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Abstract

Latch-based designs have many advantages over Flip-Flop-based designs such
as timing, power, and area but their use is constrained. First, most RTL implemen-
tations nowadays are Flip-Flop-based due to the existence of Latches being level-
sensitive, while Flip-Flops are edge-triggered components, allowing for easier circuit
Static Timing Analysis (STA) validation. After that, state of the art STA engines are
dependent on a number of hypotheses about the essence of the design and the com-
bination of the nature of Latches may lead to timing errors and poor quality results.
In more detail, the existence of combinational feedback loops in a Latch-based design
may drive the STA engine to disable these feedback loops in an effort to minimize
the effect of the violation-timing error on the circuit timing validation. In relation to
the above, in some cases where more than one Latches clocked on different phases
are transparent simultaneously, may come up with a wrong timing analysis, since a
momentery combinational feedback it may be produced functionally. Another case
that can cause a wrong timing report is the procedure of a setup checking on a
Latch. In this work, we introduce a Latch-STA methodology that supports Syn-
chronous, Cyclic, and Acyclic circuits and has been implemented and integrated on
an Electronic Design Automation (EDA) tool called ASP. We need to mention that
the combination of this work with the existing ASP ASTA tool could provide timing
analysis on Bundled-Data Latch-Based designs. Eventually, we present the exper-
imental results and emphasize the fact that this work handles effectively the above
assumptions and design cases.



Mepidnyn

Ta ynelakd kukAopata nou otnpidouv ) oxebiaon toug oe Mavbadwteg £xouv
APKETA MMAEOVEKTHIATA O OXEON HE Td PnPlakd KUKAQPATA TIoU otnpi¢ouv tnv ulo-
noinon toug oe Kataxwpntég, oe topeig onwg eivat o Xpoviopog, 1 evépyela Kat To
epBadov, n Xpron Toug OP®G £ival TEPLOPloPEVn. APXIKA Ot ONHEPLVE] £MTOXT Ol Ite-
P1000TEPES KUKAGPATIKEG UAomoinoelg otnpidoviat oe Katayxwpntég, Adyw tng @uong
T0UG TToU Ta Kabiotd rmupodotoupeva oty akpr oe oxéon pe toug Mavbadwtég rou
rupodotouvial pe Bdon 1o evepyo Xpoviko eninedo. 'Etol kurkdopata pe Kataxwpntég
etvat rmo eukoAa dlaxelpiotpa oto yeyovog g enaAnBeuong g XPOVIKIG Aettoupyeiag
TOUG PEO® NG Ztatkng Xpovikng Avaduong. Iin ouvéxeld, ta Blopnyxavikd spyaieia
Ztatukng Xpovikng Avaduong ivat e§aptopeva ano 51a¢popeg UNoBECEIG OXETIKA e TV
(UOT TOU KUKA®PATOG, TO OI0i0 08 ouvdlaopo pe v @uon tov Mavbadotev, propet
va 0dnyroet og AdOn Xpoviopou kKabwg emiong Kal o€ XAPnArng mototntag anoteAéopa-
ta. ITo ocuykekpipéva 1 Urapén KUKA@V avatpododotnong oe KUKAwpata oxediaopéva
pe Mavbéadetég, propet va odnyrnoet 1o epyaleio oto yeyovog va “kowel” autoug Toug
KUKAOUG otnv npoorndabsia va peidoest ta Addn xpoviopou katd tyv didpkela tng Xpo-
VIKNG €MAAN0eU0ng TOU KUKAQUATOG. X€ OUOYETION HE TO MAPATIAVE, OF MEPUTIOCELS
ortou MavbaA®tég Tou eival XpoviopEvol o H1aPOPETIKEG PAOCELS POAOYIRDV, TIPOAYOUV
6edopéva tautoypova, pmnopei va apaxBei pia eopadpévn xpovikr avaduvon. Mua a-
KOPI nepintoon 1mou pIopet va e10dyetl eopadpévy Xpovikn avaiuor eivat i) diepyaoia
KATd TV Oroia mpaypatoroteital Xpovikog €Aeyxog otnv tun setup tou Mavdadwt).
e auty) tnv MIUX1aKn epyaotd napouvotaloupe pia pebododoyia Zratikng Xpovikng A-
vaAduong Mavbadotav, n oroia untootnpidet, Zuyxpova, KukAikd kK AKukAa KUKAopatd,
kabwg emiong agidel va avapepbei g autr) n Soudeld £xet vdoroinBei Kal evoopate-
Oel oe éva epyaldeio autopatiopou rou ovopddetat ASP. Tédog Sa napouoiacoupe ta
MEPAPATIKA ATOTeEAEoPATa IouU oUAAEEape ano auty] tny doudeld kat 9a spBabuvoupe
OTO YEYOVOG KATA TO Oroio 1 ouykekpipévn pebodoloyia mou avadépape nmapandive,
dlayxepidetal pe emuyia 1g mapandve vnob£oelg Kal Toug TUTIOUG KURAQOUAT®OV.
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Chapter 1

Introduction

With the increasing use of electronic systems, modern VLSI circuit implementa-
tions require smaller and more energy-efficient circuit designs. The two fundamental
sequential electronic circuit structures are the Flip-Flop and the Latch. Latch-based
designs have many advantages over Flip-Flop-based designs such as timing, power,
and area but their use is constrained. The major difference between a latch and a
flip-flop is that latches are level sensitive, meaning they operate whenever the input
changes from zero binary level to one binary level or from one binary level to zero
binary level. Flip-Flops are edge-triggered, meaning they turn on when the clock sig-
nal changes from low to high or high to low. As a result of this circumstance and the
scenario known as time borrowing, latches tend to operate faster and contribute to
better power performance as the presence of the clock is absent. [1] In the case of the
area, latches take up a smaller area, but flip-flops, which is made up of two latches
and a clock, take up more. However, when compared to flip-flops, the existence of
level-sensitive latches might make circuit timing analysis more complicated, which
is why their use is limited.

The STA engines are now one of the most significant components of EDA tools.
A timing engine can easily detect timing errors in multiple parts of the EDA flow,
allowing for circuit validation and verification through many stages of the design
process. However, state-of-the-art STA engines are dependent on several hypothe-
ses about the essence of the design and the combination of the nature of Latches
may lead to timing errors and poor quality results. In more detail, the existence of
combinational feedback loops in a Latch-based design may drive the STA engine to
disable these feedback loops to minimize the effect of the violation-timing error on
the circuit timing validation. [2] Concerning the above, in some cases where more
than one Latches clocked on different phases are transparent simultaneously, may
come up with a wrong timing analysis. Another case that can cause a wrong timing
report is the procedure of a setup checking on a Latch. It’s worth noting that the
algorithms that make up an industrial STA engine work only with Directed Acyclic
Graphs. As a result, due to the presence of combinational cycles, such engines are
incompatible with asynchronous designs. Regarding the previous, one clear exam-
ple of when STA engines fail is when dealing with Bundle Data designs that use the
Desynchronization methodology with latches. Asynchronous controllers generate
enable signals for the two Latches in the Master-Slave model in these situations.



The incorrect timing analysis in the controllers will propagate the error to the Latch
data path, resulting in poor quality timing outcomes.

1.1 Aims of this Work

Considering the previous, we can infer that robust and dependable STA engines
are in high demand nowadays, since they are one of the most important validation
tools in EDA flows. Secondary Latches provide several advantages over Flip-Flops,
as described, but they also provide a number of challenges in terms of signal and
timing analysis.

This thesis aims to present and implement a Latch STA methodology named
Fast ICV that can properly handle the industrial STA engine above hypotheses. In
further detail, this project adopts a new Latch STA methodology that comes with an
automated procedure for giving an accurate and effective Latch STA timing analysis,
taking into account the proper assumptions on the timing existence of a Latch and
the correct STA analysis fundamentals. It is worth mentioning that this Latch-STA
methodology has been designed and integrated on an Electronic Design Automation
(EDA) tool named ASP and supports Synchronous, Cyclic, and Acyclic circuits, and
is also adaptable with the existing ASTA engine of the ASP tool in order to provide
timing analysis on Bundled-Data designs, based on the combination of the two
methodologies.

1.2 Execution Plan

Taking into account the STA fundamentals and by providing the appropriate
files, meaning the Verilog netlist and the Technology Timing library, the Latch STA
engine is ready to begin operating on the worst-case delay analysis. It’s worth men-
tioning that this methodology’s flow is totally automated, allowing the user to easily
specify the environment parameters, such as the periods of the Latch clocks phases,
their waveforms, and the appropriate feature to be applied based on the circuit’s
type for complete timing analysis. In more detail, having a netlist and the correct
timing information for the design under analysis we can produce a complete timing
report which can help us validate the Latch-based design timing rules. For further
validation and correlation with the state-of-the-art STA engines, our timing engine
produces an SDF file that can be used for dynamic simulation. Taking a brief view
of the above steps:

e Load Design: Provide the netlist and the Technology Timing Library.

e Enable Latch Analysis: Enable the correct analysis features based on circuits

type.
e Report Timing: Complete log of the Latch timing analysis.

e SDF Simulation: Proceed to Dynamic Simulation.

Finally, we should point out that in the following chapters of this thesis, we
provide a detailed explanation of the results produced by our STA engine in com-
parison to the state-of-the-art STA industrial tool, as well as the complete experi-



mental methodology that covers all of the circuits our Latch STA methodology sup-
ports.



Chapter 2

Theoretical Background

We must first review the fundamental concepts of static timing analysis before
moving on to the core of this work. STA is one of the most significant aspects of the
EDA flow, thus having the essential understanding of the concepts on which this
work is developed is necessary.

2.1 Static Timing Analysis Fundamentals

2.1.1 Static Timing Analysis

One of the numerous approaches for verifying the timing of a digital design
is Static Timing Analysis (STA). Timing simulation, which may check both the
functionality and the timing of the design, is an alternative method for verifying the
timing. As it is clear, timing analysis simply handles the timing issues of a design.
When comparing the two validation techniques, STA is static since it analyzes the
design statically and does not rely on input vectors being applied at the input pins.
(3]

2.1.2 Setup and Hold Times

For the circuit to provide proper data propagation, we must verify various timing
checks in sequential elements. Because synchronous circuits require the presence of
a clock, these checks assist the designer in ensuring that the correct data is latched
at the appropriate clock edge and that the correct input data is unambiguous. We
refer to these checks as Setup and Hold times.Figure 2.1 [3]

e The Setup time is the amount of time before the active clock when the data
input must stay stable.

e Similarly, the Hold time is the least amount of time that the data input must
remain stable following the clock’s active edge.

10
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Figure 2.1: Setup Hold Checks at Flip-Flop

2.1.3 Timing Arcs and Unateness

The Static Timing Analysis is fully dependent on the existence of timing paths
in the circuit. These timing paths are defined from a starting point to a boundary
or an ending point. But which are the fundamental elements that a timing path
is constructed on? Each circuit cell consists of several Timing Arcs. Timing arcs
define the way the cell output is going to change at different input transitions. We
refer to the above as Unateness or Timing Sense, which is a kind of relationship
between input and output pins.

Each type of cell has its timing arcs. Combinational cells such as AND, OR have
timing arcs from each input to each output pin. On the other hand, sequential cells
such as flip-flops and latches have timing arcs from the clock to the output and
timing constraints from the data pins to the output pins. [3]

Combinational - Delay Arcs Sequential - Constraint Arcs

Clock

Figure 2.2: Combinational and Sequential Timing Arcs

11



In more detail, grouping the timing arcs based on their unateness: [3]

e If a rising transition on an input causes the output to rise or not change, and
a falling transition on an input causes the output to fall or not change, the
timing arc is positive unate.

e A negative unate timing arc is one in which a rising transition on an input
produces a falling transition on the output, and a falling transition on an input
causes a rising transition on the output.

e The output transition in a non-unate timing arc is not simply influenced by
the direction of change of one input, but also by the state of the other inputs.

Positive Unate Negative Unate

-

»

Figure 2.3: Example of Timing Sense Characterisation

2.1.4 Non-Linear Delay Model

Traditional STA engines to perform are dependant on timing libraries. Several
models demonstrate the timing information from the library cells, however, in this
work, we focus on the Non-linear Delay Model (NLDM). In this model delay, output
slew, and delay values are provided for each cell combinational or sequential (timing
checks are also provided from lib files for sequential elements) through the Look Up
Tables (LUTs). We can imagine a LUT as a 2D array that given the input slew and
the output capacitance we can compute the output slew and the delays of each cell.
Having a timing arc between an input and an output pin we can use the input slew
and the output capacitance as indexes in the 2D array to calculate the output slew
and the delay values. It is worth mentioning, that in most cases where we cannot
map exactly the indexes in the array bi-linear interpolation is used for the extraction
of the corresponding values.

12



2.1.5 Graph-Based and Path-Based Analysis

There are two basic approaches when it comes to STA. The first is Graph-Based
Analysis (GBA), which is the most often utilized by STA tools. Path-Based Analysis
(PBA) is the second one.

When it comes to setup analysis for GBA, the output slew and delay of the cell
are calculated using the worst input slew of each gate. In the case of PBA, we
pick the actual slew and delay for each combination of timing arcs at a cell while
traversing the whole set of timing paths.

A 5
GBA - ] Poa . ';‘WD —
DDA D’;/ |
v

—r

-

Figure 2.4: GBA and PBA Methodologies

GBA is preferred due to the polynomial algorithmic complexity in contrast to PBA
having exponential algorithmic complexity in the effort to traverse all of the timing
paths. However, in terms of results, PBA is more accurate due to path discovering
and it adds no pessimism in the whole analysis. In terms of GBA extra pessimism
is added and not all of the paths are detectable in the circuit timing analysis.

2.1.6 Delay and Slew Propagation

STA engines work with directed acyclic graphs, as previously stated. These
graphs are known as timing graphs because they are made up of the entire set of
timing arcs associated with the circuit. STA algorithms perform delay and transi-
tion time propagation over all possible combinations of input and output cell pins
concerning worst-case analysis (max) and best-case analysis (min) to execute STA
on these graphs. In all situations, delay and slew propagation on timing arcs are
independent. Delay and transition time at the driver output pin are dependent on
input net transition and total output net capacitance. The above assumptions are
also used in the implementation of the Fast ICV method.

Each of the timing paths has a startpoint and an endpoint. Startpoints are usu-
ally referred to as starting from a sequential elements output pin or a primary input.
All possible cells in the circuit would be traversed by the STA algorithms. Arrival
time (AT) refers to the time when a signal arrives at a certain place at a specific time.
The predecessors of this cell will be included in the computation since it is obvious

13



to compute the arrival time at a certain point. Arrival times are usually come up
as a pair of the worst-case analysis and the best-case analysis, meaning the latest
moment a signal can change and the earliest moment a signal can change. Suppose
we have u and v where u is the predecessor of v, defining AT(v) for late and early
analysis. FI(v) stands for the fanin of the node: [3]

ATy(v) = mFéIl})(ATz(U) + di(u, v))
AT.(v) = min (AT.(u) + do(u, v))
ueFI(v)

In case v is the startpoint:
ATy(v) =0
AT.(v) =0

The second important terminology is Required Arrival Time (RAT). We may
relate this concept to the Arrival time, with the exception that we compute RAT by
traversing backward from the endpoints of the timing paths. This idea is important
because we use it to upper bound the real arrival times in such a way that the clock
cycle is intended and the timing margin is not violated. In terms of computation,
a backward topological sort is used so that in late analysis, the required arrival
time at a pin is calculated by subtracting the timing arc delay from the minimum
required arrival times of the successor pins. The early analysis uses the same idea,
subtracting the maximum successors’ arrival times by the timing arc delay. Defining
RAT(v) for late and early analysis for a pair of v and u. FO(v) stands for the fanout
of the node: [3]

RAT(v) = gg(l )(RAT (W) — di(u, v))
RAT.(v) = max (RAT.(u) — d.(u, v))
ueFO(v)

In case v is the endpoint:
RAT(v) = Tclk — ¢,
RAT,(v) = ty,
Where t; stands for setup time and t;, for hold time.

Now that we review the two fundamental terminologies for delay propagation, we
can state that the following conditions must be preserved for proper circuit opera-
tions, at every node of the graph:

ATy(v) < RATy(v)
AT.(v) > RAT.(v)

Slack is the value that reflects the connection between AT and RAT and is deter-
mined by the difference between these two values:

slaclq(v) = RAT(v) — ATi(v)
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slack,.(v) = AT.(v) — RAT.(v)

If slack is positive, no timing violation occurred for that pin, and we can increase
AT as the value of slack is at this point, without propagating a timing error. If slack is
negative, on the other hand, and we want our circuit to work within the established
conditions, the path to this pin must speed up. Finally, slack is a useful indicator
for determining the clock parameters in our circuit. [3]

2.2 Latch Timing

As discussed above, a latch is a sequential element that is level sensitive, mean-
ing they operate whenever the input changes from zero binary level to one binary
level or from one binary level to zero binary level. Flip-Flops are edge-triggered,
meaning they turn on when the clock signal changes from low to high or high to low.
As a result of this circumstance and the scenario known as time borrowing, latches
tend to operate faster and contribute to better power performance. In this section,
we are going to review the above terminologies in detail.

2.2.1 Latch Timing Arcs

Latches are sequential elements that are level triggered, meaning they operate
whenever the input changes from zero binary level to one binary level or from one
binary level to zero binary level. There are two types of timing arcs in a latch: Data
to Out and Enable to Out. As it is clear, there are two possible ways for propagating
data to output, change Out based on Data and change Out following Enable.

Let’s assume we have a positive level-sensitive latch. In that case, data propa-
gation will pass to Out when Enable is to one binary level. So in case enable is "1",
and Data toggles, the propagation from Data to Out will directly occur. As we can
see in the following picture Out follows Data changes.

e [ | LI T L

Enable

ERnable Out ﬂ

Figure 2.5: Positive Level Sensitive Latch Data to Out Timing Arc

Data’ QU

On the other hand, if data start to change when Enable is "0" there will be no
toggle at the Out till Enable switches to "1". So Out would follow Data only when
Enable change. In the following picture, we can observe how Enable affects the
change at the output.
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Figure 2.6: Positive Level Sensitive Latch Enable to Out Timing Arc

2.2.2 Latch Timing Checks

As seen in the above lines, the change in Output is very dependent on the
relationship between Data and Enable, and because latches are sequential elements,
we must apply certain conditions to ensure that data propagation does not negatively
impact Output. As previously stated, latches are level-sensitive elements, implying
that data propagates across the whole active enable window. So, what if Data toggles
extremely near to Enable when it goes from one level to another? We may infer that
setup and hold timing checks in latches are necessary, particularly at the closing
enable edge to prevent data propagation errors at the output.

— — A — — A2 — —
FF1 L2 FF3
A
Variables
CLK T Clock Period
r Time of the Enabling Clock Edge
Ai Latest Arrival Time
ai Earliest Arrival Time
Di Departure Time
CLK |_ ‘ \ ‘ Ai Path Delay
ICLK CLK—+»Qi Clock to Q Delay
’_ l J l I_ D—*>Qi Latch Delay
r 5 h

Figure 2.7: Latch Setup and Hold Check

Given a linear pipeline with two Flip-Flops and a latch at the middle we can
define timing checks in a latch as follows:

ALST/z—SL
aLZT/2+hL

We can guarantee accurate data propagation to the output at the next clock edge
by performing this setup check. We persuade ourselves that data will not propagate
to the output at the current or prior clock edge by holding the data and performing
the hold check. Finally we can conclude that since latches are transparent for half of
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the period’s clock, setup and hold checks come up concerning latch enable closing
edge.

2.2.3 Latch Time Borrowing

It is obvious at this point that a level-sensitive latch may propagate data during
the entire time Enable is asserted. In contrast to edge-triggered flip-flops, a latch
is transparent for half of at its active clock period, which might lead to a significant
concept known as Time Borrowing. [4, 5]

First, consider how flip-flops would operate in the following design scenario. The
clocks’ period is 10 ns, and all four flip-flops are positive edge triggered. Flip-Flop
1 and Flip-Flop 3 are clocked on clock one, whereas Flip-Flop 2 and Flip-Flop 4 are
clocked on clock two.

_., 2ns ‘J

—¢ 8ns. —> —>¢ 2ns - ——* —¢  6ns - —>

FF1 FF2 FF3 FF4

Clock 1 Clock 2 Clock 1 Clock 2

—

L | S I e B
L] I e I e O e

Clock 1
Clock 2

Figure 2.8: Flip-Flop circuit scenario

Examining the combinational delay at each stage of this four-stage cycle circuit
shows that there is a 8ns delay from Flip-Flop 1 to Flip-Flop 2, implying that this
maximum path delay forces the circuit to operate under the period of at least 8ns.
Furthermore having a period of 10 ns and a pulse width of 5 data violations may
occur at some timing paths. Using the Flip-Flop 1 to Flip-Flop 2 path as an example,
data will arrive after the positive edge of Flip-Flop 2 after Flip-Flop 1 launches the
data, potentially resulting in a violation.

On the other hand, how would latches respond to the above findings we made for
the flip-flop-based design? Each flip-flop is replaced with a latch in the schematic
below. The period, the pulse width of the clocks and path combinational delays
remain unchanged. All four latches are positive level sensitive. Latch 1 and Latch
3 are clocked on phase one, whereas Latch 2 and Latch 4 are clocked on phase
two.
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Figure 2.9: Latch circuit scenario

As a starting point, let’s look at the Latchl to Latch 2 path. Returning to our
memory, latches are level sensitive, which implies that Latch 2 will be transparent
for half a period in our situation, in contrast to edge-triggered flip-flop. In such
an instance, there will be no violation from Latchl to Latch 2 since the data will
be captured by Latch 2 at the 8th ns. As a preliminary observation, we can see
that timing violations may be avoided by using level-sensitive latches. The second
important point to note is that when the data is captured at the 8th ns by Latch
2, data propagation may proceed to path Latch 2 to Latch 3 as that design path
is short enough to allow for appropriate data propagation. Latch usage helps the
design to operate faster and not forcing the period to be at least 8ns as it was
done by flip-flops. We can refer to that technique that lets the longer combinational
paths "borrow" some time from the following shorter combinational paths as Time
Borrowing. [4]

mer ] ] LT L

paser | ||\ |

Figure 2.10: Latch Time Borrowing

More specifically, since a latch is transparent, data might come after the latch
enable clock edge, allowing it to borrow time from the following cycle, reducing
the time for the next stage. [3] Typically borrowing occurs in the same clock cycle.
Summarizing the main goals of time borrowing we can conclude that: [4]

e Time borrowing helps us avoid timing violations.
e In a multistage circuit, the time of each stage would be reduced.

NOTE: At the above cases we made the assumption that all the sequential ele-
ments are ideal, meaning they do not have an internal delay, and the library setup
time at both cases is zero.
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2.3 Bundled-Data Design

Asynchronous designs have many advantages over synchronous designs in case
of performance. The absence of the clock may drive better performance and power
results. One significant example is the Bundled-Data design and more specifically
in our case, a bundled data design with latches is the Desynchronization methodol-
ogy. Through this methodology, asynchronous controllers generate the clock signals
for the synchronous data paths, which indicates that Asynchronous Static Timing
Analysis is required for the asynchronous part and STA for the synchronous data
path. [6, 7] First consider the circuit at picure 2.11 before the Desynchronization
method. [6, 7]

Figure 2.11: Circuit Before Desynchronization Methodology

Following up as shown in figure 2.12 [6, 7] every flip-flop is replaced with two
latches, a Master and a Slave, and as it clear each controller provides the appropriate
enable signal to each latch. The transformation into latches it is not deeply related
to the Desynchronization methodology, however as stated at the previous section
latches can contribute to better timing results and avoid violations. So the key idea
is, that till the data are not stable the enable must be delayed. [6, 7] Finally in figure
2.13 we can observe the complete outcome of this process. [6, 7]
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Figure 2.12: Desynchronization Methodology

Figure 2.13: Desynchronization Outcome



Chapter 3

STA for Latch-based Design
Approaches and Challenges

Let us look at the challenges that STA engines face when it comes to Latch STA
and the proposed literature methodology that helps us come up with our implemen-
tation before we look at the suggested technique, Fast ICV.

3.1 Industrial Tools STA Latch-based Design Challenges

As previously said, STA engines have become one of the most important com-
ponents of EDA tools. A timing engine can quickly detect timing errors in various
portions of the EDA flow, providing circuit validation and verification at various
stages of the design process. However, modern STA engines are based on numerous
assumptions about the design’s essence, and the nature of Latches combined with
timing mistakes can result in poor quality outcomes.

3.1.1 Latch Loop Breakers

Traditional STA engines operate on the level of directed acyclic graphs. In that
case gate pins are the nodes, timing arcs are the edges of the graph, and sequen-
tial elements represent the boundary points in the analysis. More specifically, the
presence of combination feedback loops in a design may cause the STA engine to
disable these loops in order to reduce the impact of the violation-timing error on cir-
cuit timing validation. When this cycle cutting technique is used, the timing arc or
disabled data point may have an unrealistic transition time, resulting in erroneous
slew propagation in separate timing arcs and inaccurate slew calculation analysis
across cycles. In more detail, as already stated output transition and output delay
are directly dependent on input transition, so by cutting a data arc an unrealistic
delay would be calculated. [2, 8] Figure 3.1 demonstrates cycle cutting and how it
affects delay propagation.
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Figure 3.1: Cycle Cutting

In some cases, designers come up with setting the transition time at the cut point
manually, however that technique still may lead to timing errors. The impact of this
error is also carried to SDF simulation, where incorrect delay values are annotated
and the designer gets a false image of the design. In conclusion, the performance
and results may be completely misleading. [2, 8]

Moving on, let’s add some sequential latch logic to the design above as shown
in figure 3.2 to see how cycle cutting affects STA analysis. It is possible to create
sequential loops of transparent latches when latches are spotted in a cyclic design.
These loops would be identified by the industrial tool, which would then construct a
set of latch pins that were involved in the loop. The user may examine the sequential
loop using a specific reporting command, which shows which pins each loop contains
as well as certain unique arguments for each pin. [9]

ENABLE

Al
ZN 5%

E

r‘ E
ZN
ZN
D

< |

Figure 3.2: Latch Cycle Cutting

One of the arguments reported for some latch data pins is that a loop breaker is
set on those pins, suggesting that the industrial tool performs cycle cutting through
sequential latch loops as well. In the above case, transition time propagation would
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proceed from G to Q as the D to Q arc is disabled. As in combinational loop cases,
an unrealistic slew and delay value may be computed at the point loop breaker is set
and the worst transition time from D to Q will not be propagated. In some situations
overall circuit timing performance won'’t be affected, however, there is a chance that
may lead to erroneous results. Timing analysis failure by cycle cutting is directly
dependent on the nature of the clocks latches are clocked on and in which timing
windows the computation of the delay values is performed. Figure 3.3 demonstrates
three cases of clock waveforms. In the first case, the two phases do not have an
overlap, meaning that each time latches of one phase will launch data and latches
of the second phase will capture data. In more detail, latches clocked on different
phases will not be simultaneously transparent and the delay and slew computation
would be procced from the E to Q window as it seems to be the dominant timing
window, so cycle cutting at D to Q won't affect timing analysis.

mer 1 UL
ez | L]

Figure 3.3: Non Overlapping and Overlapping Clock Waveforms

Cases where the clock phases have an overlap as is demonstrated at the second
waveform in figure 3.3 may drive to situations where latches from different phases
would be transparent at the same time. In that case, delay and slew propagation
would proceed from D to Q timing window, thus it is clear that cycle cutting would
affect the whole timing analysis of the circuit in a negative way.

One key example of a latch-based design that cycle cutting would affect neg-
atively timing analysis is Bundled-Data Design. As already stated, Bundled Data
design consists of asynchronous cyclic controllers and the synchronous latch data
path. Cutting the cycles in the asynchronous part would lead to false enable signal
propagation at the data path which indicates a disastrous outcome.

All of the outcomes of the above challenges have been analyzed in detail in the
experimental section.
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3.1.2 Latch Timing Checks

Latches are level-sensitive elements, which means that data propagates over the
whole active enabling window, as previously mentioned in the background section.
So, what if Data toggles very close to Enable as it progresses from one level to the
next? To prevent data propagation problems at the output, setup and hold timing
checks in latches are required, particularly near the closing enable edge. The point
we choose to make the setup check for a latch is critical as it would affect directly
the slack computation. Refreshing our memories, slack is the value that reflects the
connection between AT and RAT. If slack is positive, there was no timing violation
for that pin, and we can raise AT as long as slack is positive at this moment without
propagating a timing mistake. If slack is negative, on the other hand, and we want
our circuit to operate as expected, the path to this pin must accelerate. As it is clear,
slack is a valuable indicator for determining our circuit’s clock parameters. [3]

The industrial tool, on the other hand, suggests that slack may be calculated in
two ways. The first is to look for a setup violation at the closing edge, which indicates
the proper way to latch the data. In the second case, the industrial tool checks the
setup with the worst window between closing and virtual, referred to as the opening
window or virtual window. Figure 3.5 demonstrates the above mentioned.

Phasel

Phase2

Figure 3.4: Virtual and Closing Window for Setup Checking

The above calculation may cause an inexperienced designer to have a distorted
view of their work. As previously indicated, margin slack can help the designer in
determining the clock parameter in which the design will operate. Having a much
tighter slack than the slack that will be computed at the closing edge confuses the
designer in such a way that he may not put as much pressure on the clock as he can.
In the experimental section, we summarize the previous, noting how this calculation
impacts the overall overview of the timing analysis.
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3.2 Iterative Constraint Verification Algorithm (ICV)

In this section, we are going to provide a detailed overview of the Static Timing
Analysis algorithm we used as a basis to construct the proposed methodology. Iter-
ative Contraint Verification (ICV) is the approach under examination, and its major
contribution is to properly handle the STA case for latch controlled circuits. [10]
Taking a quick look before digging deeper into the above-mentioned algorithm, we
picked that technique as the core of our work for the following reasons. ICV works
with graph-based circuit transformations each is easily adaptable to the needs of
our STA engine. Furthermore, as we are going to study in detail at the following
lines, the above graph transformation and the iterative nature of that methodology
helped us come up with a methodology that operates in reduced iterations than the
existing methodology without dealing with sequential loops by cycle cutting. Finally,
this approach is ready to be used as long as the latch-based design and clock pa-
rameters are provided, thus it is not dependent on a large number of input resources
to generate the desired results.

3.2.1 Basic Timing Formulations

Latch-controlled circuits are constructed basically of latches separated by com-
binational logic between them. This methodology adopts a simple graph transfor-
mation in order to demonstrate the above relationship. We can refer to that graph
representation as Reduced Timing Graph (RTG) or Latch Graph. The two fundamen-
tal structures of that graph, are the latches which are represented by the nodes of
the RTG, and the edges, which represent the combinational delay between a stage of
one latch to another. Figure 3.6 demonstrates a simple example of RTG [10,11]

Figure 3.5: Reduced Timing Graph

Every path has a starting node and an ending node. We can refer to the succes-
sors of a node as the fanin nodes. Node 1 is the fanin node of the node 2. Note that
in the case of a loop the starting point and the endpoint would be the same, like the
1 - 3 = 2 — 1 loop in the above figure. Furthermore regarding the analysis we
working on, meaning the setup or the hold analysis each of the edges would contain
the related values. In cases of setup analysis, the edges would represent worst-case
combinational delay, and in hold analysis best-case combinational delays would be
stored in the graph’s edges.
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3.2.2 Timing Constraints of Latch-Controlled Circuits

Before moving to the core part of the al-
gorithm we first need to study the timing con-
straints that are going to be utilized at the pre-
sentation of the algorithms and some fundamen-
tal assumptions regarding the computation of
the related timing values. Figure 3.7 contains
the whole set of variables that this methodol-
ogy uses to perform Latch STA. Timing values
are provided for both best and worst-case anal-
ysis and it is worth mentioning that most of the
values are also mapped in our implementation.
[10]

TIMING CONSTRAINTS OF LATCH-CONTROLLED CIRCUITS

Variables
n Number of latches in the circuit.
T  Clock period.
ri Time of the enabling clock edge in local time zone.

Phase shift, time difference between starting times
of clock phases j and i.

D; Latest departure time from latch i.

A;  Latest arrival time at latch 7.

i Maximum combinational delay from latch j to 1.
Aj; Edge weight in the latest RTG.

i Setup time of latch .

d; Earliest departure time from latch i.

a;  Earliest arrival time at latch i.

d;; Minimum combinational delay from latch j to i.

4ji Edge weight in the earliest RTG.

We investigated the timing nature of latches /i Hold time of latch i

being transparent when the enable signal is up
to its active level and when the data must be
latched or not in the background section. We
know that the timing values of latch STA are con-
nected to the fundamental terminologies that are
hidden at the clock’s representation, and most of
them are calculated with respect to the enable signal. The authors refer to the re-
lation between the enable signal and the calculation of the timing values in the
analysis as the local time zone. Having already reviewed the fundamental knowledge
regarding when a latch is transparent and when the data must be latched, is simple
to understand that the local time zone is a hyper set that contains all those termi-
nologies, and indicates the proper timing value calculation. Figure 3.8 demostrates
local time zone between two successive latches j and i [10].

Figure 3.6: Timing Constraints
of Latch-Controlled Circuits Vari-
ables

Figure 3.7: Local Time Zone

The edge that activates the latch is referred to as the enabling clock edge r;, and
the edge that closes the latch is referred to as the latching edge in this work. When
the latch is transparent, we indicate the start of the local time zone at the enabling
clock edge, and when data propagation is not feasible, we mark the end of the local
time zone at the latching edge. As previously stated, the latching edge is always the
closing edge concerning the period T. As can be seen in the figure above, there is one
more parameter, E;;. This parameter, named phase shift, is utilized to transform the
latch clocks’ starting points, in our case clocks j and i. This conversion aligns the
clocks, allowing each arrival time to be calculated according to the local time zone
definition. [10]
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3.2.3 Setup Time Constraints

In the next lines, we'll focus on the basic setup constraints that this work applies.
In the variables table, setup timing constraints are indicated as the latest values.
(12]

The moment the signal from the launching latch is ready to be delivered at the
capturing latches is referred to as the latest Departure time or D;. There will be two
latest departure times, one for the rise and one for the fall, as is reasonable. The
following formula is used to calculate the above value: [10]

Di = maX{Ai, ri}

At each capture latch, A; stands for the signal’s latest arrival time. Behind the
max condition, it is specified in which timing window the D; will be computed, i.e.,
in the D to Q window or the Enable to @ window. Note that if the data arrives
before the enable signal, propagation will not begin until r; arrives. Using one pair
of latches, one launch latch j, and one capture latch i as an example, the latest
Arrival time can be easily defined. A combinational path must exist between the two
latches, as is obvious. The latest arrival time is defined as the time when the data
signal reaches the capture latch after taking into account the time when data departs
the launching latch and the maximum combination delay between the two latches.
When more than one latches fanin at latch i the maximum combination between
the latest departure time of launching latches and combinational max path must
be taken into account, for computing A;. Looking into the equation for computing
A;: [10]

A = fjn_a;lX{DJ + Aji}

Figure 3.9 demonstrates the application of the equations above on RTG.

A; =max{D; + A, ;}
J—1i

Figure 3.8: A; and D; Computation Example

Data propagation is always accompanied by the necessary conditions to guaran-
tee that no violations occur and that data propagation proceeds normally. We must
ensure that the data or A; is stable for setup or s; time, knowing that the check for
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the data to be latched must be at the latching edge. Taking a look at the condition
for arrival time: [10]

AiST—Si

We may move on to the following part after examining the necessary timing for-
mulations and variables, where we’ll take a closer look at the proposed literature
latch-controlled based timing algorithm. In the following lines, the Iterative Con-
straint Algorithm (ICV) is described in depth.

3.2.4 Iterative Constraint Verification ICV

The ICV algorithm is an iterative algorithm that works with the latch-controlled
design’s latch graph transformation. The signal propagation is unfolded and the
concept of a simulation-based method is given through this iterative approach. It
efficiently extracts setup timing constraints in a way that ensures that timing values
have converged after a certain number of iterations and allows for the evaluation of
timing violations in the design under timing analysis. Initialization, time constraint
calculation, and constraint verification are the three parts of the ICV algorithm.
Algorithm 1 represents the complete ICV algorithm.

Algorithm 1 Iterative Constraint Verification
1: for each node i in RTG do
2 A? = —00
33 DP=r
4: end for

5: form=1to ndo

6

7

8

9

for each node i in RTG do
Al = r?jix{pjm—l + Ay}
D™ = max{A[", r;}
:  end for
10: end for
11: for each node i in RTG do
12:  if (D' # D! or A > T — s;) then

13: return false
14: endif
15: end for

16: return true

In the initialization part, we set both the A; and D; at the appropriate value for
each node in the RTG. We set A; to —oco as data propagation has not started yet, and
D; at r; as data propagation for each latch would start corresponding to the enable
signal.

The A; and D; computations are done in the next part, lines 5-10. At each
iteration, the algorithm updates A; for the relevant latch and then updates D;. This
iterative method is repeated n times, where n is the number of latches in the RTG.
Each iteration may be thought of as a clock cycle in which data is propagated from
launching points to capturing points. Note that each time delay values are updated
incrementally based on the values of the previous iteration.
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Finally, at the remaining lines, there’s constraint verification, which works as
long as delay propagation is complete at the final iteration. Two conditions are
checked for each latch. The second one is simpler since it represents a common
setup check for each latch’s final latest arrival time:

Ai <T- S;
The first condition, on the other hand, is more complicated since it examines if
the latest departure times between the two final iterations have different values:
D} # D}

The method concludes whether the latch delay values have converged and indi-
cates that if the latest departure times continue to increase after a specified threshold
of iterations, setup violation will occur frequently from that point forward. In more
detail, the algorithm, as stated in the paper, tests for the presence of a positive loop
in the circuit. The circuit would be unable to function if such a loop exists. The
proof that the presence of a positive loop is destructive for the circuit’s operations is
given as follows:

Let a100p {jo.j1. - ojn — 1.jn} With jo = jn
For a given m iteration:

Djje = max{Aj, e} = Dig > Aje (1)

A= max {Di '+ Ay = DA (2)

Jie-17Jk Jie-1
From (1) and (2):
D> AT > D Ay (3)

Given (3) for a total number of n iterations:
Dﬁl = DJ% = D_}% + Z£=1 Ajk—le (4)
Having:

DJ?) = D_]OO + Zzzl Ajk—le (4)

After n iterations the D of j, increases by:
ZZ:] Ajk—le
Therefore, in order to avoid having violation:
ZZ:I Ajk—le <0 (5)

ICV, as we can see, functions on the n iteration boundary. Because the biggest
loop would contain all of the latches, we check it at the last iteration to ensure that
there are no positive loops in the RTG. If there is a positive loop in the circuit, the
algorithm will fail. If the delay values do not increase after n iterations, on the other
hand, we may infer that no violation occurred during the timing validation under the
provided environment parameters. On the following pages a scenario of a worst-case
loop is provided, that visualizes also the above proof.
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Consider the following example:

e 4 Latches (n = 4) are connected in a circle.

e Latches {L1, L3} are clocked on ¢1 and {L2, L4} on ¢2.
e The clocks are non overlapping.

This specific scenario is considered the worst case as all of the latches form the
biggest possible cycle. Figure 3.10.
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Figure 3.9: Constraint Verification (A)

All departure times D; are set to T — r;. Recall that each latch has its own time
zone. Figure 3.11.
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Figure 3.10: Constraint Verification (B)
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Figures 3.12, 3.13, 3.14, 3.15 demonstrate the update of D; accross iterations.
Consider on that iteration only D, for Latch1 changed.
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Figure 3.11: Constraint Verification (C

Moving on we have an increase at D, at second iteration. Figure 3.13.
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Figure 3.12: Constraint Verification (D)
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Ds; increases next. Figure 3.14.
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Figure 3.13: Constraint Verification (E)

Finally we observe a change in D, value at the last iteration, so what would
happen if we proceed to more iterations? Figure 3.15.
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Figure 3.14: Constraint Verification (F)
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At this point we can understand that the final and increased D, value will in-
crease D; even more which will lead into a setup violation in the future. Figure
3.16.
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Figure 3.15: Constraint Verification (G)

In more detail, we computed D] > D? with fo. If we proceed to a further
iteration and without departure times converge we will have D? = DY + (D; — DY), as
the cumulative departure time for Latch4 increased from D) — D;. At this point we
can map .-, Aj_ i < O (5) condition into our case, as the cumulative D, value
across iterations. In conclusion, that increment would increase D; even more so in
following possible iterations setup violation will occur. One important observation is
that this algorithm checks for setup violation at the final iteration, however it would
be impossible in many cases to detect which latch cause the error as it would be
propagate across iterations.
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Chapter 4

A Latch-based STA Methodology Our
Contribution

At that point in the work, we’ll move on to the implementation section and the
algorithmic contribution, but before, let’s take a quick look at the above. To summa-
rize the important points of the preceding chapters, after studying the appropriate
Latch STA principles and the challenges that typical STA tools face with latch timing
analysis, we identified a latch STA algorithm in the literature that satisfies the re-
quirements of our STA tool. The implementation of the regular ICV began our quest
to provide the functionality of Latch STA in our timer. We gradually uncover some
of the algorithm’s hidden assumptions as well as certain weaknesses. After that,
we come up with Fast ICV as a variation of the current method, which covers all of
the functions of the normal ICV algorithm, with the addition of certain additional
features and the major advantage of operating in less iterations.

4.1 Implementation of ICV

First of all, let’s look at how to put the current algorithm into action. To begin,
we performed the identical procedures as in Algorithm 1, with the exception that we
first updated the latest departure time for each latch, and then we updated the latest
arrival time at each of the capturing latches based on the latest departure time of
the launching latch. Because the algorithms bound delay values independently of
traversal order, the result will not change. We make this adjustment for the sake
of simplicity since we built Latch Graph in such a manner that each node holds its
SUCCesSOors:

m _ m
D launch_latch — maX{Alaunch_latch’ rlaunch_latch}
m _ m
Acapture_latches - max {D launch_latch + Alaunch_latch_>capture_latch}

launch— capture

4.1.1 Internal Latch Delay

Following up, according to the paper, the delay equations applied for the latest
values suggest that the latches in the RTG are ideal, meaning they have no internal
delay. To compute the latest departure time and account for the latch’s internal
delay, we must first determine which timing window we will work in. If D — Q is
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used, the D — @Q arc delay must be included in the latest departure time calculation.
If, on the other hand, Enable — Q is the dominant method, the Enable — Q arc
must be taken into account throughout the computation. So the above equation for
departure time would change into:

Dln = maX{Alm +D — Qarc_delay’ r + E— Qarc_delay}

4.1.2 Transition Time Propagation

Although the ICV method performs well and explains the delay propagation
technique in detail, transition time propagation information is not provided in the
current work. In the previous subsection, we stated that based on the timing window
we work in, latch internal delay must be included in the delay calculation. As we
reviewed in the background chapter latch as a sequential element possesses two-
timing arcs the D to Q and the enable to Q timing arcs too. Slew propagation is an
independent procedure that must be taken into account for proper timing analysis.
As with delay, we choose to propagate the worst transition time each time for rising
timing arcs and with respect for falling timing arcs. In respect to the latest arrival
time and the timing window we choose to work in, we compute D to Q transition
time or Enable to out transition time for the latch output pin as we compute latch
latest departure time. Keep in mind that we first update the latest departure time
for the launching latch so the slew that is computed in the current output latch pin
would indicate as a starting point for slew propagation at the capture latches.

We stand for two transition time calculation cases. In the first case when the
Enable to Q timing window is activated we calculate and propagated the slew from
G to Q arc which is dominant. On the other hand, when the D to Q timing window
is activated the D to Q slew must be propagated. When at least one combinational
loop is found in the circuit, most industrial STA engines execute cycle cutting. As a
result of the lack of cycles in the resultant gate pin graph, the disabled arc will have
an unrealistic transition time and will not affect other gate pin slews. This results
in overly optimistic results, as well as timing problems. To compute the proper slew
across cycles before starting the delay and slew propagation across iterations the
first step, to begin with when dealing with overlapping clocks that lead to concurrent
transparent latches and the activation of D to Q timing window is the computation of
an equilibrium cyclic slew for all circuit pins. We introduce the following algorithm
that indicates a worst cyclic equilibrium slew for each one of the circuit gate pins
before ICV starts its operations. Note that this is an iterative procedure that no delay
propagation is required for this step.
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Algorithm 2 Cyclic Equilibrium Slew Computation
Input: Gate Pin Timing Graph G = (V, E, Load(V), Slew(V)), Slew Threshold slew_delta
Output: Slew Annotated Timing Gate Pin Graph G

1: Slew(V) = 0; // Initialise Gate Pin Pin Slews to O //

2: @=0; // FIFO Queue Q //

3: for (each Primary Input Gate Pin pi in V) do

4: set_slew(pi, pi_slew_constraint); // Set PI Slew (user-defined) //
5: for (each Successor Gate Pin s in pi —) do

6: enqueue(Q, s); // Add pi Successor Gate Pins to Queue //

7: end for

8: end for

9: while (Q # 0) do

10: q = dequeue(Q); // next Gate Pin for Slew Computation //

11:  slew = calculate_sleuw(q, get_slew(q —), get_load(q —)); // Compute q Slew, based on
input Slew and output Load //

12:  if (|slew — get_slew(q)| < slew_delta) then
13: continue; // Continue to Another Gate Pin from Queue //
14: end if

15:  prev_slew = get_slew(q);
16: new_slew = max(prev_slew, slew);
17: set_slew(q, new_slew); // Update Slew Value //

18: for (each Successor Gate Pin s in g —) do

19: enqueue(Q, s); // Add q Successor Gate Pins to Queue //
20: end for

21: end while

Slew propagation begins at the Primary Input PI pins and continues across
the circuit’s timing arcs. The operation is repeated until the slew difference between
consecutive propagation iterations of each pin approaches zero. Algorithm 2 demon-
strates the cyclic slew computation procedure. In the first place, the algorithm takes
as an input the cyclic gate pin timing graph G, and the slew threshold slew_delta
which indicates the minimum slew difference between iterations. G consists of nodes
V (or gate pins), E edges and each node is characterized by the load and slew cal-
culation functions Load(V) and Slew(V). The algorithm then does a BFStraversal
with a First In First Out FIFO queue. Slews, for instance, are user-defined. If the
traversal finds an empty queue, no more slew updates are necessary; if the queue
is not empty, the next pin is dequeued, and the new slew is computed and com-
pared to the previous iteration’s value. If the slew value still hasn’t converged, we go
through further iterations and enqueue the successor pins at the FIFO. Finally, the
Algorithm produces as output the cyclic equilibrium slews in Slew(V). [2, 7]
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4.1.3 Iteration Reduction

The technique concludes if the latch delay values have converged and show that
if the latest departure times continue to increase beyond a given threshold of itera-
tions, setup violation will occur frequently from that point forward, as we discussed
in detail in the previous chapter. That technique requires multiple iterations, which
can be time-consuming in circuits where values converge after the first iterations
or for linear circuits where one iteration is usually sufficient. We must clarify that
for each latch, an incremental run must be performed in order to update each de-
lay value depending on the previous iterations’ delay values. Every circuit would
have m iterations, and if n latches synthesize the RTG, the current technique would
necessitate n* m incremental runs, resulting in a complexity of O(n? x (E + V)).

Two key actions were implemented in order to minimize the number of iterations.
The first is a basic adaptation where we update the latest values, and the second is
the variation of Fast ICV that will be discussed in the following chapter. The idea
behind the new adaptation is that if all of the latches’ latest departure timings have
converged, there is no need for more iterations. Taking a brief look at the above
concept:

Algorithm 3 Iteration Reduction
1: form=1tondo
2:  D_values_converged = 1
for each node i in RTG do
D™ = max{A[", r;}
if D" # DI""! then
!D_values_converged
else
continue to next latch
end if
10: end for
11: if D_values_converged then

© PN w

12: break
13: end if
14: end for

We start the iterative procedure by assuming that the delay values have reached
a point of convergence. Then, for each latch, we update the D value; if it is the
same as the previous iteration’s, we move on to the next latch; otherwise, further
iterations are required. There is no need for additional iterations if all of the latest
departure times have converged, therefore we skip the remaining iterations.

4.1.4 Constraint Verification

The constraint verification, which examines if two conditions for each latch are
violated, is the final part of this method. We already analyzed the first condition for
the latest departure time convergence. The second condition is easier to understand
since it reflects a standard setup check for each latch’s final latest arrival time. In
more detail, it is clarified that if the latest arrival time grows enough to be larger
than the latching edge, setup violation has occurred:
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However, as discussed in the previous chapter, points setup violates are difficult
to detect over iterations because they are propagated from latch to latch and across
iterations. Every time data arrives at a capture latch, a setup violation might occur,
as we aim to calculate the latest departure time. Despite the fact that the violation
may have happened earlier iterations, the preceding condition checks for setup vio-
lation at the last iteration. This scenario causes extra iterations and makes it more
difficult to discover the point of setup violation.

We noticed that we may identify setup violations from the first iterations when
doing latch STA properly and preventing setup violations. It’s worth mentioning that
the existing method uses r; and A; to update the latest departure time. We keep
the maximum value between the two, which simply specifies the timing window in
which we will work, i.e. the Enable to Out or Data to Out time window. A setup
check must be performed if the data signal comes after the latching edge, which is
not done in the current method. We perform the following check before updating
latest departure time:

A; < latching_edge — s;

Because the arrival time might grow quickly in the early stages of iterations, we
must verify every time the data signal arrives at a capture latch to avoid incorrectly
calculating the latest departure time. Checking for setup violations in the last iter-
ation will increase execution time and conduct numerous needless computations in
circumstances when there are multiple latches and a setup violation has occurred
at an early step. The Fast ICV variation also has that adaptation.

Finally, we progressively reviewed some of the algorithm’s underlying assump-
tions, as well as some of its drawbacks. Then, as a variant of the existing approach,
we propose Fast ICV, which performs all of the functions of the standard ICV algo-
rithm while adding a few extra characteristics and having the significant benefit of
requiring fewer iterations. We’ll look into Fast ICV in-depth in the next section.

4.2 Implementation of Fast ICV

Implementing the existing ICV algorithm allowed us to gain a deeper understand-
ing of the delay propagation approach used by this algorithm, as well as how the con-
straint verification part impacts the algorithm’s overall performance. That method
also benefited us in identifying some of the algorithm’s underlying assumptions and
drawbacks in terms of delay and transition time propagation. After reviewing the
fundamental latch STA principles and identifying some of the challenges that indus-
trial STA engines face with latch STA, we were able to combine our knowledge with
the existing ICV algorithm to create a methodology that successfully hadles all of the
challenges that industrial tools face while also being more robust than the existing
ICV methodology. The name Fast ICV refers to a variation of the current approach
ICV. This algorithm incorporates all of the aforementioned adaptations of regular
ICV, as well as operates as an adaptation of an industrial tool known as ASP. In the
following lines, we will analyze the entire view of the suggested approach in-depth
and provide a comprehensive picture of this work through an example.
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The Fast ICV algorithm is an iterative technique that works with the latch graph
transformation in latch-controlled designs as regular ICV. It extracts setup timing
constraints quickly in a way that assures that timing values have converged after a
given number of iterations and facilitates for the evaluation of timing violations in
the design under timing analysis, in a faster way than the existing algorithm. The
Fast ICV algorithm has three parts: initialization, time constraint calculation, and
constraint verification. The Fast ICV algorithm is represented by Algorithm 4.

Algorithm 4 Fast Iterative Constraint Verification
1: for each node i in RTG do
A? = —00
3 D?=r
4: end for
5: n = clock_num * clock_num
6: D_values_converged = 1 // decide if D values converged //
7
8
9

N

: A_values_update = 0 // decide if more updates in delay values required //
:form=1tondo
for each clock_phase in clock_set do

10: for each node i in RTG clocked on clock_phase do

11: D™ = max{A[", r;} // Update D for launching latches //

12: if D" # D""! then

13: !D_values_converged

14: !A_values_update

15: else

16: continue to next latch

17: end if

18: end for

19: if A_values_update = 1 then

20: Update A™ for all capture latches // Update A for all successor latches of
the current phase //

21: else

22: continue to next clock phase

23: end if

24: end for
25: if D_values_converged then

26: break // no more iterations needed //
27: end if
28: end for

29: for each node i in RTG do
30: if (D] # D! or A} > T — s)) then

31: return false
32: endif
33: end for

34: return true
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4.2.1 Fast ICV General Overview

When we take a brief look at Algorithm 4, we can see that it has the same three
parts as normal ICV: initialization, time constraint computation, and constraint
verification. The initialization and constraint verification sections are identical to
those found in ICV. Following that, we should emphasize that all of the relevant
changes and adaptations made for normal ICV and reviewed in-depth in the previous
section found adaptation in the implementation of Fast ICV too. In more detail,
accurate STA analysis requires consideration of the latch’s internal delay at the
latest departure time computation, as well as the worst equilibrium slew before the
algorithm’s operations. In the following lines, we’ll look at how this technique differs
from the previous methodology in terms of alternative delay and slew propagation,
and how, with the right modifications, we may get accurate timing results in a
reliable and fast approach.

4.2.2 Delay and Transition Time Propagation

We'll look at the primary algorithmic computing part in detail in this section.
Regular ICV, to refresh our memory, executes a traversal in one RTG latch at a
time, and for n iterations for all latches. Because each time a launching latch sets
an incremental update run to its corresponding capture latches, this traversal is
thought of as a point-to-point traversal. It’s important to note that running an
incremental run for each latch for n iterations can increment a lot the execution
time of this algorithm. Another disadvantage of this point-to-point traversal may be
seen in the situation below. When two latches combine to join to a third one, we
must save the maximum value of arrival time and slew at the capture latch since the
traversal may overwrite the existing worst-case values. As a result, more memory is
required at each latch to store the previous delay values.

On the other hand, we can identify the fundamental difference between normal
and Fast ICV by looking at lines 9-10 in Algorithm 4. It’s worth noting that this
modification traverses the latches according to the relevant clock phase. But how
does this affect the delay and transition time propagation? Rather than traversing
each latch one at a time, Fast ICV traverses each clock phase or the latches that are
clocked on the same phase. In further detail, this technique bounds latch delays at
the latch group level rather than considering connected latches cartesian product as
in regular ICV. We can consider the first group of latches the launching latches of
one phase, and the second group of latches the capture latches clocked on the rest
of the clock phases. First and foremost, the latest departure time of the launching
latches is updated. Following that, the latest arrival time for all capturing latches
will be updated as stated in lines 11-21 in Algorithm 4. By this grouping procedure
delay and transition time propagation would proceed in a level way, from phase to
phase, and not point-to-point, from latch to latch. This modification affects positively
both execution time and the propagation of the worst values. Keep in mind that
each iteration requires one incremental update run for the latches of one phase to
start propagating to the rest of the phases’ capture latches. Many point-to-point
incremental runs may be avoided in this manner, and the overall iterative method
can be improved in terms of the number of iterations. Following up, another benefit
of level to level propagation is that each iteration ensures that the worst delay and
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slew are propagated from each phase without the need for comparisons between the
latest arrival time produced of latches of the same phase.

As already stated, Fast ICV indicates an iterative procedure that guarantees
delay value convergence after a number of iterations. Working with a different way
of traversal, meaning the level to level procedure, a new upper bound was necessary
for that technique so we could persuade ourselves that we can provide a formal
number of iterations, under that delay values would converge. We define n in this
algorithm as the product of the total phases with itself (line 5). We conclude to
that as the upper bound of iterations as we consider the following scenario as the
worst-case. In a worst-case situation, every phase would launch data to all the other
phases and would capture data from the latches of all the other phases. As it is clear
the number of the corresponding combinations is clocks * clocks.

4.2.3 Iteration Reduction

In order to reduce the number of iterations, two essential steps were taken.
The first is a standard adaptation in which we update the latest departure times if
they have not converged, and the second is the variation of Fast ICV traversing the
latches according to the phase on which they are clocked. The proposed adaption
assumes that after all of the latches’ latest departure times have converged, no
further iterations are required. We had previously looked at this adaptation in the
previous section, so it was simple to adapt it to Fast ICV. We start the iterative
procedure by assuming that the delay values have reached a point of convergence
with D_values_converged (line 6). Then, for each latch, we update the D value; if
it is the same as the previous iteration’s, we move on to the next latch; otherwise,
further iterations are required (lines 11-13, 23-27). The difference with the regular
ICV is that as we work with latch groups, in case the latest Departure times of all
the latches of a phase converge we move to the next clock phase. That manner is
controlled by A_values_update, as more iterations are required if the departure times
of one phase have not converged (line 7, 19-23). We skip the remaining iterations
since there is no need for more iterations if all of the latest departure times of all
phases have converged.

On the other hand, the structure of this method, which includes many latch to
latch delay propagations, at one level traversal to another in each iteration, allows
for quicker results. One important factor is that, regardless of how many latches
join at a capture latch, this method would offer the worst arrival time. Finally, each
delay propagation from a phase to another covers and gives the entire set of data
required by the following phase. The computation of the worst delay value may need
additional iterations in the case of the standard ICV, which traverses one latch at a
time.

4.2.4 Fast ICV Example

We can move on to an example using our STA engine after studying the Fast ICV
algorithm’s implementation. Consider the following circuit of figure 4.1, four latches
form a cycle where the first one and the third one are clocked on phase one and the
second and the fourth one are clocked on phase two. The period of the two clocks is
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both 10ns, and the waveforms are given as {0, 5} and {5, 10}.

ENABLE

L1 L2 Phase 1 {Rising Edge 0, Falling Edge 5}
] ‘ Phase 2 {Rising Edge 5, Failing Edge 10}

Period 10ns

Phase1
\ *

‘ ¢
Phase 2

L4 L3

® OUuT

Figure 4.1: Fast ICV Example - Circuit Specification

Figure 4.2 demonstrates the first part of the algorithm each is the initializa-
tion.

Latch latch_cycle_dstage_2phi/LATCH2, Latest Arrival Time (r) = -1.e6668688
Latch latch_cycle_dstage_2phi/LATCH2, Latest Arrival Time (f) = -1.066680880
Latch latch_cycle 4stage 2phi/LATCH2, Latest Departure Time (r) 5.0ee06080
Latch latch_cycle_4stage_2phi/LATCH2, Latest Departure Time (f) =|5.0080000
Latch latch_cycle_4stage_2phi/LATCH2, incoming Rise Slew = ©.08000000

Latch latch_cycle_4stage_2phi/LATCH2, incoming Fall Slew = ©.080000800
Gatepin latch_cycle_4stage_2phi/LATCH3/E, Clock Index = @

Latch latch_cycle_4stage_2phi/LATCH3, Latest Arrival Time (r) = -1.8000688
Latch latch_cycle_4stage_2phi/LATCH3, Latest Arrival Time (f) = -1.8©60080
Latch latch_cycle_4stage_2phi/LATCH3, Latest Departure Time (r) = ©.0000000
Latch latch_cycle_d4stage_2phi/LATCH3, Latest Departure Time (f) 2.0000000
Latch latch_cycle_4stage_2phi/LATCH3, incoming Rise Slew = ©.0000060

Latch latch_cycle_4stage_2phi/LATCH3, incoming Fall Slew = ©.00000200
Gatepin latch_cycle_d4stage_2phi/LATCH4/E, Clock Index = 1

Latch latch_cycle_4stage_2phi/LATCH4, Latest Arrival Time (r) = -1.0000060
Latch latch_cycle_4stage_2phi/LATCH4, Latest Arrival Time (f) = -1.0000008
Latch latch_cycle_4stage_2phi/LATCH4, Latest Departure Time (r) 5.0000000
Latch latch_cycle_4stage_2phi/LATCH4, Latest Departure Time (f) 5.0000000
Latch latch_cycle_dstage_2phi/LATCH4, incoming Rise Slew = ©.88000886

Latch latch_cycle_dstage_2phi/LATCH4, incoming Fall Slew = ©.080000086
Gatepin latch_cycle_d4stage 2phi/LATCH1/E, Clock Index = @

Latch latch_cycle_4stage_2phi/LATCH1, Latest Arrival Time (r) = -1.0000000
Latch latch_cycle_4stage_2phi/LATCH1, Latest Arrival Time (f) = -1.00068000
Latch latch_cycle_4stage 2phi/LATCH1, Latest Departure Time (r) = ©.88600800
Latch latch_cycle_4stage_2phi/LATCH1, Latest Departure Time (f) = ©.8060000
Latch latch_cycle_4stage_2phi/LATCH1, incoming Rise Slew = ©.088000086

Latch latch_cycle_dstage_2phi/LATCH1, incoming Fall Slew = ©.8800000

Figure 4.2: Fast ICV Example - Initialization

Notice that the Arrival time and the slew values, are initialized in a negative
and at a zero value as the propagation of delay and transition time has not started
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yet. All of the Departure times are set to the enable clock edge with respect to the
algorithm (lines 1-4).

Figure 4.3 demonstrates the start of the update of the delay values. Notice that
in the first place we create the latch group based on the clock phase. Taking as an
example Latch 3 of phase one we first update the latest departure time based on
the max value of the latest arrival time and the enable clock edge. Keep in mind
that we work in the G to Q timing window so we make use of the latch enable clock
edge value. As it is clear we take into account the internal delay of the latch (G to Q
arc delay) and we propagate at the output pin the appropriate transition time. We
update independently the value for both rise and fall delays, and we work individually
for delay and transition time. We follow the same procedure for Latch 1. After we
update the timing information for the two latches of phase one the appropriate
message is reported, and we can move on to the update of the latest arrival time of
the capture latches. Figure 4.4 represents the delay and slew propagation at the
following phase.

Latch latch_cycle_d4stage_2phi/LATCHL phil (latch_cycle_dstage_2phi/phil) added to Latch Group.

Restore latch_cycle_dstage_2phi/LATCH1/D slews, rise slew = ©.0000000008000000000, fall slew = ©.0000000000000000000

Latch D->Q, latch_cycle_dstage_2phi/LATCH1/D->latch_cycle_dstage_2phi/LATCH1/Q Delays (r, f) = (0.2643581, ©.3709675)

Latch G->Q, latch_cycle_4stage_2phi/LATCH1/E->latch_cycle_4stage_2phi/LATCH1/Q Delays (r, f) = (0.2347870, 0.3651775)

Latch latch_cycle_dstage_2phi/LATCH1 - Arrival Times for Computing Departure (r, f) = -1.0000000, -1.0000000, Enabling Edge = 0.0000000
latch_cycle_dstage_2phi/LATCH1/D -> latch_cycle_dstage_2phi/LATCH1/Q, rise slew = ©.1095111111111111146, fall slew = ©.0829543396226415097
latch_cycle_dstage_2phi/LATCHL/E -> latch_cycle_4stage_2phi/LATCH1/Q, rise slew = ©.1107210062893081715, fall slew = @.0837444444444444408

Latch latch_cycle_4stage_2phi/LATCH1, rise delays/slews from G->Q.

Latch latch_cycle_4stage_2phi/LATCH1, Propagated Rise Slew = ©.1107210

Latch latch_cycle_4stage_2phi/LATCH1, Latest Departure Time (r) = ©.2347870

Latch latch_cycle_4stage_2phi/LATCH1, fall delays/slews from G->Q.

Latch latch_cycle_4stage_2phi/LATCH1, Propagated Fall Slew = ©.0837444

Latch latch_cycle_4stage 2phi/LATCH1, Latest Departure Time (f) = ©.3651775

**% New Departure Time (r, f) = ©.234787@, ©.3651775, Original Departure Time (r, f) = ©.0000000, ©.0000000
Latch latch_cycle_4stage_2phi/LATCH1 Output Timing Annotated.

Latch latch_cycle_4stage_2phi/LATCH3 Output Timing Annotated.

Figure 4.3: Fast ICV Example - Departure Time Update

Dumping Longest Path to Gatepin latch_cycle_d4stage_2phi/LATCH4/D (unateness checking)

1: latch_cycle_4stage_2phi/LATCH3/Q (Delay = ©.2347870 r) (r: ©.1187218, f: 0.0837444) (Load: ©.003800) (Wireload: ©.000000)

2: latch_cycle_4stage_2phi/BUFFER3/I (Delay = ©.2347870 r) (r: ©.1167210, f: ©.0837444) (Load: ©.000000) (Wireload: ©.608600)
3: latch_cycle_4stage_2phi/BUFFER3/Z (Delay = ©.4888531 r) (r: ©.0281617, f: ©.8221971) (Load: ©.801960) (Wireload: ©.8060600)
4: latch_cycle_4stage_2phi/LATCH4/D (Delay = ©.4088531 r) (r: ©.0281617, f: 6.8221971) (Load: ©.000000) (Wireload: ©.000000)

Dumping Longest Path to Gatepin latch_cycle_4stage_2phi/LATCH4/D (unateness checking)

1: latch_cycle_dstage_2phi/LATCH3/Q (Delay = ©.3651775 f) (r: ©.1107218, f: ©.8837444) (Load: ©.00388@) (Wireload: ©.000000)
2: latch_cycle_4stage_2phi/BUFFER3/I (Delay = ©.3651775 f) (r: e. 1197218 f: ©.0837444) (Load: ©.008000) (Wireload: ©.800080)
3: latch_cycle_4stage_2phi/BUFFER3/Z (Delay = ©.5851337 f) (r: 6.6281617, f: ©.0221971) (Load: ©.001900) (Wireload: ©.000000)
4: latch_cycle_4stage_2phi/LATCH4/D (Delay = ©.5051337 f) (r: ©.0281617, f: ©.8221971) (Load: ©.000000) (Wireload: ©.000000)

Dumping Longest Path to Gatepin latch_cycle_4stage_2phi/LATCH2/D (unateness checking)

1: latch_cycle_4stage_2phi/LATCH1/Q (Delay = ©.2347870 r) (r: ©.11e721@, f: ©.0837444) (Load: ©.003800) (Wireload: ©.8e0000)
2: latch_cycle_4stage_2phi/BUFFER1/I (Delay = ©.234787@ r) (r: ©.1107210, f: ©.0837444) (Load: ©0.000000) (Wireload: ©.000000)
3: latch_cycle_4stage_2phi/BUFFER1/Z (Delay = ©.4088531 r) (r: 8.9281617, f: ©.8221971) (Load: ©.001900) (Wireload: ©.000000)
4: latch_cycle_4stage_2phi/LATCH2/D (Delay = ©.4888531 r) (r: ©.0281617, f: ©.0221971) (Load: ©.000000) (Wireload: ©.000000)
Dumping Longest Path to Gatepin latch_cycle_4stage_2phi/LATCH2/D (unateness checking)

1: latch_cycle_dstage_2phi/LATCH1/Q (Delay = 6 3651775 f) (r: ©.1187210, f: ©.0837444) (Load: ©.003808) (Wireload: ©.608000)
2: latch_cycle_4stage_2phi/BUFFER1/I (Delay = ©.3651775 f) (r: ©.1107210, f: ©.8837444) (Load: ©.00@00@) (Wireload: ©.200000)
3: latch_cycle_4stage_2phi/BUFFER1/Z (Delay = ©.5051337 f) (r: ©.0281617, f: ©.0221971) (Load: ©.001900) (Wireload: ©.0@0000)
4: latch_cycle_4stage_2phi/LATCH2/D (Delay = ©.5651337 f) (r: ©.0281617, f: ©.0221971) (Load: ©.000080) (Wireload: ©.000000)

Figure 4.4: Fast ICV Example - Delay and Slew Propagation
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One incremental update run is performed for all of the capture latches of the
next clock phase. Again for each launching latch propagation would start from both
rise and fall values. Our STA engine reports for the worst timing path to each input
data gate pin of each one of the capture latches. In figure 4.5 we get to obtain the
latest arrival time of the capture latches. This value has been calculated based on
the maximum combinational delay from the output pin of the launching latch to the
input pin of the capture latch. Both the launching latch which is indicated as a
starting point and the combinational delay is reported. For the sake of simplicity,
we’ll bypass the next delay propagation steps because the process is the same for
latches clocked on phase two. Latch 2 and Latch4 would form a group, and their
departure time would be updated accordingly. Following that, an incremental run
would be performed to update the arrival times at phase one’s latches.

Latch latch_cycle_4stage_2phi/LATCH4, Latest Arrival Time (r) = ©.4088531
Latch latch_cycle_4stage_2phi/LATCH4, Latest Arrival Time (f) = ©.5851337
Latch latch_cycle_4stage_2phi/LATCH4, incoming Rise Slew = ©.8281617
Latch latch_cycle_4stage_2phi/LATCH4, incoming Fall Slew = ©.8221971

Launch Latch latch_cycle_4stage_ 2phi/LATCH3, Maximum Delay (r) at Gatepin latch_cycle_4stage_2phi/LATCH4/D = @.1740661
Launch Latch latch_cycle_4stage_2phi/LATCH3, Maximum Delay (f) at Gatepin latch_cycle_4stage_2phi/LATCH4/D = ©.1399562
Latch latch_cycle_4stage_2phi/LATCH2, Latest Arrival Time (r) = ©.4088531

Latch latch_cycle_4stage_2phi/LATCH2, Latest Arrival Time (f) = ©.5051337

Latch latch_cycle_4stage_2phi/LATCH2, incoming Rise Slew = ©.0281617

Latch latch_cycle_4stage_2phi/LATCH2, incoming Fall Slew = ©.8221971

Launch Latch latch_cycle 4stage 2phi/LATCH1, Maximum Delay (r) at Gatepin latch_cycle_ 4stage_2phi/LATCH2/D = @.1740661
Launch Latch latch_cycle_4stage_2phi/LATCH1, Maximum Delay (f) at Gatepin latch_cycle_4stage_2phi/LATCH2/D = ©.1399562

Figure 4.5: Fast ICV Example - Arrival Time Update

In figure 4.6 we proceed to the next iteration.

Latch latch_cycle_4stage_2phi/LATCH1, rise delays/slews from G->Q.
Latch latch_cycle_dstage_2phi/LATCH1, Propagated Rise Slew = 8.1187218
Latch latch_cycle_4stage_2phi/LATCH1, Latest Departure Time (r) = 8.234787@
Latch latch_cycle_dstage_2phi/LATCH1, fall delays/slews from G-:Q.
Latch latch_cycle_dstage_2phi/LATCH1, Propagated Fall Slew = 8.8837444
Latch latch_cycle_4stage_2phi/LATCH1, Latest Departure Time (f) = @.3651775
* New Departure Time (r, f) = 812347870, ©.3651775, Original Departure Time (r, f) = 0.2347878, ©.3651775

Latch latch_cycle_dstage_2phi/LATCH3, rise delays/slews from G->Q.
Latch latch_cycle_dstage_2phi/LATCH3, Propagated Rise Slew = @.118721@
Latch latch_cycle_4stage 2phi/LATCH3, Latest Departure Time (r) = ©.234787@
Latch latch_cycle_dstage_2phi/LATCH3, fall delays/slews from G->Q.
Latch latch_cycle_dstage_2phi/LATCH3, Propagated Fall Slew = @.0837444
Latch latch_cycle_4stage 2phi/LATCH3, Latest Departure Time (f) = 8.3651775
* New Departure Time (r, f) = 8.2347878, ©.3651775, Original Departure Time (r, f)

©.2347878, 8.3651775

Latch latch_cycle_dstage_2phi/LATCH2, rise delays/slews from G->Q.
Latch latch_cycle_4stage_2phi/LATCH2, Propagated Rise Slew = ©.118721@
Latch latch_cycle_dstage_2phi/LATCH2, Latest Departure Time (r) = 5,234787¢
Latch latch_cycle_dstage_2phi/LATCH2, fall delays/slews from G->Q.
Latch latch_cycle_4stage_2phi/LATCH2, Propagated Fall Slew = ©.8837444
Latch latch_cyecle_dstage_2phi/LATCH2, Latest Departure Time (f) = 5.3651775
* New Departure Time (r, f) = 5.2347878, 5.3651775, Original Departure Time (r, f)| = 5.234787@, 5.3651775

Latch latch_cycle_4stage_2phi/LATCH4, rise delays/slews from G-:Q.
Latch latch_cycle_dstage_2phi/LATCH4, Propagated Rise Slew = ©.89208631
Latch latch_cycle_4stage_2phi/LATCH4, Latest Departure Time (r) = 5.2115892
Latch latch_cycle_4stage_2phi/LATCH4, fall delays/slews from G->Q.
Latch latch_cycle_dstage_2phi/LATCH4, Propagated Fall Slew = ©.8753556
Latch latch_cycle_4stage_2phi/LATCH4, Latest Departure Time (f) = 5.3484553
* New Departure Time (r, f) =|5.2115892, 5.3484553, Original Departure Time (r, f) = 5.2115092, 5.3484553

Figure 4.6: Fast ICV Example - Next Iteration
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The algorithm groups the latches depending on the phase they are clocked on
and updates their departure time in the following iteration. Taking a quick look at
these numbers, we can see that the latches’ latest departure times have converged
in both phases. As we saw in the previous section, Fast ICV would not update the
latest arrival time in subsequent iterations in any incremental run. The departure
time values have converged in this example, and our algorithm has not identified
a setup violation, suggesting that we may proceed to the algorithm’s final output
logs.

Looking at figures 4.7 and 4.8, we can see a detailed output log that includes
information on the latest values as well as the worst path analysis. Note that our
tool reports the worst negative slack and the delay values and worst path analysis
is performed for all of the circuit latches. In our case we for simplicity reasons we
present only Latch 4 as it is the latch we the worst negative slack.

Figure 4.7 is the first thing we’ll look at. We may simply observe that this
collection of data comprises no more than all of the relevant data found in the latch
graph for each of the latch nodes. We obtain the latest departure and arrival times,
as well as the enabling clock edge, for each of the nodes. The edges-connections to
the corresponding nodes are then obtained for each node. Note that for each latch
to latch connection, the weight or combination delay for both rise and fall values is
provided for each edge.

KNS Latch Graph Gatepin: latch_cycle_d4stage_2phi/LATCH4/D, Worst Megative Slack: 9.2086584

ENABLE

L
b — L2
/
Latch: latch_cycle_dstage_2phi/LATCH4

L1
Phasel A
Latch Graph Timing Info: .
Latest Departure Rise Time: 5.2115092 -

- <
Latest Departure Fall Time: 5.3484553 ,/——47—— N pn;ez

Latest Arrival Rise Time: ©.4888531 1 \

Latest Arrival Fall Time: ©.5851337 o ]
Earliest Departure Rise Time: ©.8000080 1 L4 ; L3
Earliest Departure Fall Time: ©.@000800 e ouT \\ ’

Earliest Arrival Rise Time: ©.2000000 ~ L’

Earliest Arrival Fall Time: ©.8800008

Latch Enable Clock Edge: S.eoeeeee

Latch to Latch Connections (1): (1) latch_cycle_4stage_2phi/LATCH4 -> latch_cycle_4stage_2phi/LATCH1
Timing Info:

Maximum Rise Delay: ©.1398187

Maximum Fall Delay: ©.8951905

Figure 4.7: Fast ICV Example - Delay Values

We get to see the worst path analysis for each of the circuit latches in the final
step. In this analysis, we find the worst slack for each capture latch for rising and
falling starting launching points. The launch latch marks the beginning point, and
as we go through the combination delay, we finally arrive at the proper information
at the capture latch’s input pin.
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ENABLE

latch_cycle_astage_2phi/LATCH4 (positive level-sensitive latch clocked by phi2) ‘_}*
A

1 Lo - N —
Clock Period: 1@.82e00@ [ Phaset
Lateh Closing Edge: 10.008000 T . T
Setup rise constraint: @.194696 <~ Phase 2 \1/
Setup fall constraint: @.288282 A—

L4 [

|
Rise Through: l
Dumping Longest Path to Gatepin latch_cycle_dstage 2phi/LATCH4/D our /1 =
1: latch_cycle_dstage_2phi/LATCH3/Q (lanldl) (Delay = ©.2347878 r) (r: 8.1187218, f: ©.8837444) (Load: ©.083800) (Wireload: @.088000)
2: latch_cycle_dstage_2phi/BUFFER3/I (ni@ld4) (Delay = ©.234787@ r) (r: 8.1187219, f: 2.8837444) (Load: 2.800008) (Wireload: ©.8220088)
3: latch_cycle_4stage_2phi/BUFFER2/Z (ni@ld4) (Delay = 8.4888531 r) (r: @.8281617, f: ©.8221971) (Load: ©.8@1968) (Wirelcad: ©.80000@)
4: latch_cycle_dstage_2phi/LATCH4/D (lanldl) (Delay = ©.4888531 r)} (r: ©.8281617, f: 8.8221971) (Load: 2.080e08) (Wireload: ©.88200a)

Data required arrival rise time: 9.8853841
Data arrival rise time: -8.4888531

Rise slack: 9.306451

Fall Through:

Dumping Longest Path to Gatepin latch_cycle_4stage_2phi/LATCH4/D

1: latch_cycle_dstage_2phi/LATCH3/Q (lanldl) (Delay = @.3651775 f) (r: 8.1187218, f: @_.8837444) (Load: @.00380@) (Wireload: @.P@2eead)
: latch_cycle_dstage_2phi/BUFFER3/I (ni@ld4) (Delay = @.3651775 f) (r: ©.1187218, f: ©.8837444) (Load: ©.08000@) (Wireload: ©.088088)

2
3: latch_cycle_dstage_2phi/BUFFER3/Z (ni@ld4) (Delay = 8.50851337 f) (r: ©.8281617, f: ©.8221971) (Load: ©.801982) (Wireload: ©.8@080@)
4: latch_cycle_dstage_2phi/LATCH4/D (lanldl) (Delay = ©.5851337 f) (r: ©.9281617, f: ©.8221971) (Load: ©.0@eeee) (Wireload: ©.P6ee00)

Data required arrival fall time: 9.7117178
Data arrival fall time: -@.5851337

Fall slack: 9.206584

Figure 4.8: Fast ICV Example - Worst Paths

4.3 Bundled-Data Design

As already stated in previous chapters, the level of operation for traditional STA
engines is directed acyclic graphs. Gate pins are the nodes in this example, tim-
ing arcs are the graph’s edges, and sequential elements are the analyses’ boundary
points. More precisely, the STA engine may deactivate combinational feedback loops
in a design to decrease the influence of the violation-timing error on circuit timing
validation. The timing arc or disabled data point may have an incorrect transition
time when this cycle cutting approach is utilized, resulting in erroneous slew prop-
agation in different timing arcs and inaccurate slew computation analysis across
cycles.

Bundled-Data Design is a good example of a latch-based design that would be
badly affected by cycle cutting in timing analysis. Bundled Data is made up of
asynchronous cyclic controllers and a synchronous latch data path, as previously
indicated. Cutting the cycles in the asynchronous section would result in erroneous
enable signal propagation in the data path, which would be devastating. In more
detail through this methodology, asynchronous controllers generate the clock signals
for the synchronous data paths, which indicates that Asynchronous Static Timing
Analysis is required for the asynchronous part and STA for the synchronous data
path. So a hybrid methodology is needed in order to perform timing analysis in that
complex form of the circuit without additional timing errors. Before we proceed, we
must refresh our knowledge of all those structural pieces that make up a bundled
data design. We may take a deeper look at the exact essential structures of such a
circuit in the figure below.
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Figure 4.9: Bundled Data Design Structural Parts

As it is clear from the figure above, we would need to follow a separate timing
methodology for the asynchronous controllers’ portion and a different timing ap-
proach for the synchronous data path. The ASTA engine is also implemented and
integrated into the same tool (ASP) as this study. Regarding the ASTA analysis, we
are going to take a brief look at the analysis steps:

e Cyclic Equilibrium Slew Computation: When dealing with combinational
loops in cyclic circuits, a worst or best slew must be established over cycles.
To accomplish so, we use algorithm 2 described above, which runs through
these cycles, annotating a worst or best case slew for each circuit component
until it converges.

¢ Event Timing Graph (ETG) Construction: Following the cyclic slew computa-
tion, the event graph is built or the user provides it to the engine. ETG is a term
used to define the timing connection between the events in it. The transitions
in the event model are then mapped to netlist module ports.

e ETG T2T Delay Derivation in Netlist: It is worth mentioning that each arc in
ETG demonstrates a timing arc. So at that point, we perform delay annotation
to netlist paths based on ETG Event to event arcs. The computation of the
worst and best path is achieved through STA.

e ETG Period and Critical Cycle(s) Computation: The calculation of the critical
cycle is the final stage in this flow. The critical cycle is the component of timing
analysis that will have the most impact on the circuit since the critical cycle’s
period will directly affect the circuit’s period.

When it comes to the synchronous portion, the controllers give the clock signals,
which Fast ICV may use to execute Latch STA at the latch data path since the clock
periods and waveforms are defined. Most of the controllers (if not all) operate on
the worst-period, but for each sequential stage a different arbitrary clock phase is
produced. Regarding the delay computation part, the process is already defined for
the latch data path. Fast ICV would come up with its iterative procedure to give the
answers regarding the synchronous portion timing analysis.

However, we must keep in mind that this communication between the ASTA
tool and Fast ICV, in which the first one propagates the enable signals from the
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asynchronous portion to the synchronous portion must be performed under specific
circumstances where several conditions must not be violated. In the following steps,
we are going to introduce some timing constraints so the proper timing analysis for
a bundled data design is achieved.

|
—_— — 3
L1 - a L2
AtL1 ’ | ' W AtL2
_..__.-"'Bufl\ _ Bufz"'--...._
AtCtril AtCtrl2
i
Ctrll > Ctrl2

Figure 4.10: Bundled Data Design Timing Constraints

Ctrll and Citrl2 will give produced clocks to Latchl and Latch2 in the example
above. We must ensure that clock signal propagation proceeds without causing any
setup violations in any of the latches during data propagation. We must confirm
that Path1 will be slower than Path2 since the two latches create a pair of launching
and a capturing latch, and the first one launches data to the second one. In the first
place, the following relative timing constraint must be taken into account:

AtLl + ACL + Spo < Ath

At stands for the arrival time at the latches, Aq; for the combinational delay at
the data path and s for the library setup time. The key factor here is to understand
that the arrival time at the latches is an outcome of the asynchronous part, so if
we want to dig deeper into the above equation we can conclude to the following
equation:

(Aterrir + Apur1) + Act + Spa < (Aterrre + Apurs)

Both STA and ASTA must contribute to the proper circuit validation so the circuit
can work correctly.

Furthermore, when we generate a clock in this manner, we must ensure that
the generated clock has the necessary properties for a sequential element to function
under it. It is necessary to guarantee that every latch receives a clock pulse with a
width larger than the specified minimum pulse width. The "minimum pulse width
check" ensures that the pulse width is kept to a minimum. By default, all latches in
a design should have a minimum pulse width set in the liberty file.

48



Chapter 5

Experimental Methodology

We describe the whole Latch STA flow in this chapter, which can be utilized for
timing validation in Latch-based designs. At this part of this work we also examine
the methodology we followed in order to validate the operations of the Latch STA
procedure, through gate-level simulation and correlate its functionality with the
latch timing verification methodology that is provided by the industrial tool.

5.1 Latch STA Flow

Figure 5.1 demonstrates the whole Latch STA process. The following process
has been applied to produce timing reports at both STA tools, at our tool, and at the
industrial tool.

Netlist (Verilog)
Timing Info (LIB)
Environment Delays|
(SDC)

LATCH STA FLOW
Load Design

Enable Latch Analysis |
| ReortTimin

Figure 5.1: Complete Latch STA Flow
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Coming up with the first step, the user must provide at the engine the appropri-
ate files that demonstrate the circuit, and under which timing technology the design
was constructed, to achieve loading the design successfully. So the user must feed
the engine with a netlist, the technology timing library, and specify the environment
delays through the SDC format. Looking into a brief description of the above:

e Netlist: A netlist is a list of electronic components in a circuit and the nodes
to which they are connected in its most basic form. This file is given in Verilog
(.v) format.

e Technology Timing Library: The technology timing library is represented
through the Liberty file format (.lib). The (.lib) file is an ASCII representa-
tion of the timing and power parameters associated with any cell in particular
semiconductor technology.

e Synopsis Design Constraint (SDC): SDC is a format that specifies the design’s
environment-intent including the timing and the power of the design. SDC
format consists basically of TCL commands. [9]

The following step in both processes is to enable their settings so that the Latch
Static Timing analysis may begin. To do Latch STA analysis on the industrial tool, a
particular variable must be set. [9] On the other hand, after specifying the appropri-
ate periods and waveforms for the different clock phases of the latches, we can use
the Fast ICV algorithm to compute the latch delay values at our engine. Concerning
the above, a specific variable must be set in our tool when the clock phases of the
latches overlap, implying that latches of various clock phases are transparent at the
same time, and the circuit is cyclic. Before the ICV algorithm runs, an equilibrium
cyclic slew is computed for all circuit gate pins when this variable is enabled. The
preceding approach takes into consideration the presence of cycles in the circuit
and computes a convergent equilibrium transition time for all circuit gate pins using
an iterative technique through the cycles. [2] At this point, we must note that the
industrial tool does not take into account the above slew computation. When at least
one combinational loop is found in the circuit, most industrial STA engines execute
cycle cutting. As a result, the disabled data to output latch arc will have wrong slew
and will have no effect on propagating the correct slew at the following pins. This
results in erroneous timing outcomes.

Finally, when the timing tools have completed their computations, we look at
the latch delay values from the tools’ output logs. The extraction of the SDF file is
another operation that should be considered. This file will help us in moving on to
the next phase, the SDF simulation flow, which will give us a clearer validation of
the two-timing engines’ outputs. Let’s take a closer look at what an SDF file is:

e SDF: The Standard Delay Format (SDF) is a timing data description and anal-
ysis format that may be utilized at any stage of the electrical design process. It
bridges the gap between dynamic and static timing analysis. [9]

The flow we maintained in order to perform SDF simulation at our test cases will be
examined in-depth in the next section.
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5.2 SDF Simulation Flow

The approach we used to accomplish the gate-level SDF simulation of latch-
based designs is now outlined in detail. The goal of the gate-level simulation is to
compare our Latch STA engine to the industry tool golden-reference model and to
confirm that our Latch STA approach is successful by using the SDF simulation
procedure to validate our results.

The entire SDF simulation procedure is depicted in Figure 5.2. As previously
stated, the following procedure is used to generate timing data in order to correlate
and verify the operations of Latch STA engines.

Netlist (Verilog)
Test Bench

SDF SIMULATION FLOW

Compile

Elaborate

|. Simulate |

( Latch Departure Time Measurements ' |

Figure 5.2: SDF Simulation Flow

As previously stated, SDF Simulation serves as a link between static and dy-
namic timing analysis. As can be seen at this stage, the extraction of the SDF file
and simulation using it were done individually for both engines in order to correlate
and validate their results. Looking at the first step of the flow, in order to simulate
our gate-level test cases and annotate the delay values and the timing checks of
the SDF file we constructed different Verilog test benches for each one of them. It’s
worth noting that each of the test benches follows a semi-automated method that
generates results without requiring the user to look at the signal waveforms in the
majority of circumstances.

The steps-utilities that we performed using the simulation program to arrive
at the final results are described in the following lines. At the compilation stage,
we must compile the netlist Verilog file, the test bench, and the technology file.
Through this step, the compilation tool performs syntax verification and static se-
mantics checks at the Verilog code. After that comes the elaboration step. The
responsible tool for this task elaborates the design hierarchy and determines signal
connectivity. The back annotation of the delay values provided in the SDF file is also
done at this point. Through the test bench, the simulator reads the SDF file auto-
matically. We gather and examine the simulation flow’s outcomes in the last stage.
We may infer the outcomes of the simulation flow by looking at the waveforms or
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looking at the terminal at the data supplied by the semi-automated measurements
by the test bench.

5.3 Bundled Data Design Experimental Methodology

Moving forward, we’ll go over the complete timing analysis flow for Bundled Data
Design. As previously said, we would follow a separate flow for the asynchronous
part, and because the clock signals are provided by the controllers, Fast ICV may
take these clock signals and execute Latch STA at the latch data path. The ASTA
engine is also implemented and integrated into the same tool (ASP) as this work,
and related publications by current and former engineers who contributed to the
tool’s development detail its development and scientific achievements. Figure 5.3
demonstrates the complete ASTA flow [2,7, 13], the files needed in order to perform
ASTA are the same with the STA flow, meaning the Verilog Netlist, the .lef, .lib and the
SDC files. Looking into a brief explanation of the bellow demonstrated steps:

Netlist (Verilog) Technology Info (LEF) Environment
Event Model Timing Info (LIB) Delays (SDC)

ASTA Tool
Cyclic Equilibrium Slew Computation
Event Timing Graph (ETG) Construction

ETG 1127 Delay Derivation in' Netlist

Figure 5.3: ASTA Flow

e Cyclic Equilibrium Slew Computation: A worst or best slew must be deter-
mined across cycles when dealing with combinational loops in cyclic circuits.
To do this, an iterative algorithm performs through these cycles, annotating a
worst or best case slew for each circuit component till it converges.

e Event Timing Graph (ETG) Construction: After cyclic slew computation, the
construction of the event graph takes place or the user provides it to the engine.
Basically, ETG is a concept that describes the timing relationship between the
events in it. After that, event model’s transitions are mapped on netlist module
ports.

e ETG T2T Delay Derivation in Netlist: It is worth mentioning that each arc in
ETG demonstrates a timing arc. So at that point, we perform delay annotation
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to netlist paths based on ETG Event to event arcs. The computation of the
worst and best path is achieved through STA.

e ETG Period and Critical Cycle(s) Computation: The final step of this flow
comes up with the computation of the critical cycle. The critical cycle is the
component of timing analysis that is going to affect the circuit the most, as the
critical cycle’s period will affect directly the period of the whole circuit.

The two engines, namely the ASTA engine and the last STA engine, are ready
to interact as the critical cycle is computed. Since the asynchronous controllers
generate the clocks for the Latch data path, the method is already specified as
long as the enable signals for the synchronous part are available. Fast ICV adapts
instantly to the ASTA flow and begins operating as soon as the ASTA part generates
clocks’ periods.

We may move on to the following chapter after having a close look at the whole
Latch static and dynamic experimental flow. We’ll summarize and examine the
abovementioned in depth in the following chapter as we collect the results of the
latch delay values and the observations we made.
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Chapter 6

Experimental Results

A particular set of test cases has been created to validate the above methodology’s
operations so that we can examine in detail the complete design cases that our
methodology handles effectively and compare its results and performance to the
state-of-the-art STA engine and the existing ICV (Iterative Constraint Verification)
algorithm. The netlist technology is 0.25um IHP. We should point out that we focus
on the nature of the circuit in terms of how the latches’ clock phases are represented,
rather than the number of elements in the circuit because we want to look at the
correct circuit handling, timing propagation, and timing reports in Acyclic, Cyclic,
and the exceptional case of the Bundle Data design. The tables below show the
entire range of our showcases. Linear latch pipelines and classic ring oscillator
cyclic circuits are examples of Acyclic and Cyclic circuits having overlapping and
non-overlapping clocks. The waveforms of the clocks indicate which timing windows
will be active throughout the delay propagation, hence the above clock specification
is critical.

6.1 Latch-Based Design Experimental Results

Tables 6.1 and 6.2 show the results of two acylcic testcases, with latches clocked
on non overlapping and overlapping clocks.

Testcase: latch_pipeline_4stage_and_2phi \
Latches: 4 Clock Period (ns): 10 Clocks Waveforms: {0 5} {5 10} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl
Latch2 0.459586 0.4596 | 0.459586 0.4596 0.291028 0.2910 | 0.291028 0.2910
Latch3 5.459586 5.4596 | 5.459586 5.4596 5.291028 5.2910 | 5.291028 5.2910
Latch4 0.488274 0.4883 0.488274 0.4883 0.3067 0.3067 0.3067 0.3067
Clock Period (ns): 10 Clocks Waveforms: {0 5} {1 6} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl
Latch2 0.459586 0.4596 0.459586 0.4596 0.291028 0.2910 0.291028 0.2910
Latch3 1.459586 1.4596 1.459586 1.4596 1.291028 1.2910 1.291028 1.2910
Latch4 1.80052 1.8005 1.80052 1.8005 1.821163 1.8212 1.821163 1.8212

Table 6.1: Four Stage Latch Pipeline Case
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Testcase: latch_unconnected_pipelines
Latches: 4 Clock Period (ns): 10 Clocks Waveforms: {0 5} {5 10} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl
Latch2
Latch3 0.45941 0.4594 0.45941 0.4594 0.273704 0.2737 0.273704 0.2737
Latch4 5.45941 5.4594 5.45941 5.4594 5.273704 5.2737 5.273704 5.2737
Clock Period (ns): 10 Clocks Waveforms: {0 5} {1 6} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl
Latch2
Latch3 0.45941 0.4594 0.45941 0.4594 0.273704 0.2737 0.273704 0.2737
Latch4 1.45941 1.4594 1.45941 1.4594 1.273704 1.2737 1.273704 1.2737
Table 6.2: Two Latch independent Pipelines Case
Table 6.3 demonstrates the results of cyclic Latch circuits, where latches phases
are clocked on non-overlapping clocks.
Testcase: latch_cycle_5stages_ring enb ‘
Latches: 2 Clock Period (ns): 10 Clocks Waveforms: {0 5} {5 10} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl 5.50679 5.5068 5.50679 5.5068 5.63473 5.6347 5.63473 5.6347
Latch2 0.61181 0.6118 0.61181 0.6118 0.42944 0.4294 0.42944 0.4294
Testcase: latch_cycle_4stage 2phi
Latches: 4 Clock Period (ns): 10 Clocks Waveforms: {0 5} {5 10} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl 5.48827 5.4883 5.48827 5.4883 5.30670 5.3067 5.30670 5.3067
Latch2 0.40885 0.4089 0.40885 0.4089 0.50513 0.5051 0.50513 0.5051
Latch3 5.40885 5.4089 5.40885 5.4089 5.50513 5.5051 5.50513 5.5051
Latch4 0.40885 0.4089 0.40885 0.4089 0.50513 0.5051 0.50513 0.5051
Testcase: latch_join_one_stage
Latches: 4 Clock Period (ns): 10 Clocks Waveforms: {0 5} {5 10} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl 5.48827 5.4883 5.48827 5.4883 5.30670 5.3067 5.30670 5.3067
Latch2 5.48827 5.4883 5.48827 5.4883 5.30670 5.3067 5.30670 5.3067
Latch3 0.79865 0.7986 0.79865 0.7986 0.63851 0.6385 0.63851 0.6385
Latch4 0.79865 0.7986 0.79865 0.7986 0.63851 0.6385 0.63851 0.6385
Testcase: latch_join_two_stages
Latches: 4 Clock Period (ns): 10 Clocks Waveforms: {0 5} {5 10} Number of Clocks: 2
Latest Arrival Rise Time Latest Arrival Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl 5.51750 5.5175 5.51750 5.5175 5.68384 5.6838 5.68384 5.6838
Latch2 5.51750 5.5175 5.51750 5.5175 5.68384 5.6838 5.68384 5.6838
Latch3 0.79865 0.7986 0.79865 0.7986 0.63851 0.6385 0.63851 0.6385
Latch4 0.79865 0.7986 0.79865 0.7986 0.63851 0.6385 0.63851 0.6385

Table 6.3: Cyclic Latch Circuits Non-Overlapping Clocks

All of the above designs are simple cyclic showcases that helped us validate
the operations of our methodology. In more detail, a ring oscillator circuit with two
latches, a latch cycle with four latches, and two cases where more than one cycle is
composed in the circuit are demonstrated at the above table. Regarding all cases,
latches are clocked on two different phases alternately.

Because the clocks do not overlap in this scenario, each phase will launch and
capture data without latches from different phases being transparent at the same
time. Delay propagation would proceed from the Enable to Output timing window
rather than the Data to Output timing window as a result of this. So the point in
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that, is that even though cycle cutting occurs, Enable to Output arc is dominant so
the Data to Output arc does not affect slew propagation.

The lines that follow focus on cyclic latch-based designs in which the clocks of
different phases overlap. The 6.4 table has an overview of all of the results; however,
we will go through certain of them in further depth.

Testcase: three_phase_latch_cycle

Latches: 3 | Clock Period (ns): 20 Clocks Waveforms: {0 10} {5 12} {14 19} Number of Clocks: 3
Latest Departure Rise Time Latest Departure Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl 0.21461 0.2146 0.21461 0.2146 0.35068 0.3507 0.35068 0.3507
Latch2 5.21461 5.2146 5.21461 5.2146 5.35068 5.3507 5.35068 5.3507
Latch3 14.23479 14.2348 | 14.23479 14.2348 14.36518 14.3652 | 14.36518 14.3652

Testcase: three_phase_latch_cycle_per 5

Latches: 3 Clock Period (ns): 20 Clocks Waveforms: {0 10} {5 15} {10 20} Number of Clocks: 3
Latest Departure Rise Time Latest Departure Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl 0.21461 0.2146 0.21461 0.2146 0.35068 0.3507 0.35068 0.3507
Latch2 5.21461 5.2146 5.21461 5.2146 5.35068 5.3507 5.35068 5.3507
Latch3 10.21461 10.2146 | 10.21461 10.2146 10.35068 10.3507 | 10.35068 10.3507

Testcase: two_phase_latch_cycle_d_to_q

Latches: 4 Clock Period (ns): 20 Clocks Waveforms: {0 17} {14 20} Number of Clocks: 2
Latest Departure Rise Time Latest Departure Fall Time
Fast ICV SDF Sim | Industrial Industrial Fast ICV SDF Sim | Industrial | Industrial
Tool Tool Sim Tool Tool Sim
Latchl Setup Setup 17.0576 0.2639 Setup Setup 17.0761 0.3704
Latch2 Violation Violation 18.2406 0.2696 Violation Violation 19.4531 0.3872
Latch3 At At 17.8765 1.3209 At At 17.4801 3.5396
Latch4 LATCH3 LATCH3 | 17.8015 13.4149 LATCH3 LATCH3 | 18.3601 13.2569
Table 6.4: Overlapping Clocks Cases
In cases where the clocks have an overlap, we notice two scenarios. First,

suppose as a reference the second test case in table 6.4. In that case, the waveforms
have the following view as is demonstrated in the following picture 6.2. All clocks
have a period of 20ns and waveform overlap per 5ns.

J L L

5 15

I L L

10 20

L7 L

Figure 6.1: Latch Enable per 5ns

As can be seen in the snapshot, two of them have overlap each time, but the
third will not have overlap with the first. Phase one and Phase two overlap, while
Phase three does not overlap with Phase one. This situation will go on endlessly. So
despite the fact that the clocks overlap, Enable to Output will be the dominant way
of data propagation. In that case cycle cutting would no affect slew and delay, even
if it applied arbitrary on among overlapping phases by the industrial tool.
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Figure 6.2 demonstrates the phases as they were given at the latches in the third
testcase of the table 6.4. In that cases clocks overlap in such a way that the Data
to Output timing window is enabled, meaning that delay and slew computation will
proceed from that window.

Figure 6.2: Overlapping Phases

Given the above clock waveforms, we start examining the analysis performed on
the design demonstrated in figure 6.3. both at our tool and the industrial tool. With
the appropriate command, we get to know that a loop breaker is set at the input pin
of Latch 3, by the industrial timer.
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Figure 6.3: Cycle Cutting Testcase

Looking in table 6.4 as demonstrated for Latch3 a setup violation is detected
by our methodology which is not detected by the industrial engine. To validate the
above result mismatch, we proceed to the SDF simulation. As it can be observed
again by table 6.4, in our case SDF timing check annotation indicates that a setup
violation occurs in Latch3, however simulation with the SDF from the industrial
tool violation detection is absent. By setting a loop breaker at Latch3 an unrealistic
value was calculated for both delay and transition time. This unrealistic small value
in slew drives into an erroneous delay annotation in which the setup violation was
never detected. It is worth mentioning that SPICE measurements were performed at
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the circuit under test for further validation. The average relative slew error is 0.3%
and the feedback arc slew relative error was 1.82%.

6.2 ICV vs Fast ICV Iterations

Figure 6.4 shows a comparison of the total number of iterations required by ICV
versus Fast ICV in a set of test scenarios where the latest departure times converge.
Fast ICV, which performs iterations based on clock phases and checks each time
if the latest departure time converges before doing all iterations, requires 2.75 less
iterations than regular ICV in a set of test cases with a range of clock phases and
circuit types.

ICV ITERATION NUMBER VS FAST ICV ITERATION NUMBER
M latch_pipeline_4stage and_2phi M latch_unconnected_pipelines W latch_cycde Sstages ring enb latch_cycle_dstage_2phi
m latch_join_one_stage m latch_join_two_stages m three_phase_latch_cycle m three_phase_latch_cycle_per_5
W two_phase_latch_cycle_d_to_q M latch_pipeline_two_phase_overlap W latch_unconnected_pipelines_overlap  ®bundled_data_design

FAST ICV

Figure 6.4: ICV vs ICV Fast Iterations

6.3 Industrial Tool vs Fast ICV Slack Computation

The comparison of slack computation between the industrial tool and Fast ICV
is shown in Figure 6.5. Refreshing our memory, the industrial tool employs two
methods to verify for setup, at the opening and closing edges, as stated in the back-
ground part. Slack computed at the opening edge is tighter than slack computed at
the closing edge, as seen in the graph. This might lead an inexperienced designer to
conclude that there is no room for additional time improvements.
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Slack Comparison FAST ICV VS Industrial Tool

Industrial Tool

3.325678
Closing Edge

Fast ICV

3.325678

0 2 4 6 8 10 12
M three_phase_latch_cycle_per_5 m three_phase_latch_cycle
M latch_join_two_stages M latch_join_one_stage
M latch_cycle 5stages ring _enb M latch_cycle_4stage 2phi
latch_unconnected_pipelines_overlapping M latch_unconnected_pipelines_nonverlapping

M latch_pipeline_4stage _and_2phi_overlapping M latch_pipeline_4stage and_2phi_nonoverlapping

Figure 6.5: Industrial Tool vs ICV Fast Slack Computation

6.4 Bundled-Data Design Experimental Results

The Bundled-Data design on which we will do time analysis is shown in Figure
6.6. As it is clear this design consists of two asynchronous controllers and a cyclic
synchronous latch data path. The enable signals would be provided by the two
controllers to the respective latches. Only one latch receives the clock signal from
Ctrl2, while the rest of the latches receive it from Ctrll. The data path consists
of twelve latches in total, where some of the latches of phase one join to the latch
of phase two, and the latch of phase two fan outs at some latches of phase one,
indicating that a cycle is created.

ASYMNC Controllers INI
ASTE N |
Ctrl1 <{ _L see L t
‘ l Out
: Y
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L T,
| o) »
Ctrl2 —[ oc/s
' 4
’ Kos ley
. /c!/ Oe?
o)
l 24

Figure 6.6: Bundled-Data Experiment
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The asynchronous timing analysis would initially take place on the controllers’
side. Keep in mind that the ETG is constructed and the necessary cyclic slew and
delay annotation is done on it during the early phases of the ASTA flow. Let’s
concentrate on the last section of the ASTA flow, which clarifies the link between the
asynchronous and synchronous portions. The critical cycle and critical period are
computed in the final stage of this flow. The critical cycle is a component of timing
analysis that is built using critical arcs and will have the most impact on the circuit
since the critical cycle’s period will directly affect the circuit’s period. The period of
the critical cycle and the delay values of the components of the controllers that will
provide the enable signals at the latches are of particular interest table 6.5.

ASTA Period (ns) | Ctrl1/INV/ZN Ctrl2/INV/ZN
RISE FALL RISE FALL
2.45907 1.9352843 3.0471899 0.7555204 1.9101156

Table 6.5: ASTA Period - Controllers Delay Values

The ASTA period has converged at 2.45907ns and we can obtain the delay val-
ues of the (+) and the (—) controllers’ events that would help us indicate the clock
signals.

Ctrl1/INV/ZN+ Ctrl1/INV/ZN-

L

Pulse Width

Ctrl2/INV/ZN+ Ctrl2/INV/ZN-

B e

Pulse Width

Figure 6.7: Bundled-Data Experiment Clock Generation

For proper timing analysis, we must perform two crucial checks while maintain-
ing generated clocks. As these are relative offsets for the occurrence of these events,
the reference edge timing offset and the other edge delay increment value may go
beyond the period value. The adjustment is made by determining the smallest clock
offset among all asynchronously produced clocks and then adjusting all clock edges
by that offset. It’s worth noting that this adjustment is also done to specify a certain
clock reference starting point. To avoid data loss or violations, we must compare
the produced clocks’ pulse width with the library’s minimum clock pulse width, as
discussed in earlier chapters. So, after verifying that the minimum clock pulse width
is not exceeded and after making the necessary clock adjustments, the final clock
waveforms are:

CTRL1 clk {1.1797639 2.2916695}
CTRL2 clic {0.0000000 1.1545953}
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Fast ICV receives these clocks as an input and produces Latch STA in the cir-
cuit’s data path. The method has previously been thoroughly evaluated. The results
of Fast ICV are shown in Table 6.6.

Testcase: Bundled-Data Latch-Based Datapath ‘
Latches: 12 | Clock Period (ns): 10 | Clocks Waveforms: {0.0000000 1.1545953} {1.1797639 2.2916695} |
Number of Clocks: 2 ‘ Number of Iterations: 2 ‘

Fast ICV
Latest Arrival Rise Time | Latest Arrival Fall Time

lat 0.80419 0.92180
lat2 0.811559 0.597173
lat3 1.73291 1.56887
lat21 0.811559 0.597173
lat22 0.811559 0.597173
lat23 0.811559 0.597173
lat24 0.811559 0.597173
lat25 0.811559 0.597173
lat26 0.811559 0.597173
lat27 0.811559 0.597173
lat28 0.811559 0.597173
lat29 0.811559 0.597173

Table 6.6: Bundled-Data Latch Data-Path Fast ICV Outcomes

Finally, we can note that in the data path shown above, Fast ICV performed
in two iterations, but conventional ICV produced accurate results following twelve
iterations.
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Chapter 7

Conclusion

In conclusion, it is clear that this Latch STA approach, Fast ICV, can successfully
perform STA on Synchronous, Cyclic, and Acyclic Latch-based designs, and that it
is significantly correlated with the state-of-the-art industrial STA engine and the
existing ICV algorithm, in terms of quality timing results and execution time. We
need to mention that the combination of this work with the existing ASTA tool could
provide timing analysis on Bundled-Data Latch-Based designs.

More specifically, our methodology comes up with a completely automated flow
that can provide a comprehensive timing report as well as an SDF file that can
be utilized for dynamic simulation, as long as the steps below are followed. After
providing the STA engine with the necessary files, such as the Verilog netilst and
the technology timing library, the next step is to enable the tool’s relevant utilities
based on the circuit type, period, and clock phase waveforms. In cases where the
circuit is acyclic or cyclic with latches clocked on non overlapping clocks, we could let
Fast ICV operate as it is. In a cyclic circuit, however, equilibrium slew computation
and propagation must be enabled in cases where the circuit’s clocks come from
asynchronous elements or the clocks of the latches overlap in such a way that the
Data to Output timing window is active at the same time for latches clocked on at
different clock phases.

Finally, this technique validates that it functions under the core STA principles
in the delay calculation and at the right setup checking by providing and performing
accurate timing checks at this worst-case delay analysis.
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Chapter 8

Future Work

As it is clear, that work proves how important is for a timing engine to perform
efficient Latch STA and after that how useful may prove to use latches as the core
structure of your design as long as proper timing verification can be achieved.

First of all, in order to define a fully-featured STA engine, the existing tool must
handle the best case or hold analysis as a future step. In a similar approach to
the longest analysis, the above methodology may do hold analysis and early delay
propagation. Furthermore extending the proposed methodology to work under mixed
sequential based designs, i.e., designs based on flip-flops and latches, and allowing
latches to be clocked on several clock domains, will significantly increase the tool’s
usability.

Finally, as long as our tool successfully performs latch timing analysis, further
stages can be considered latch-based design applications. As previously stated,
latches operate faster and contribute to better power performance than flip-flops,
therefore converting from flip-flops to latch-based designs would result in improved
performance, and timing validation would not be an issue. [1] The same transfor-
mation may be used in Optimization Loop operations as long as the tool tends to fix
the slack violation, in that case using latches on the flip-flop side may improve the
results faster in a mix design.
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Appendix A

Acronyms

STA Static Timing Analysis

ASTA Asynchronous Static Timing Analysis
EDA Electronic Design Automation
RTL Register Tranfer Level

SDC Synopsys Design Constraint
ICV Iterative Constraint Verification
SDF Standard Delay Format

VLSI Very Large Scale Integration
PBA Path Based Analysis

GBA Graph Based Analysis

AT Arrival Time

RAT Required Arrival Time

NLDM Non-Linear Delay Model
LUT Look Up Table

ETG Event Timing Graph

RTG Reduced Timing Graph

FIFO First In First Out

64



Bibliography

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

H. Cheng, X. Li, Y. Gu, and P. A. Beerel, “Saving power by converting flip-flop
to 3-phase latch-based designs,” in 2020 Design, Automation Test in Europe
Conference Exhibition (DATE), 2020, pp. 574-579.

N. Xiromeritis, S. Simoglou, C. Sotiriou, and N. Sketopoulos, “Graph-based sta
for asynchronous controllers,” in 2019 29th International Symposium on Power
and Timing Modeling, Optimization and Simulation (PATMOS), 2019, pp. 9-16.

R. Bhasker, J. Chadha, Static Timing Analysis_for Nanometer Designs. Springer
Science & Business Media, 2009.

S. Lin, C. Changfan, Y. Hsu, and F. Tsai, “Optimal time borrowing analysis
and timing budgeting optimization for latch-based designs,” ACM Trans. Design
Autom. Electr. Syst., vol. 7, pp. 217-230, 2002.

S. Paik, L.-e. Yu, and Y. Shin, “Statistical time borrowing for pulsed-latch circuit
designs,” in 2010 15th Asia and South Pacific Design Automation Conference
(ASP-DAC), 2010, pp. 675-680.

d. Cortadella, A. Kondratyev, L. Lavagno, and C. Sotiriou, “Desynchroniza-
tion: Synthesis of asynchronous circuits from synchronous specifications,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits and Sys-
tems, vol. 25, no. 10, pp. 1904-1921, 2006.

S. Stavros, “Composite current source static timing analysis cad tool implemen-
tation for mixed cyclic, acyclic circuits,” Master’s thesis, Volos, Greece, 2020.

S. Simoglou, C. Sotiriou, and N. Blias, “Timing errors in sta-based gate-level
simulation,” in 2020 26th IEEE International Symposium on Asynchronous Cir-
cuits and Systems (ASYNC), 2020, pp. 1-2.

S. Inc., Synopsys Inc., PrimeTime GCA Tool Commands Manual, Version L-
2016.06-SP2 ed. Synopsys Inc., 2016.

B. Li, N. Chen, and U. Schlichtmann, “Statistical timing analysis for latch-
controlled circuits with reduced iterations and graph transformations,” IEEE
Transactions on Computer-Aided Design of Integrated Circuits and Systems,
vol. 31, no. 11, pp. 1670-1683, 2012.

L. Zhang, J. Tsai, W. Chen, Y. Hu, and C.-P. Chen, “Convergence-provable
statistical timing analysis with level-sensitive latches and feedback loops,” in
Asia and South Pacific Conference on Design Automation, 2006., 2006, pp. 6

PpP.—-

65



[12] K. Sakallah, T. Mudge, and O. Olukotun, “Analysis and design of latch-
controlled synchronous digital circuits,” IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, vol. 11, no. 3, pp. 322-333, 1992.

[13] X.  Nikolaos, “Static  timing analysis algorithms for sequen-
tial cyclic circuits,” Master’s  thesis, Volos, Greece, 2018,
https://ir.lib.uth.gr/xmlui/handle/11615/50030.

66



	Introduction
	Aims of this Work
	Execution Plan

	Theoretical Background
	Static Timing Analysis Fundamentals
	Static Timing Analysis
	Setup and Hold Times
	Timing Arcs and Unateness
	Non-Linear Delay Model
	Graph-Based and Path-Based Analysis
	Delay and Slew Propagation

	Latch Timing
	Latch Timing Arcs
	Latch Timing Checks
	Latch Time Borrowing

	Bundled-Data Design

	STA for Latch-based Design Approaches and Challenges
	Industrial Tools STA Latch-based Design Challenges
	Latch Loop Breakers
	Latch Timing Checks

	Iterative Constraint Verification Algorithm (ICV)
	Basic Timing Formulations
	Timing Constraints of Latch-Controlled Circuits
	Setup Time Constraints
	Iterative Constraint Verification ICV


	A Latch-based STA Methodology Our Contribution
	Implementation of ICV
	Internal Latch Delay
	Transition Time Propagation
	Iteration Reduction
	Constraint Verification

	Implementation of Fast ICV
	Fast ICV General Overview
	Delay and Transition Time Propagation
	Iteration Reduction
	Fast ICV Example

	Bundled-Data Design

	Experimental Methodology
	Latch STA Flow
	SDF Simulation Flow
	Bundled Data Design Experimental Methodology

	Experimental Results
	Latch-Based Design Experimental Results
	ICV vs Fast ICV Iterations
	Industrial Tool vs Fast ICV Slack Computation
	Bundled-Data Design Experimental Results

	Conclusion
	Future Work
	Acronyms

