the data_outchannel
and a new operation may start. The time takenyjotegraph the message was 9.702us.

! For simplicity sake, the handshaking protocol dath codification have been abstracted in the elanifach channel
consists of a true and a false line. The origirdlie is represented in the true line and its cometd in the false line.
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Figure 6.3 — Behavioral simulation of a test bencbf the netlist generated from the Teak

synthesis, using Incisive.

After the behavioral simulation, the circuit netliwas placed and routed through
Encounter by using the LEF files provided by STM arg®C&nD ST65. Figure 6.4 shows the
obtained layout. A total of 744095 standard celesewused in the design, which presented a
total area of 2.314mmMm Seven metal layers were employed to route thmuitiwvith a total
wire length of 9,673,661.965um. After the place aadte, the delay of each path of the
circuit was annotated, by using the LIB files pard by STM and ASCEnD ST65, and
exported to a SDF file. Without taking into accofiliér cells, 38% of the standard cells used
in this design were C-Elements, proving the impartaof the C-Element in an asynchronous
circuit.
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Figure 6.4 — Asynchronous RSA design routed througEncounter.

The generated circuit was exported to a VerilogistetA timing simulation was
performed through Incisive with the same test bemsdd in the behavioral simulation and
the delays annotated in the SDF file. Figure 6@&aghthe results of this run. This time, the
circuit took 12.280467us to encrypt a message. Wekmmpared with the unitary delay
simulation (behavioral) the timing simulation pretesl 2.578467us extra delay. This is due
to the fact that this simulation is much more meand considers the information generated
in the electrical characterization of the cells.

Figure 6.5 — Timing simulation of a test bench ofhte netlist generated from the circuit

placed and routed by Encounter.
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In previous works, an asynchronous NoC router veseitbhed and implemented in two
different CMOS technology processes. The Hermes-ONPOb] and the Hermes-AA
[PON10] routers were implemented in an 180nm a®&ran gate length CMOS processes,
respectively. In the latter, an abridge versioPA&ICEnD ST65 was designed, this version
counted with only a few C-Elements, required to iempént the router and a metastability
filter. With the development of the new library, BEnD ST65, Hermes-AA was redesigned
through the same flow proposed in [PON10], showeligure 6.6.

C o™ C D

Figure 6.6 — IC design flow adopted to describe anidnplement an asynchronous NoC router.

Hermes-AA is described in VHDL. A netlist was geated through RTL compiler,
implementing the circuit into the cells of ASCEnD $Ténd placed and routed through
Encounter. The obtained circuit was simulated in otdeverify its functionality. This work
will not present neither Hermes-AA architecture ritsr design flow in detail due to the
constrained period of time available for its depat@nt. However, more details can be found
in [PON10] and [PON10b].
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The work described in this document has producedralard cell library for designing
asynchronous ASICs for a STM 65nm gate length CM@fqgss. This library was called
ASCEND ST65 (currently at version 0.1) and counth\#51 standard cells, where 247 are
different implementations of C-Elements and 4 ardastability filters. Each cell has the
following views: schematic, symbol, layout, abstrand Verilog. Moreover, physical
characteristics are given in a LEF file, which sed in the automation of the design of
standard cell based ICs and is widely accepted gn@AD tools. Each standard cell has its
electrical characterization for three differentqass variations: worst, typical and best cases.
This information is given in a LIB file, which is @d by synthesis tools to generate the netlist
of circuits.

An early version of ASCEnD ST65, which contains &nsfard cells, was previously
designed and used to implement an asynchronous hor, described in [PON10].
However, the library was totally redesigned hereabtgpting a new flow to design each cell.
Currently, in ASCENnD ST65, a large set of C-Elemesi@vailable for three different CMOS
implementations (Conventional, Symmetric and Weaedback), 21 different functional
specifications and different output drive strengtl@mulation results showed that the
symmetric C-Element proved to consume less dynanuwep and presented better
performance. The conventional C-Element on the dihed, proved to consume less leakage
power, a major problem in current ICs. The weakdiisek C-Element presented poor
performance but requires less area. In this wayradeoff between performance, power
consumption and density can be achieved for csauith different requirements.

Another major contribution of this work is a novielw to specify the transistors size of
C-Elements. This is fully automated by two speciaisigned tools, ROGen and CeS, both
implemented in C++. The result of the flow is theesification of two versions of each C-
Element cell, a high performance and a low poweredriCMOS implementations. These can
be used to provide fine grain tuning of IC desighisother tool, which was not mentioned in
this document, was developed to aid in the desfgaymuts. The tool is called Sticky and



78

was implemented in C++ language. Sticky is resgmasior automatically drawing stick
diagrams from Spice descriptions. It was used && ¢he design of the layout for ASCEnD
ST65 cells. However, some functionalities are not gatomated and were manually
implemented. Future work includes upgrading thed.to

To validate the views generated for ASCEND ST65 stahdalls, two ASIC design
flows were used. Initially, a conventional flow, n=isting of VHDL circuit descriptions
synthesized, placed and routed with the Cadencendwark, was used to design an
asynchronous NoC router. Next, a novel IC desigw flconsisting of Balsa sources
synthesized through the Teak System and placedoanted by Cadence Encounter, was used
to design an asynchronous RSA based cryptograpieyitci The validation consisted of
behavioral and timing simulations. Future work utgs prototyping test chips for these and
other circuits.

Finally, the objective of the proposed work was ieebd through the design and
validation of ASCEnD ST65. The integration of therdity with the Teak System was
achieved by the generation of a layout for an dsyorous RSA-based cryptographic circuit
and the simulation of its netlist.

0 !

The work described in this document presents nunsetopics for further research.
Firstly, work will be carried out in order to allotte library to support the Balsa System
native synthesis from Balsa descriptions. This lbareasily done by designing another set of
gates and generating the required technology mggies required by Balsa System.

Another important topic is the extension of ASCEmDother technology processes. A
previous version of the library was designed fot&)nm process. This version could be
upgraded by designing the standard cells preseASBEND ST65. Moreover, a macro cell
library to support different FPGA families can alse designed, as showed in [PONOS]. In
this way, asynchronous circuits design could be algerienced for array based approaches,
which cost much less design time.

The ASCEND ST65 is implemented for GPSVT devices. Othesions of this library
can be designed in order to support a wider rafigkewices. Moreover, effort may also be
employed to generate standard cells that suppariplmver asynchronous circuits design. In
order to do so, a set of cells implementing techegglike power shut off must be designed.
However, this can easily achieved once the ardhite®f typical asynchronous standard cells
is already defined by the present library.

Another possibility is the creation of macro celingrator based on ASCEnND cells.
Such generators may be used to produce complex lesodike multipliers, adders and
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parameterizable handshake components. The circetergted by such tools may use
different C-Element implementations guided by tta@léoffs presented in this work. Finally,
a possible future work is upgrading the Sticky foolenable it automate more extensively the
generation of stick diagrams from Spice descriggion
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This appendix present the results of the simulatafrdifferent sizes of inverters used
to define the PMOS-to-NMOS ratio and the outputvidg strength of different cell
implementations.

3.< <. =

The PMOS-to-NMOS ratio is a constant that definessiie of the PMOS as a function
of the size of the NMOS. This constant was defingdsinulating an inverter for a fixed
output load and input slope with varying NMOS aid@®S sizes. A total of 244 values for
the PMOS transistor size were simulated for eade sif the NMOS. The results are
demonstrated irFigure Al-Figure A.8 and summarized in Table A.1. From theamigd
results, an average ratio of 2.11 was found angtaddoy this work.

Table A.1 — Summarized results for different PMOS-0-NMOS ratio simulations.

I "#$ I "#$
0.13¢ 0.29¢ %&(
0.2 0.43 %&)
0.3 0.64¢ %&")
0.4 0.855 %&'™*
0.5 1.0 %&+
0.6 1.24 %&+-
0.7 1.45 %&+-
0.8 1.67 %&+(
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Figure A.1 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.135um.

Figure A.2 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.200um.
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Figure A.3 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.300um.

Figure A.4 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.400um.
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Figure A.5 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.500um.

Figure A.6 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.600um.
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Figure A.7 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.700um.

Figure A.8 — Results for the simulation of an inveter with varying PMOS sizing and an NMOS

transistor size of 0.800um.
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The availability of different driving strengths feach cell is strongly related to the
performance of a standard cell based design. Tovesethe definition of the load that each
version of a standard cell is able to drive is e8akin the design of a standard cell library.
The definition adopted by the present work is thatlagate is able to drive an equivalent
load of the one drove by an inverter at minimune siza period of time of 1ns. A X2 drives
two times this load, a X3 three times and so on.

Through simulation, it was verified that an inversgrminimum size was capable of
driving 0.27pF in 1ns. From there, simulations weeeformed to determine what transistors
size an inverter needed for every drive from X2X& The results of the simulations are
showed in Figure A.9 to Figure A.15. The red linepresent the time taken for each
transistors dimension to drive the output load,levgreen lines correspond to the balance for
rise and fall propagation delays. The point whéee red lines cross the 1ns line is the best
transistors size for that output drive. Moreovée tloser the green lines are to 1, the more
balanced is the cell.

Figure A.9 — Results of simulations for an invertewith variable transistors size and an output
load of 0.54pF (X2).
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Figure A.10 — Results of simulations for an invertewith variable transistors size and an output
load of 0.81pF (X3).

Figure A.11 — Results of simulations for an invertewith variable transistors size and an output
load of 1.08pF (X4).
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Figure A.12 — Results of simulations for an invertewith variable transistors size and an output
load of 1.35pF (X5).

Figure A.13 — Results of simulations for an invertewith variable transistors size and an output
load of 1.62pF (X6).
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Figure A.14 — Results of simulations for an invertewith variable transistors size and an output
load of 1.89pF (X7).

Figure A.15 — Results of simulations for an invertewith variable transistors size and an output
load of 2.16pF (X8).
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This appendix presents the functionality of eachigiesl cell from ASCEnD ST65,

which is described through a logical function. Thection that each cell must implement is
described in Table B.2.

Table B.2 — Logical specification of each gate dgsied for ASCENnD ST65.

2 3 .
% Q.. =(AUQ)U(AUB)U(Q UB)
45 6% Q. =RSTU((AUQ)U(AUB)U(Q UB))
476% Q.. =SETU(AUQ)U(AUB)U(Q UB)
"% Qi+1=AU(ADB)U(Qi UB)
' 45 6% Q.. =RSTU(AU(AUB)U(Q UB))
' 4 76% Q.. =SETUAU(AUB)U(Q UB)
'8% Q. =BU((AUB)U(Q UBY))
'845 6% Q. =RSTUBU((AUB)U(Q UB))
'84 76% Q.. =SETU(BU((AUB)U(Q UBY)))
9 Q.. =(AUBUC)U(AUQ)U(BUQ)U(CUQ)
45 69 Q.. =RSTU((AUBUC)U(AUQ)U(BUQ)U(CUQ))
4769 Qi+1:SETU(ADBUC)U(ADQi)U(BUQi)U(CDQi)
'9 Q.. =(AUBUC)U(AUB)U(AUQ)U(BUQ)U(CUQ)
45 69 Q.,=RSTU((AUBUC)U(AUB)U(AUQ)U(BUQ)U(CUQ))
' 4769 Q.. =SETU(AUBUC)U(AUB)U(AUQ)U(BUQ)U(CUQ)
'89 Q.. =(BUC)U((AUBUC)U(AUQ)U(BUQ)U(CUQ))
'845 69 Q.. =RSTU(BUC)U((AUBUC)U(AUQ)U(BUQ)U(CUQ))
' 84 769 Q.. =SETU((BUC)U((AUBUC)U(AUQ)U(BUQ)U(CUQ)))
''89 Q. =(BUC)U((AUBUC)U(AUB)U(AUQ)U(BUQ)U(CUQ))
''845 69 Q. =RSTU(BUC)U((AUBUC)U(AUB)U(AUQ)U(BUQ)U(CUQ))
''84 769 Q.. =SETU((BUC)U((AUBUC)U(AUB)U(AUQ)U(BUQ)U(CUQ))
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This appendix presents example of schematic andifdgo the three variations of a C-
Element implemented: Conventional, Muller and SymmoetMoreover, examples of a
Metastability Filter schematic and layout view a@iso presented. The complete ASCEnD
ST65 set of views can be obtained at [ASC10].

The schematic of a two input Conventional C-Elemsrshiowed in Figure C.16 and its
respective layout in Figure C.17.

Figure C.16 — Schematic of a two input Conventional-Element.
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Figure C.17 — Layout of a two input Conventional CElement.
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The schematic of a two input Muller C-Element is sedwn Figure C.18 and its
respective layout in Figure C.19.

Figure C.18 — Schematic of a two input Muller C-Elenent.
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Figure C.19 — Layout of a two input Muller C-Elemert.
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The schematic of a two input Symmetric C-Elementhisweed in Figure C.20 and its
respective layout in Figure C.21.

Figure C.20 — Schematic of a two input Symmetric &lement.
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Figure C.21 — Layout of a two input Symmetric C-Elenent.
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The schematic of a two input Metastability Filtersisowed in Figure C.22 and its
respective layout in Figure C.23.

Figure C.22 — Schematic of a two input Metastabilit Filter.
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Figure C.23 — Layout of a two input Metastability Flter.



107

This appendix presents the project of an asynchi®R8A based cryptography circuit.
The source files of the circuit described in Balagluage are showed in Figure D.24 — Figure
D.27. The synthesized Teak netlists before and afiémization are showed in Figure D.28
and Figure D.29, respectively.

Figure D.24 — Variable size multiplier Balsa descption.



108

Figure D.25 — Variable size division remainder Bals description.
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Figure D.26 — Variable size asynchronous descriptioof the function implemented by RSA.
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Figure D.27 — Balsa description of the asynchronouRSA top circuit.
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Figure D.28 — Diagram of Teak synthesis before optiization.
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Figure D.29 — Diagram of Teak synthesis after optimation.
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