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ABSTRACT

The electrical and physical manufacturing requirements of designs built on sub-micron
processes have become extremely important as we move into deep-submicron processes.
The validation of Process, Voltage, and Temperature (PVT) parameters for a circuit has
become an integral part of validating silicon as a viable solution. Furthermore, the physical
design complexity of these designs presents serious challenges in meeting the required
physical compliance of their respective PVT requirements. To address these issues, design
electrical and physical stability must also be maintained at the highest level of precision.
Traditional methods of validating electrical stability and physical manufacturability do not
provide the required level of precision for validated circuits; therefore, automated validation

methods are required to satisfy this requirement.

Historically, PVT and DRC rule validation often involved fragmented workflows that
were time-intensive and highly susceptible to human oversight. Such inefficiencies
frequently delay design closure and introduce risks that are unacceptable in high-
performance computing environments. This project addresses these challenges by
establishing an advanced automated verification methodology that leverages the industry-
leading capabilities of Synopsys PrimeTime in conjunction with Intel’s specialized in-

house validation tools.

PrimeTime and other relevant predictive engineering tools provide unique advantages
when automating the entirety of the manual checks involved in this validation process. By
combining these two sets of tools into a single sign-off environment and streamlining them
into one overall validation flow, this provides design teams with an improved framework for
meeting timing and power constraints over the various Process, Voltage, and Temperature
(PVT) operating corners, as well as to verify compliance to all of Intel's internal rules (or
checklists) during validation of the design. Therefore providing a better approach to
successfully completing the design process with the least amount of design turnaround time

and providing greater levels of reliability for the final product.

One important aspect of this strategy is using Tcl (Tool Command Language) scripts
to connect raw design data and verification compliance; This layer of automation in Tcl lets
you customize how reports are created, automatically configure the analysis environment,

and execute rules checking algorithms in the EDA tool chain much more quickly than

xiii



performing these same functions manually. You can verify the design again rather than do

it manually, thus increasing the reliability of the design verification process significantly.

Ultimately, by integrating these automated scripts into the SoC sign-off flow, the
project achieves a more robust and efficient validation process. This not only reduces the
overall turnaround time for design closure but also provides the high level of accuracy
required for the reliable production of advanced hardware architectures in a high-stakes

industrial environment.
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CHAPTER

1

INTRODUCTION

The technique of creating an extensive integrated circuit (IC) that contains multiple
components or devices is known as Very Large-Scale Integration (VLSI). The VLSI design
of today's manufacturer uses three basic classifications for available design options,
commonly referred to as the "PPA" tradeoffs: power, performance (speed), and area. In order
to balance these competing requirements, extensive validation of each phase of the Physical
Design process must be carried out. While speed is one of the most significant metrics, it
will ultimately be dictated by the clock frequency of the associated circuitry. Failure to
operate within the boundaries of these clocks will lead to functional failure. This is why all
digital paths must be verified using Static Timing Analysis (STA),[1] i.e., to guarantee that

all digital paths meet their respective timing margins.

As semiconductor technology advances toward nanometer scales, ensuring the
robustness of System-on-Chip (SoC) designs has become increasingly complex. Modern
SoCs must remain functional across a diverse spectrum of Process, Voltage, and
Temperature (PVT) corners, all of which heavily influence reliability and power
consumption. Traditional manual verification of PVT guidelines is inefficient, error prone,
and does not scale with today's much larger designs[6]. The inability to perform timely
verifications for all designs requires the design validation cycles of design have their

accuracy and throughput improved using automated verification methods.

This technique uses an Intel verification tool that is proprietary to help reduce the
difficulty of identifying violations of physical rules, and the automated system is capable of
identifying defects and providing extensive and useful debugging diagnostics to help the
engineer make an accurate and well-informed decision on how to correct the defect. The
manual verification method was compared to the automated method, which has a faster
processing speed, greater integrity of data and greater scalability of the system.

1



1.1 Motivation

The complexity of systems-on-chip (SoCs) has increased and validation methods to
confirm operation of these chips under various process, voltage, and temperature (PVT)
conditions have become more rigorous. Manually verifying these rules requires a large
amount of manual effort and can significantly delay the completion of the validation process
and provide more opportunity for human error. As the design size of the chips increase, it
has become increasingly inefficient to manually debug the PVT rule violations reported by

tools and has created a bottleneck in completing timing closure and providing robust designs.

PrimeTime and TCL can automate the process (PVT rule validation), make the
process more accurate, generate more comprehensive reports for analysis, and reduce the
time spent debugging when automating the PVT rule validation. With DMSA techniques,
we can validate several PVT corners at the same time, improving our overall decisions for

the physical design flow[1].

This Project Plan outlines the methodology for PVT Rule Validation and demonstrates
how to use scripting methods to improve violation detection, classification and resolution.
Utilizing automation to improve the effectiveness of the SoC Verification process will
reduce the need for manual effort and produce reliable, optimally designed SoCs that

conform to the latest industry specifications.

1.2 Project Focus

This will include full Static Timing Analysis (STA) and Setup and Hold Validations
for all clock networks and standard cell transitions throughout the entire design hierarchy,
with all types of Multi-Corner Multi-Mode (MCMM) analysis, including Process, Voltage,
and Temperature (PVT) corners to account for On-Chip Variation (OCV) and Interconnect

Parasitics[3].

At this stage of the quality check process, they are not just a formality but they are
required to detect delays due to crosstalk and skewing of clocks which can result in
functional failure or metastability. By performing a complete timing violations check

focusing on critical paths and asynchronous interfaces, engineers will verify that both the
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final bitstream and GDSII files are sufficiently robust to maintain a positive slack margin to

ensure that the chip will work correctly at its intended frequency under actual conditions.

1.3 Flow of Physical Design

The phase of VLSI implementation that has to do with physical design includes
multiple important tasks, such as floor planning, the location of standard cells, clock tree
synthesis, and routing of signals. For most of the items related to placement and routing,
these processes will be completed largely through automation using Automatic Place and
Route (APR) tools. However, all phases require some level of analysis and involvement by
a physical designer because I can not make specific decisions or optimize without a good
understanding of the design. The items requiring the most involvement are usually those

related to floor plan layout, physical verification, and ECO[4].

The logical representation of a circuit (the synthesized netlist) is converted from its
logical design to a geometrical layout in the physical design process. The conversion to
physical layout consists of creating layouts for circuit components (e.g., transistors, diodes,
etc.) and implementing the connections between these layout structures (i.e.,
interconnections) through the placement of various geometric lines and shapes on each of

the different metal layers, based on the fabrication design rules for manufacturing.

Ideal clock signals will be modeled as being provided with 0 delay and 0 skew during
the first phase of physical design. Once the Clock Tree Synthesis (CTS) process has been
completed and the clock delivery network has been physically constructed, actual clock
delays and skews will be created from the physical design data. As a result, Static Timing
Analysis (STA) will need to be run again to determine the behaviour of timing under actual
physical conditions. In addition, STA is commonly run multiple times during the physical
design process to find and fix critical timing paths at different stages throughout the physical

design process[3].

Logic cells can be linked together by interconnects in the form of metallic routing
layers, adding additional parasitic resistance and capacitance to the circuit. These parasitic
effects can greatly affect the length of the time it takes for a signal to propagate. Nanometer

technology shows that in many cases, interconnects contribute more to overall delay &



power usage than the intrinsic gate delay. As a result, it is essential to include interconnect
parasitic when evaluating physical designs with regards to performance metrics, such as

speed and power dissipation.

In addition, Crosstalk (i.e., electromagnetic coupling between adjacent signal
conductors) is an unwanted noise phenomenon that may degrade signal integrity and
negatively impact the timing and functionality of circuits. As such, signal integrity and noise
analyses must be included in the physical design verification process to ensure that the

design satisfies reliability/ performance requirements.
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1.3.1 The main steps in the ASIC Physical Design Flow

The following are the steps in the Physical Design Flow:
1. Design Netlist (after synthesis)
ii.  Floor Planning
iii.  Partitioning
iv.  Placement
v.  Clock-Tree Synthesis (CTS)
vi.  Signal Routing

vii.  Physical Verification

i Design Netlist

The gate-level netlist is an essential component of physical design at the gate level
for connecting logical synthesis and physical realization. It contains all of the necessary
information to generate a physical layout such as a library and each library cell within the
layout with its connections to other library cells. The net list is the key to creating the floor
plan and determining the placement of each library cell. Additionally, for a timing engineer,
the netlist serves as the basis of identifying timing paths and confirming that the physical
realization maintains the logical design intent for all design constraints.

il Floor Planning
Floor Planning is an important step in the design process because it can have a major
impact on a chip's performance and quality. At the same time, designing a floor plan takes a
lot of time and energy to make sure that blocks are the right size and have the right relative
placement to each other & to 1/O ports. The main function of a floor plan is to maximize.
The use of floor space, while minimizing the amount of interconnects (Wires) between
macros. Additionally, the floor plan will help to reduce the amount of delay experienced by

signals traveling between macros.
iil. Partitioning
With integrated circuits growing larger, it is no longer feasible to manage all
components of a given circuit as one large circuit. Therefore, large-scale systems are

typically partitioned into smaller subsets, or subsystems, for ease of handling. Decomposing

the systems will continue until the resulting subsystems become manageable in terms of how
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complex they are. The use of these subclasses allows the physical design tool to run more
efficiently by reducing the total computation time while also providing better support for
completing a design in accordance with specifications/kickoff points. Consequently, the

ability of physical design engineers to meet their design deadline will also improve.
iv. Placements

This placement phase is when standard cells are moved into predetermined site rows,
ensuring that the placements are adhered to the design rules (i.e., all are placed within legal
constraints). At this stage we are attempting to minimize all interconnect wire lengths, meet
timing requirements on critical path signals, and reduce routing congestion. A poor
placement will result in increased congestion, longer wiring lengths, higher utilization of the

metal layers, greater interconnect delays, and increased power consumption.
V. Clock-tree Synthesis (CTS)

Clock Tree Synthesis (CTS) is a pivotal phase in the physical design flow dedicated to
the balanced distribution of clock signals across the entire chip. The primary objective is to
minimize clock skew and insertion delay by strategically inserting buffers and inverters
throughout the clock distribution network. For a timing engineer, an optimized CTS stage is
vital for achieving timing closure, as it directly impacts setup and hold margins while
significantly influencing the overall power consumption and signal integrity of the high-

speed design.
vi. Signal Routing

The routing stage is the final phase of physical implementation, where the tool
establishes physical electrical connections between the placed components. During this
process, the global and detail routers create metal layers and vias while adhering to strict
Design Rule Manual (DRM) constraints. For a timing engineer, this stage is critical because
actual wire parasitics replace estimated delays. Effective routing must balance congestion
and signal integrity to eliminate crosstalk-induced violations and ensure final timing closure

for tape-out[3].
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1.4 Narrative of the Digital Design Flow

The digital design flow commences with the generation of Design Data, where
hardware functionality is articulated at a behavioural level through a Hardware Description
Language (HDL). At the outset, architecture is viewed in terms of conceptual design,
including all of its component modules, interface protocols, and the primary clocking
schemes that will implement them. Once a high-level design has been established and is
ready to proceed to the next phase, it is processed through an appropriate synthesis engine,
such as the Synopsys Design Compiler, which converts the behavioural Register Transfer
Level (RTL) code into a structural gate-level netlist. The transformation from behavioural
RTL to a structural gate-level netlist, referred to as "Netlist Synthesis", is governed by the
Synopsys Design Constraints (SDC) applied to the initial design and includes defining
critical design parameters such as clocking definitions and timing exceptions (e.g.,
false/crack repetitive cycle paths)[6]. With the application of the SDC, the synthesis tool can

identify optimal standard device selections that provide a balanced solution in terms of



timing performance, silicon area and power usage while producing a netlist that meets the

original timing constraints.

The purpose of preparing library data is to provide a definitive reference for every
standard cell in the design kit, in parallel to the logic transformation process. This library
will act as a universal reference throughout the EDA flow; Design Compiler will use it to
map logic, IC Compiler II physical engine will use it for placement and routing and
PrimeTime will use it for high-fidelity analysis. In general, the characterization process
begins with the generation of cell SPICE models which define the device level aspects of
the cell to enable accurate simulation of the electrical behaviour of the cell. Next
characterisation tools (Silicon Smart, HSPICE, etc.) will be used to characterise the cell and
therefore be able to compile a timing, power, and functional profile for a given operating
condition. Once these profiles have been developed, they are combined into a compiled
library (.db) using a library compiler. The compiled library data for the standard cell will
include the electrical characteristics of the standard cell (timing, power, and functional
profiles) along with geometric information regarding the cell boundaries, pin locations, and
possible routing blockages. This geometric data (which is referred to as the reference library)
will be used by the physical implementation tools to determine accurate placement and

interconnection of cells.

After synthesizing a netlist and validating characterization libraries, IC Compiler 1T
has moved the design into physical implementation. The physical implementation of a design
is the precise physical mapping (placement) of logical connections represented electrically
in a netlist on the physical silicon substrate. The first step in physical implementation is
floorplanning, where IC Compiler II (the tool) will determine where to place macro-cells on
the chip, design the chip's I/O ring, create the power distribution network for the chip, and
design dedicated routing channels on the chip[2].

According to the floor plan, the tool will complete the physical placement of standard
cells by repetitively placing many millions of logic gates to decrease the total wire length
while keeping the routing of these cells balanced between the specified timing and
congestion. A subsequent critical sub-phase of the physical design step is Clock Tree
Synthesis (CTS), which builds a clock distribution system that guarantees minimal clock
skew and equalized latency for all synchronous systems in the design. In the physical routing
stage, each signal and clock net is assigned to a specific metal layer and via to comply with

8



all design rules for each foundry. The cumulative output of this entire physical design flow
will be contained in a Design Library (.1db) containing all of the layout information and

connectivity information necessary to manufacture the integrated circuit[3].

To determine how well components connect physically, the physical wires connecting
component's require connectivity; however, due to their non-ideal characteristics (inherent
resistive and capacitive elements), they will affect waveforms of signals sent across these
interconnections and the amount of time it takes for a signal to propagate. To quantify the
effect of parasitic elements on the interconnects, the [layout database] or LDB, is used as an
input (as designed by physical design) to be analyzed by StarRC, a tool that extracts
parasitic data (characteristics of how the electrical signals will be affected by these parasitic
connections) from interconnects and determines the amount of capacitive coupling (the
impact of one wire's capacitance onto other nearby wires' capacitances) between
adjacent/neighboring wires. The extraction of parasitic properties from interconnects is an
essential part of validating designs[8]. If parasitic elements are not used in STA, the results
of analysis will be overly optimistic (i.e., STA would predict that timing violations of
combinations of component types could exist). These violations would occur after
fabrication. Accurate timing models (used for sign-off) can only be calculated/produced by

using accurate parasitic data from the physical layout (as designed).

The assembled netlist is validated against typified characterisation libraries,
implemented design constraints and has parasitics extracted, and then has timing analysis
completed through PrimeTime which does static timing analysis on all the synchronous and
asynchronous paths based upon the defined clock domains and constraints established in the
design. PrimeTime also provides a comprehensive evaluation of critical timing metrics such
as setup and hold slacks, slew rate on each signal, clock latency and capacitive load for each
path. Synthesised library information is combined with the extracted parasitics to form a true
gate-level representation of the delay associated with an individual logic gate and the delay
associated with interconnect, ensuring the analysis and physical realisation of the timing and
delay characteristics are the same. The resulting timing report is the final sign-off for the
design. The success of the "tape-out" is based upon the timing report showing no timing

violations or satisfying certain, written waiver conditions[4].

When violations dealing with time or electricity occur when signing off, the
methodology changes to using the Engineering Change Order (ECO) procedure where the
9



post-routing database can be modified surgically using tools such as Tweaker or PrimeECO.
Examples of types of modifications that can be made to address these types of violations
include inserting/expanding buffers to fix slew/slack violations, replacing standard cell
variants to balance drive vs. leakage power, adjusting the routing to reduce capacitive
coupling, and the like. These modifications will be brought back into IC Compiler 1I for
legalization and incremental routing. The accuracy of these modifications will be verified
using StarRC for new parasitic extraction and then finally to PrimeTime for validation of the
effectiveness of the changes made. This iterative process of ECO will continue until the
design achieves full timing closure. The flow diagram identifies the three main categories of
data dependencies that exist in there: the logical flow (HDL, netlist and constraints) is
represented by the blue paths; the physical (post-layout and parasitics) is represented by the
green paths; and libraries/feedback mechanisms required for ECO timing improvements are
represented in red. PrimeTime is also clearly noted in the flow diagram because it serves as

the final judgment/review of whether the design should be signed off on (or not).

The figure below depicts the overall iterative and integrated ecosystem to convert high-
level Hardware Description Language (HDL) specifications into System-on-Chip (SoC)
designs that are timing compliant and able to be physically built. The ecosystem is comprised
of many key stages, including: Logic Synthesis, which translates the architectural intent into
a structural netlist; Library Characterization, which creates timing and power models of the
library cells that are authoritative; and Physical Implementation, which takes the structural
netlist and maps it onto real silicon geometries. After the implementation step has occurred,
Parasitic Extraction provides an accurate representation of the interconnects in the design to
allow Static Timing Analysis (STA) to perform timing checks against defined constraints
for the design. If timing issues are found, there are Engineering Change Orders (ECO)
that can be created to allow for cycles of targeted corrections between the implementation
and analysis steps. Ultimately, the above design framework aligns the logical, physical, and
temporal aspects of the design to ensure that the design can be reliably converged to a

manufacturable design[7].
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Fig. 1.3 Implementation flow

1.5 Inputs for Physical Design

The Physical Design phase requires a multi-dimensional dataset that defines logic,
timing, physical geometry, and manufacturing constraints. These inputs are generally

categorised into four primary domains:
a. Gate-Level Netlist (.v)

This file is the output of the logic synthesis stage. It provides a textual description of
the circuit's components (logic gates, flip-flops, macros) and, most importantly, their logical

connectivity. It serves as the blueprint for how the hardware should be interconnected.
b. Design Constraints (.sdc)

Usually provided in the Synopsys Design Constraints (SDC) format, this Tcl-based
script defines the design's performance targets. Key information includes:
e Clock Definitions: Period, duty cycle, generated clocks, uncertainty, clock groups

etc.
11



e 1/0O delays: Input and output delay requirements at the chip ports.

e Timing Exceptitions: False Paths, Multicycle paths, case/constant value at pins,
disabled timing etc...

e Design Rule Constraints (DRCs): Maximum fanouts, max. transition, max

capacitance etc...

c. Logical Libraries (.lib or .db)

Provided by the library vendor, these files contain the timing, power, and functional
models for every standard cell and macro used in the design. They allow the tools to

calculate:

e Cell delays: Based on input transition and output load.
e Power Consumption: Both leakage and dynamic power data.
e Setup/Hold Time: Essential requirements for flip-flops/latches to ensure reliable

data capture.

d. Physical Libraries (.lef)

The Library Exchange Format (LEF) provides the "abstract" physical view of the cells.
Unlike a full layout, it only contains information necessary for placement and routing (PnR)

tools, such as:

e Cell dimensions: Height and width.
e Pin Information: Location, name, direction, and the metal layer used.

e Blockages: Areas where the router is not allowed to place wires to avoid shorts.

e. Technology File (. tf)
This file describes the manufacturing process and is provided by the foundry. It
defines the physical "rules" of the silicon playground:
e Layer Properties: Number of metal layers, their names, and preferred routing

directions.

e Design Rules: Minimum width and spacing requirements for metal lines and vias.

e Electrical Parasitics: Resistance and capacitance values for each metal layer.

12



f. Additional and Optional Inputs

Depending on the design's complexity, engineers may also use:

e TLU+ Files: Advanced lookup tables that provide highly accurate RC
parasitic values for wiring, used for precise timing analysis.

o Power Intent Files (. upf): Essential for low-power designs. They describe power
domains, voltage levels, and special cells like isolation and retention registers.

e Scan DEF: Provided by the Design-for-Test (DFT) team, this file contains
information about scan chains to ensure they are routed efficiently.

e MMMUC View File: A Multi-Mode Multi-Corner file that defines various operating
conditions (voltage/temperature) to ensure the chip works across all environments.

1.6 Outputs for Physical Design

a. Standard Delay Format (.sdf)

The final detailed design timing delays of all components within the design can be
found in an .sdf file. All routing of signals within the design has been completed and each
gate has been assigned a time delay by calculating the actual time delays due to interactions
and other factors. Therefore, .sdf files are essential for post layout simulation of the timing
of the digital logic design so that the designer can ensure the digital logic functions at the

proper clock frequency in an actual physical environment[2].
b. Standar Parasitics Exchange Format (.spef)

After routing the wires, they will exhibit unexpected electrical behaviour called
parasitics. The .spef file assembles the resistance (R) and capacitance (C) of every net and
pin within the block to provide an extraction from the layout to be the main input for Static
Timing Analysis (STA) tools to assess the exact effect of wiring on signal integrity and

speed.
¢. Post-Route Gate-Level Netlist (.v)

Unlike the initial synthesis netlist, the post-route netlist reflects the "as-built"
connectivity of the chip. It includes all physical modifications made during the PD process,

such as:
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e Buffer insertion for timing or signal strength.
e Clock tree components added during Clock Tree Synthesis (CTS).
e Logic restructuring performed to fix setup or hold violations.

e [t serves as the definitive logical reference for final verification.

d. Graphics Data System (GDSII)

The .gds (GDSII) is the most critical output and includes the entire physical
representation of the integrated circuit. The .gds includes all polygons, layers and vias that
are required by the semiconductor foundry to manufacture the chip. The semiconductor
foundry uses the GDS database to develop the photographic masks necessary for the

fabrication of the silicon chips via the tape-out process[4].
e. Design Exchnage Format (.def)

The .def file is an ASCII representation of the physical placement and floorplan. It

provides the exact coordinates for:

e Standard cell rows and individual cell instances.

e Macro-cell locations and orientations.

e Power and ground grids (PG mesh).

e Routing geometries for all signals.

e It is often used to transfer physical design data between different EDA tools or to

maintain a human-readable record of the layout.

1.7 Static Timing Analysis (STA)

Static Timing Analysis is a simulation-free approach used to validate the timing
performance of a digital design. Unlike dynamic simulation, which requires input vectors to
exercise specific logic paths, STA exhaustively examines every possible path within the
circuit. It calculates the propagation delay along these paths to ensure the design operates

reliably at the target clock frequency[1].

The "static" in STA refers to the fact that the timing is analysed independent of the

logical values (0s or 1s) traveling through the gates. By assuming the worst-case and best-
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case scenarios for every signal transition, STA provides 100% coverage of all timing paths,

ensuring that no hidden "slow paths" or "race conditions" exist that could cause chip failure.

1.7.1 Why and How to perform STA

e Prime time divide the design is into set of timing paths.

e (alculates the signal traversal through all the timing paths.

e Checks the timing violations for each timing paths. Prime Time tool analyses all the
timing paths against the given constraints. The timings paths are checked by means

of the clock period, primary inputs, and primary outputs of the design.

1.7.2 Some Timing Concepts

The timing analysis tool will generally analyse the timing paths present in any design.

Combo delay OC%ﬂr:l;O delay
0.2 ns .
— B < D Q——
Combo delay LAUNC CAPTURE
0.1ns FF i
ok ki lcpy/ 0-01ns cP2
source B R
Combo delay
0.4 ns
clk2

Fig. 1.4 STA Paths

e Start Point: All input ports and clock ports in a sequential circuit are considered as
valid start point.
e Endpoints: All output port and D pins in a sequential circuit are considered as End

points.

Timing Path is defined as the point-to-point path in a design that can generally
propagate data from one of the flip-flops to another.
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1.7.3 Timing Path Catogeries

To simplify analysis, STA breaks the design down into four primary categories:

e Register-to-Register: Paths between two internal flip-flops.

e Input-to-Register: Paths from the chip's input ports to an internal flip-flop.

e Register-to-Output: Paths from an internal flip-flop to the chip's output ports.

e Input-to-Output: Direct paths between input and output ports (combinational feed-

through).

N CK >CK

Fig. 1.5 Types of Timing Paths

1.7.4 Advantage of STA

The PrimeTime tool serves as the industry standard for performing exhaustive Static
Timing Analysis by processing the gate-level netlist in conjunction with timing models from
the logic libraries. During this phase, PrimeTime evaluates the design to identify any timing
discrepancies or violations. If such issues are detected, the Design Compiler can be utilized
to resynthesize the affected logic. This iterative process uses updated constraints derived

from the PrimeTime analysis to rectify the underlying causes of timing failure.

Within the timing report, every logical path is assigned a slack value, which represents
the difference between the required arrival time and the actual arrival time of a signal. Slack

is categorized as follows:

16



e Positive Slack (+): Indicates the signal arrives earlier than required, meeting timing
margins.
e Zero Slack (0): Indicates the signal arrives exactly at the deadline.

e Negative Slack (-): Indicates a timing violation where the signal is late.

The path with the greatest amount of negative slack is identified as the critical path,
which is the most significant performance limitation on the design. Within a complex circuit,
there might be many different paths with varying amounts of slack, and they all need to be

optimized for steady performance.
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CHAPTER

2

LITERATURE SERVEY

With the continual advances in the complexity of system-on-chip (SoC) architectures,
stringent validation frameworks are becoming increasingly important to ensure that the
system will continue to operate properly despite variations in Process, Voltage, and
Temperature (PVT)[6]. The PVT variations can have a substantial effect on a circuit's
power efficiency, timing margins, and performance, and therefore the PVT characterization
of a circuit is an essential component of present-day semiconductor engineering. This
chapter presents a detailed discussion of the foundational concepts that form the basis of
PVT rule validation, synthesizes the known techniques used for performing PVT rule
validation and reviews seminal research related to this topic to document the background

and context for the present study.

2.1 Operating Corner Conditions

Optimizing for design robustness entails an exhaustive analysis of the complex
interplay between semiconductor process corners, operational voltage margins, and the

diverse thermal conditions the device will encounter.

2.1.1 Process Variations

Manufacturing processes in semiconductor fabrication are subject to stochastic or
random processes, which will create shapes that differ from the originally designed
specifications for devices. These process-related differences lead to variations in the critical
geometries of a device, such as gate length, oxide thickness, and doping profiles for ionically

doped devices, in addition to the cross-sectional area of metallizations. Thus, the physical
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variations of these parameters will produce large changes in the fundamental electrical

behaviour of integrated circuits.

To achieve a rigorous validation framework, the following manufacturing phenomena

must be meticulously modelled:

Photolithographic Imperfections: Variations in wavelength and light diffraction
often lead to "edge placement errors," which directly modify the effective channel
length (Lesr) of transistors, thereby impacting switching speeds.

Ionic Doping Fluctuations: Random dopant fluctuation (RDF) in the substrate
causes micro-level inconsistencies in charge carrier concentration, leading to
unpredictable shifts in threshold voltages (Vi).

Interconnect non-uniformity: During Chemical Mechanical Polishing (CMP), the
uneven erosion of copper or aluminium tracks leads to dishing and erosion, creating

resistive and capacitive (RC) imbalances that compromise signal integrity.

Addressing these variations is vital, as they collectively dictate the timing margins,

parasitic extraction accuracy, and power envelopes necessary for achieving silicon success.

2.1.2 Voltage Variations

The most difficult part of designing high-performance ICs that will realize the

synchronous operation and stability required is to account for the variability of the power

distribution network. Variability results in differences in the supply voltage that can be

significant. The primary cause of variability is dynamically managed power as well as

inherent limitations related to the way the metal grid is constructed. Below are the

primary mechanisms by which power distribution variations manifest.

Resistive and Inductive Losses: IR drop, caused by the inherent resistance of the
metal interconnects, leads to a localized reduction in voltage. Furthermore, rapid
current changes trigger inductive noise, resulting in transient voltage droops during
periods of high switching activity.

Dynamic Power Strategies: The implementation of Dynamic Voltage and

Frequency Scaling (DVEFES) intentionally alters supply levels to balance energy
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efficiency and performance; however, these transitions introduce non-deterministic

timing margins that must be validated.

The voltage envelope and these voltage envelope deviations affect the output strength

of CMOS transistors so that variations in gate propagation delays are developed from

the fluctuations themselves. As a result, if these fluctuations are neglected during the

sign-off process, it will likely result in either a setup violation or hold violation, both of

which can lead to catastrophic functional failure of the chip when it is deployed into the

field. Therefore, a complete validation strategy must include extensive power integrity

analysis to ensure that the chip is not significantly impacted by supply-side instabilities.

2.1.3 Temperature Variations

Thermal gradients across a die surface can lead to issues with timing predictability and

structural reliability. Additionally, thermal variations (~sub-micron) lead to non-linear

performance changes in devices as well as a behavioural or physical change in the properties

of silicon, as a result of three principle mechanisms:

Carrier Dynamics and Mobility: As the temperature rises, the phonons within the
lattice vibrate more frequently which increases the amount of scattering from the
charge carriers and results in reduced mobility of the charge carriers through the
lattice. This reduction in carrier mobility equates directly to a reduction in drain
current and an increase in the time it takes to switch. In more mature process nodes,
however, it is possible to experience a Temperature Inversion effect where the
performance can paradoxically improve as threshold voltage is reduced at elevated
temperatures through the need for multi-corner validation.[8]

Localized Thermal Density: The non-uniform distribution of switching activity in
high-performance architectures leads to the formation of localized hotspots. These
high-power density regions create significant temperature differentials across the die,

accelerating electromigration and causing non-uniform aging of the transistors.

Consequently, a comprehensive validation strategy must integrate thermal-aware

modelling to guarantee that the system remains functional and timing-compliant across the

entire specified operating temperature range.
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2.2 Process, Voltage and Temperature (PVT)
Validation for SoC

Moving to ultra-submicron nodes has required a change from conventional and margin
based design verification to high fidelity multi-dimensional verification techniques. Current
SOC verifications use MCMM and Statistical Design methodologies to model the complex
relationships between manufacturing variability and environmental changes. These
techniques produce final products with strong timing and power characteristics thereby
significantly reducing the difference between post-layout estimates and actual real world

silicon performance.

2.2.1 Conventional PVT Validation Methods

Traditional paradigms for validating PVT have focused on manual intervention, with
designers relying on STA (Static Timing Analysis)[1], which seeks to identify timing
violations. This method relies on performing a statistically based simulation extensive
enough to provide for the manufacturing and environmental variability necessary to
accurately characterize the chip(s), then performing multiple, labour-intensive iterative
debugging cycles to correct any existing design flaws. Although this manual intervention
method is functionally sound, it is highly inefficient due to the potential for human error.
Because of the increasing density of modern integrated circuits, a trend toward automated

verification frameworks has emerged to deliver improved accuracy and throughput[6].

2.2.2 Limitations PVT Validation

The proliferation of high-density semiconductor architectures has intensified the
difficulties inherent in PVT verification. Modern validation efforts face three primary

bottlenecks:

e Analysis Latency: Manual debugging is increasingly impractical, as engineers must

parse exhaustive violation reports generated by complex design flows.
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e Scalability Constraints: The sheer magnitude of contemporary SoC partitions
results in thousands of flagged violations, overwhelming traditional review
methodologies.

¢ Reliability Risks: Manual intervention is inherently prone to oversight; a single
undetected violation can result in catastrophic silicon failure and significant financial

loss.

To mitigate these risks, the industry is transitioning toward autonomous validation

strategies that offer superior efficiency and precision over human-centric approaches.

2.3 Tools for PVT Constraints Validation

Semiconductors rely on sophisticated EDA ecosystems to manage the complexities of
PVT wverification. These ecosystems represent the first layer of defence against PVT
verification failures; they autonomously perform timing/physical differences and provide
full measure of compliance to design constraints. EDA tools can be classified broadly into

three general categories:

2.3.1 In-House Tool for PVT, clocks and RTL related rule checks

Intel, among other companies, has developed its own tools for use in product
development to verify that the designs adhere to the applicable standards of quality-control
testing before they are released into production. Additionally, these tools can help detect
possible failure modes related to structural or electrical integrity of a design, thus allowing

for changes to the design to be made prior to production.

One main benefit of using proprietary internal tools in the Intel design process is the
advanced violation classification engine they possess. Discrepancies can be classified
according to their severity, which assists engineering teams in performing fast and efficient
triaging so that the highest-priority debugging tasks can be identified and handled first. The
platform also supports a hierarchical validation method by allowing discrete SoC partition

analysis to occur independently. This modular approach greatly improves debugging
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throughput and enables engineers to identify and fix localised problems with a high degree

of accuracy before the final sign-off milestone.

2.3.2 Prime Time Based Timing Validation

PrimeTime is a Standard Static Timing Analysis (STA) tool in the industry for
validating PVT, clock and RTL timing resiliency against transients. The tool performs
exhaustive evaluations of clock paths to verify that all timing constraints are met in varying
operating conditions. Additionally, PrimeTime provides timing slack for each path to enable
the proper identification of bottlenecks and provides detailed diagnostic information
regarding violation causes. Furthermore, PrimeTime's analytical reports enable an expedited

resetting phase by providing organized timing discrepancy and potential remediation data.

2.4 Multi-Scenario Distribued Analysis for PVT
Validation

To enhance verification throughput, contemporary workflows utilize Distributed
Multi-Scenario Analysis (DMSA), a parallel processing framework that enables the

concurrent assessment of numerous PVT combinations.

Distributed multi-scenario analysis (DMSA) employs the ability to run multiple
processing devices in parallel at the same time to allow for more rapid verification of
complex verification analyses, through distributing a large number of computers throughout
a distributed computing environment, as opposed to relying on serial processing, which
creates a bottleneck in verification analysis and therefore results in the inability to perform

concurrent simulation operations over a wider variety of operational conditions[3].

e Parallelization Strategy: By partitioning the design space into discrete execution
units, DMSA facilitates the simultaneous validation of diverse process corners,
voltage fluctuations, and thermal gradients. This parallelism drastically compresses
the verification lifecycle, reducing total turnaround time from days to hours.

e Comprehensive Coverage: The ability to execute multiple high-fidelity scenarios

in tandem ensures a more exhaustive characterization of the chip’s physical
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behaviour. This rigorous approach minimizes the risk of undiscovered timing
violations that might only manifest at specific PVT intersections.

e Enhanced Reliability: Through localized and global parallel analysis, the
framework achieves a superior level of precision, ensuring that the final silicon
remains resilient under the most volatile environmental and manufacturing

conditions.

2.5 Existing Research on PVT Rule Validation And

Automation

The technology of High-Performance Computing has also begun to be utilized as a
method of automating and verifying the accuracy of designs and new algorithms are being
written that will improve the speed of diagnosis and computation via algorithmic
optimizations of existing processes. In addition, the use of machine learning algorithms and
other heuristic modelling techniques has been developing rapidly, with research papers
published that describe automating the verification processes for ultra-submicron
technologies to shorten the time between the identification and the resolution of violations,

thereby improving the accuracy of verification processes[8§].

2.5.1 Conventional Automation Techniques

A diverse array of automation strategies has been investigated to refine the efficacy of
the verification pipeline. These methodologies range from deterministic automation to

advanced predictive modelling:

e Scripting-Based Frameworks: The deployment of Tcl-based automation remains a
cornerstone of the industry, enabling the execution of complex, repeatable rule
checks and the systematic parsing of voluminous violation reports. By automating
these iterative tasks, designers can drastically reduce manual intervention and
standardize the analysis flow.

e Machine Learning Integration: Recent scholarly research has shifted toward

Machine Learning (ML) architectures to facilitate predictive analytics. By leveraging
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historical design data, these models can classify potential discrepancies and
anticipate timing failures before they manifest, allowing for a more proactive
debugging strategy.

e Hybrid Validation Paradigms: Emerging hybrid methodologies seek to synthesize
traditional rule-based verification with data-driven insights. These models offer a
balanced solution, utilizing the precision of deterministic checks alongside the speed
and adaptability of statistical modelling to optimize the overall throughput of PVT
sign-off [6].

2.5.2 Unaddressed Challenges in Prior Work

There has been movement toward automating automated processes but there does not
seem to be a cohesive or integrated method of implementing PVT validation techniques
through studying existing processes now and into the future. It appears that several different
solutions exist individually for each of those PVT verification techniques but, unfortunately,
they do not provide an overall environment where confirmation can occur; therefore, this

has resulted in three different voids in doing research[5].

e Scalability Bottlenecks: Existing flows frequently struggle to manage the massive
data volumes associated with large-scale SoC architectures.

e Fragmented Analysis: Verification is often performed in "silos," leading to
inconsistencies between different design partitions.

e Unstructured Reporting: A lack of standardized diagnostic outputs complicates the

debugging process, rendering root-cause analysis inefficient and labour-intensive.

Consequently, there is a critical need for a streamlined platform that integrates these

disparate checks into a scalable, structured, and automated workflow.
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CHAPTER

3

QUALITY ANALYSIS OF SOC PHYSICAL DESIGN

3.1 Sta Concepts

In this chapter, the basic concepts of Static Timing Analysis (STA) are presented. In a
digital circuit, a timing path can be defined as a path along which the data flows between

two specific points, usually from one synchronous element to another.

Static Timing Analysis (STA) is a technique that verifies timing without simulating
the actual logical behavior of a circuit by ensuring that all possible paths are free from timing

violations and is therefore faster and more exhaustive than dynamic simulation.

e Start Points: In the context of STA, a 'Start Point' is defined as the origin of a timing
path. These typically consist of primary input ports or the clock pins of sequential
elements, where data transitions are initiated for downstream propagation.

e End Points: Conversely, an 'End Point' marks the termination of a timing path.
Within a digital design, these points are represented by the primary output ports, or
the data input pins (D-pins) of sequential cells, where signal values are captured and

sampled.

Synopsys PrimeTime performs a rigorous evaluation of every timing path by
comparing calculated delays against the design’s predefined constraints. This analysis
utilizes the clock period as a primary reference, while also accounting for the arrival and
departure requirements at the circuit's primary inputs and outputs to ensure full timing

compliance[2].

i.  Path Decomposition: The tool partitions the complex digital design into a

comprehensive set of discrete timing paths to enable granular verification.
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ii.  Propagation Delay Computation: It calculates the precise time required for
a signal to traverse each path, accounting for gate delays and interconnect
parasitics.

iii.  Constraint Validation: Each path is rigorously evaluated against the target
clock period and I/O requirements to identify any potential setup or hold
violations.

iv.  Sign-off Verification: By analysing these paths across various operating
corners, the tool ensures the design meets all timing margins required for

reliable physical implementation.

3.2 Timing Path Classification in Digital Design

To ensure reliable operation, a synchronous design is partitioned into distinct timing
paths, each of which must be validated against specific performance constraints. These paths

are generally categorized into four primary types based on their start and end points:

Classification of Key Timing Paths in VLSI Design

Red: Input — Register Green: Register — Output
Blue: Register — Regrister Orange: Register to Output
Input Buffer Sequential Elements Output Driver
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Fig. 3.1 Detailed description about Timing Paths

Static Timing Analysis partitions a design into four different categories based on the

combination of the start and end points of the design. Start points are classified as primary
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input ports or the clock pins of sequential elements such as flip-flops and memory cells,

while end points are classified either by the data input (D) pins of storage components or by

the primary output ports of the design.[1]

1.

ii.

iil.

1v.

Input-to-Register (Path 1): This path originates at a primary input port and
terminates at the data input pin of a sequential element. It represents the time required
for external data to enter the design and be ready for capture.

Register-to-Register (Path 2): These are internal paths that begin at the clock pin
of a launching flip-flop and end at the data pin of a capturing flip-flop. This is
typically where the most complex combinational logic resides.

Register-to-Output (Path 3): This path starts at the clock pin of a sequential element
and concludes at a primary output port. It dictates how quickly data processed within
the design becomes available to external systems.

Input-to-Output (Path 4): Also known as a "feedthrough" or "combinational" path,
this link connects a primary input directly to a primary output without passing

through any sequential storage elements.

3.3 Other Important Timing Paths

Clock Paths: The clock path is the path taken by the clock signal from the source
to the destination, which starts at the primary clock input port and ends at the clock
pin of a sequential element (flip-flop or latch) and may include buffers, inverters, and
clock-division logic.

Data Paths: The data path is the path that the information follows through the
design; it starts from a primary input port or the clock pin of a sequential element

(flip-flop or memory cell), and ends at a termination node, usually the data input (D)
pin of a destination flip-flop or a primary output port of the circuit.

Launch Paths: The launch path is a part of the clock network that drives a data
transition at the source flip-flop, starts at the clock source and ends at the clock pin
of the sequential element that is the “launcher”. The total delay of the launch path,
plus the delay of the subsequent data path, is the Data Arrival Time at the destination

node in Static Timing Analysis.
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e Capture Paths: The capture path is the portion of the clock distribution network that
provides the triggering edge to the destination sequential element. The data required
time is the time the data must be valid when the capture path is sampled, which is
calculated as the sum of the clock period plus the total insertion delay along the
capture path minus any timing margins.

e Critical Paths: The Critical Path is identified as the timing path with the greatest
cumulative delay within a digital circuit. This path is of paramount importance in
STA because it defines the minimum clock period—and consequently the maximum
operating frequency—of the entire design. Any delay increase along this path
directly results in a performance bottleneck.

o False Paths: A False Path is a structural path that is physically present in the design
but is not considered logically valid for timing analysis, either because the data
propagation is impossible under normal functional conditions or because it is not
relevant to the circuit performance; hence, it is marked in the design constraint file
(SDC) for the STA tool to exclude it, so that the tool does not waste optimization on
the non-critical logic, which is excluded from formal timing analysis.

e Multi-Cycle Paths: This is a valid timing path that enables data to flow between its
start and end points in more than one clock period; these paths are often found in
complex arithmetic units or secondary logic where the computation cannot
physically complete in a single clock cycle, and by including these in the design
constraints, the STA tool is directed to widen the timing window, often by two or

more clock periods[1].

3.4 Timing Slack Analysis
Overview of Synchronous Circuit Checks:

3.4.1 Setup Check

A signal must be stable at the input of the destination sequential element before the

active clock edge arrives, and this requirement is verified with a Setup Check to determine
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the interval between the launch edge at the source flip-flop and the capture edge at the

destination flip-flop. The Setup Slack is defined as:
Tlaunch + Tck2q + Tdp < Tcapture + Tcycle — Tsetup

The Required Time is established by adding the clock period (Tcycle) to the capture
clock path delay, effectively defining the latest possible moment data can arrive without

violating the constraint.

3.4.2 Hold Checks

The Hold Check ensures that the data remains stable for a period of time after the clock
edge has occurred; otherwise, the current value might be overwritten by a new data transition
before it is sampled. The hold analysis is independent of the clock period, because it is a
comparison of the relationship between the launch and capture edges in the same clock cycle.

The Hold Slack is described as follows:
Tlaunch + Tck2q + Tdp > Tcapture + Thold

A positive hold slack indicates that the data path delay is sufficiently long to prevent

premature data corruption.

Setup and Hold Timing Relationship

— Clock

. — [Data (Setup View)
Clock Period (T period)

LaunchEdge Captire Edge = Data (Hold View)

Tsetup

Fig. 3.2 Temporal relationship between clock edges and data stability for setup and hold checks
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11.

iii.

iv.

11.

1il.

1v.

3.4.3 Setup Fixation Methods

Decreasing the buffer count within the data or clock arrival paths effectively
minimizes propagation delay, thereby reducing the total arrival time.

Substituting buffers with pairs of back-to-back inverters provides greater flexibility
in cell sizing and drive strength optimization while maintaining signal polarity.
Substituting High-Threshold Voltage (HVT) cells with Low-Threshold Voltage
(LVT) counterparts enhances switching speeds and improves signal transitions.
While LVT cells offer superior performance due to their reduced threshold, they
simultaneously contribute to a significant increase in leakage power[5].

Increasing the drive strength of logic cells by upsizing is necessary for driving long
interconnects. A weak driver will not charge the parasitic capacitance of a long net
properly and will degrade the transition time. By upsizing the logic cell, the increase
in drive strength will improve the transition profile and provide for signal integrity
of the full net.

Utilizing High-Threshold Voltage (HVT) swapping for data path logic slows signal
transitions, providing a power-efficient method for resolving hold violations without

adding additional area.

3.4.4 Hold Fixation Methods

Strategically increasing data path latency can resolve hold violations; however, this
delay must be carefully calibrated to ensure that setup margins remain within
functional limits.

Eliminating redundant buffers within the clock path reduces insertion delay and
power consumption. However, this pruning process must be performed carefully to
avoid disrupting the clock tree’s balance or increasing clock skew[7].

Replace high-drive strength cells in the data path with smaller, lower-drive strength
versions. Smaller cells have higher propagation delays because they
charge/discharge output capacitance more slowly.

Utilizing High-Threshold Voltage (HVT) swapping for data path logic slows signal
transitions, providing a power-efficient method for resolving hold violations without
adding additional area.
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v.  Strategic routing adjustments, such as wire lengthening or hopping to higher-
resistance metal layers, introduce interconnect delay to satisfy hold timing
constraints without increasing the gate count.

vi.  Modifying the clock tree to introduce intentional skew—specifically by reducing the
capture clock latency—can resolve hold violations by effectively shifting the timing

check window.
3.5 Implementation and Methodology

Quality Checks is the name given to the extensive set of verification procedures needed
before tape-out, and this phase covers the critical design domains of clock distribution,
parasitic extraction, timing constraints, and DFT (Design for Testability) protocols; failing
any of these stringent criteria can result in significant functional deviations or macro-level
failure, and hence, these checks are vital to ensure silicon success. These are rule-based tools
that use rule sets developed in specific scripting languages, often defined by the tool
architecture (e.g., Tcl for Synopsys environments), and their primary goal is to perform
systematic analysis and debugging of design violations, and the verification of constraints
across clocking, connectivity, and DFT to reach the golden sign-off criteria needed for

manufacturing.

Performance objectives will be assessed against specifications identified by the design
owner. The clock may be manipulated causing pulse and waveform widths that affect the
transitions between states of sequential elements or the polarity of the outputs, resulting in
quality hazards with a high expectation of post-silicon failure. The scan chain is also an
essential component of structural testing. Design Rule Check (DRC) has been established to
meet the requirement of maintaining stable state capture and executing correctly during scan
and capture test modes. The verification suites will be executed as either independent

sessions or as part of a PT saved environment[6].
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Quality check tools should also include mechanism to:

e Interactive Violation Debugging: Integration of a Graphical User Interface (GUI)
is essential for the visual cross-probing of paths, enabling designers to trace timing
or connectivity violations directly back to the physical layout.

e Formalised Waiver Management: The tool must facilitate a structured waiver
system to filter out "false positives" or non-critical violations that do not pose a risk
to silicon functionality.

e Auditability and Documentation: Approved waivers should be accompanied by
technical justifications, ensuring a clear audit trail for sign-off review and quality
assurance.

e Violation Categorization: Effective tools provide the ability to group and prioritize
violations by severity, allowing for a more efficient debug-to-fix cycle.

e State Persistence: Support for saved sessions (e.g., PrimeTime saved environments)
ensures that violation reviews and waiver statuses are maintained across different

stages of the design flow.

3.6 Tool Ecosystem

3.6.1 Sign-off Prerequisites or Design Inputs

e Design Database: A gate-level synthesised netlist or a pre-existing PrimeTime (PT)
saved session containing the design state.

e Timing Constraints: Industry-standard Synopsys Design Constraints (SDC)
defining clock definitions, IO delays, and timing exceptions.

e Power Intent (UPF): The Unified Power Format file, which specifies power
domains, level shifters, and isolation cells for power-aware verification.

e Parasitic Data (SPEF): The Standard Parasitic Exchange Format file, providing
detailed resistance and capacitance (RC) values for accurate interconnect delay
calculation.

e Verification Rule Scripts: Custom Tcl-based scripts that define the specific logic,

connectivity, and timing rules against which the design is audited.
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Physical Abstract Models (LEF/LIB): (Optional but recommended to mention)

Library files containing the physical and timing characterization of the standard cells.

RULES

[ Global / Thresholds J

PT Shell

[ Quality check tool

!

Violation text
reports
|

Violation text
reports

PT saved session/
Synthesized netlist

Fig. 3.3 Environment of the tool

3.6.2 Design Ouputs

Comprehensive Violation Reports: Detailed text or log files that document every

detected design rule violation, categorized by type (e.g., timing, clocking, or

connectivity).

Sign-off Summary Dashboard: A high-level execution summary providing a

"Pass/Fail" status for each check, used to evaluate the overall health of the design.

Detailed Path Analysis: Specific reports for timing-related failures that provide a

gate-by-gate breakdown of delays and slack for critical paths.

Waiver Audit Logs: A formal record of all manually approved violations, including

the technical justification and the status of "waived" vs. "active" issues.

(

Violation
Data base

GUI Window
To see

violations

_.[

Debug the
violation

Fig. 3.4 Process of debugging
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In the context of VLSI (Very Large-Scale Integration) or electronic design, quality

check (QC) and verification tools are typically invoked at these four critical stages of the

design flow:

1.

il.

iil.

1v.

Quality checks on RTL: Prior to synthesis and physical implementation (P&R), the
RTL code undergoes a series of quality assessments known as Frontend Validation.
These audits ensure the code 1is architecturally sound and free of logical
inconsistencies before it is passed to the backend teams. By verifying RTL
'cleanliness' early in the design flow, engineers can prevent costly revisions and
downstream integration issues.

Quality checks after synthesis: Quality checks at the block or partition level on the
resulting netlist can detect underlying architectural flaws that were not evident during
post-synthesis simulations at the RTL level, and these checks must be performed to
identify logic glitches, DFT (Design for Test) violations, or connectivity errors
caused by the source code, requiring a feedback loop of RTL modification and re-
synthesis to make a clean transition to the physical design phase[4].

Quality checks after Placement and Route: PrimeTime (PT) back-end sessions
can be used to overcome some of the limitations of early-stage synthesis because
synthesis usually uses an ideal clock model, and so does not consider real-world
factors like clock skew and transition latency; so by running the quality checks on
saved PT sessions, the designers can see the real-world behavior of the clock tree and
catch timing uncertainties that would otherwise be hidden.

Full chip Quality checks: At the full-chip integration level, full databases or saved
PrimeTime sessions are used to validate the global design, and the primary goal is to
catch connectivity errors and timing violations between functional blocks, the last
gatekeeping step before the design passes all the rigorous sign-off criteria and is

ready for tape-out and fabrication.
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Fig. 3.5 Debugging window

3.7 Quality Assurance Sign-Off Stages

Various Sign-Off Stages:

3.7.1 Synthesis

These quality checks offer detailed visibility into timing critical paths and can catch
and fix complex issues like clock-gating violations, so that designers can identify and correct
bottlenecks at the netlist or partition level, refine the clock-enable logic and gating structures,
and ensure stable transitions, which can resolve timing violations before they propagate into

the final physical layout[8].

Taking care of these violations before getting to the first few design steps prevents any
of the succeeding steps from having to deal with any of the violations that have been passed
on from one to the other. Cleaning the design at every milestone allows the process of design
to continue without violations being passed from engineer-to-engineer, which helps
eliminate the possibility of iterative loops from occurring or from delaying the final approval

process.

% Quality checks after Synthesis:
¢ Floating Pins
e Multi-driven Nets
e Unconstrained Endpoints

e Clock Stamping Checks
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e Black Box

3.7.2 Placement and Route (PNR)

In this phase, the tool can detect any mismatches associated with design modelling and
will provide specific insight relating to parasitic extraction and DFT (Design for Test)
structures. By identifying and exposing design modelling mistakes at the initial phase, design
teams are able to validate that the interconnects’ physical characteristics and the testable
logic comport with their defined architectural specifications and avoid potential silicon level

failures|[8].

The systematic remediation of the identified violations will support the design in
converging to a completely satisfying state for the established quality metrics. By meeting a
violation-free condition at all checkpoints, the integrity of the design is supported and will
allow for its unfettered progression remaining through all future verification tiers without

requiring regressively repair methods.

% Quality checks after PNR :
e Max Tranistion checks
e Max Fanout checks
e Max Capacitance checks
e (ate 1/p connected to Vcc.
e Clock Gating checks
e Data cells on Clock paths
e Clock Propagation checks
e Combinational timing loops
e Clock cell on Data path
e Dangling Nets

e (Constant Propagation checks

+* Some extra checks for DFT violations:
e Scan chains continuity checks

e Scan chain for controllers checks

38



3.8 Explanations for few of the rules

3.8.1 Constant Enable Checks

The connections of a clock gate’s enable (EN) pin depends on whether we want to

enable or disable the clock signal for that specific logic branch.
Summary:

a. VCC (Logic 1): Typically enables the clock. If we connect the EN pin to VCC,
the clock will pass through to the downstream logic constantly.

b. VSS/GND (Logic 0): Typically disables (gates) the clock. If connected to VSS,
the clock is blocked, preventing downstream flip-flops from switching and thereby

saving dynamic power[8§].
Logic Specifies:
The behaviour depends on the type of logic gate used for gating:

e AND/NAND Gating (Active-High): This is the most common method. The clock
is active when EN is connected to VCC (Logic 1). Connecting it to VSS (Logic 0)
forces the output to a steady state, "gating" the clock.

e OR/NOR Gating (Active-Low): The clock is active when EN is connected
to VSS (Logic 0). Connecting it to VCC (Logic 1) will block the clock signal.

Practical Use Cases:

e Permanent Enable: In designs where a branch must always be clocked but use
an Integrated Clock Gating (ICG) cell for standardisation, the EN pin is tied to VCC.

e Power Management: In functional designs, this pin is rarely tied to a constant.
Instead, it is connected to a control signal that dynamically switches between VCC
and VSS to turn off parts of the chip when they are idle.

e Test Mode (DFT): ICG cells often have a separate Test Enable (TE) pin. During
normal operation, this is tied to VSS to let the functional EN pin control the clock.

During testing, it is tied to VCC to ensure the clock is always on for scanning.
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3.8.2 Clock Stamping Checks

One critical structural audit identifies register and Hard IP clock pins where there is
no propagated clock definition; in other words, the clock signal is not recognized or
“stamped” by the timing engine, which is usually due to broken netlist connectivity or
missing constraints. These unpropagated pins create unconstrained paths and can blind the

timing analysis tool to potential violations, leading to a very unreliable silicon.
Common Cause:

e Missing create_clock or create_generated clock constraints.
e Clock signals blocked by a logic gate (like a tie-off) or an incorrectly configured
MUX.

e Missing timing models (./ib) for Hard IPs.
Consequences:

If the propagation of the clock cannot be established, then those sequential cells are
left unbounded, the timing paths through them are not analyzed, and any setup or hold
violations in those registers are not caught by the timing engine, which poses a large risk as
those unverified paths could potentially cause functional failures or metastability in the

silicon.

Solution:

Primary clocks are generally defined at the top-level ports, while generated clocks
must be accurately mapped to the outputs of frequency dividers, clock multipliers, or clock-
gating cells. It is important to explicitly define all primary and generated clocks in the design
block to ensure full timing coverage and accurate Static Timing Analysis (STA) to prevent

unconstrained logic paths.

3.8.3 Max Fanout Checks

Checks are made to ensure that the number of loads (sinks) driven by a single output
pin does not exceed the fanout limit specified in the technology library; violations of these
constraints cause excessive capacitive loading, which severely degrades signal transition

times (slew) and increases propagation delay, both of which are detrimental to signal
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integrity and the timing requirements of the design. Max Fanout checks are made during
synthesis and physical design to ensure that the number of loads (sinks) driven by a single

output pin does not exceed the limit specified in the technology library.

> BUF
Fanout > INV
> BUF
> INV
> BUF
> INV
> BUF
[>Q|Nv

Fig. 3.6 High Fan-out

Common Fixes:

e Buffering: Inserting buffers to split the load into smaller branches.
e Gate Cloning: Replicating the driver cell so each clone drives a portion of the load.
e Upsizing: Replacing the driver with a larger, higher-drive-strength version of the

same cell.

3.8.4 Data Cell on Clock Path

This check finds combinational data cells that have been accidentally added to the
Clock Distribution Network, since data cells are not usually characterized for balanced rise
and fall times, and data cells do not have the specialized shielding and drive-strength
consistency of dedicated clock-tree cells, which can cause significant duty cycle distortion

and unpredictable clock skew.
Common Exceptions:

e Clock Multiplexers (MUXes): These are often allowed but must be specialized
"glitch-free" clock MUXes.
e Clock Dividers: Logic used to create a slower clock, which should be explicitly

constrained as a Generated Clock source.
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3.8.5 Minimum Pulse Width Violations

A critical reliability concern in synchronous digital design is the Clock Minimum
Pulse Width Violation where the high or low phase of the clock signal becomes less than the
minimum value needed by the sequential elements in the circuit. All flip flops, latches, and
memory elements have internal transmission gates and storage nodes that need to be enabled
for a minimum amount of time to reliably sample data, and this minimum high pulse width
and low pulse width are characterized during cell library development and stored in the
timing models used by sign off tools. If the actual clock waveform delivered to a sequential
cell does not meet these minimum durations, then the cell may fail to register the clock event,

resulting in missed edges, metastability, or unpredictable functional behavior[1].

Report:

Fig. 3.7 Pulse Width Report

3.8.6 Clock Doimain Crossing Checks

In contemporary SoC designs, various functional blocks may run on independent or
differently sourced clock signals. When a signal created in one clock region crosses into
another region without a defined clock relationship, this transfer is referred to as a Cross
Domain Crossing (CDC). Since the source and destination clocks are asynchronous or have
an undefined phase relationship, the receiving flip flop may sample the incoming data at
precisely the moment it is transitioning, which results in setup/hold time violations and puts

the flip flop into a metastable state[2].

The main concern for CDC is metastability, which occurs when the flip flop output
settles to an unstable, indeterminate voltage level for an undetermined period of time, which
may cause the output to propagate to the downstream logic and corrupt the state, lose an
event, or lead to a sporadic functional failure. Because metastability is not usually observed

during RTL simulation, CDC bugs are among the most difficult to detect and reproduce.
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Single bit transfers have problems at the CDC as well, but multi bit signals like control
buses or data paths are even worse because each bit might be captured in a different clock
cycle without some sort of synchronization mechanism, and the result is mixed or incoherent
data that can break communication protocols or corrupt system operation. Another problem
occurs when short pulses are generated in high-speed domains and transferred to slower

domains: the pulses may be so narrow that they are not detected and the event is missed.

To ensure safe CDC transfers, designers employ specialized synchronization
structures; while a two flip flop synchronizer is the standard solution to metastability for
single bit control signals, multi bit buses require asynchronous FIFOs, Gray coded counters,
or handshake protocols to ensure coherent transfers, pulse signals require pulse stretchers or
toggle synchronizers to ensure correct detection by slower domains, and reset signals must
be handled with care as while resets are typically permitted to assert asynchronously, their

de assertion must be synchronized to each domain to avoid inconsistent initialization[5].

Because timing analysis tools cannot detect metastability risk, CDC verification is a
mandatory sign off step in industrial SoC flows. CDC analysis tools identify all signals
crossing domains, verify that appropriate synchronizers or protocols are applied, and flag
unsafe structures such as combinational crossings, re-convergent fan outs, or multi bit buses
without protection[6]. While CDC is not considered a PVT rule, its robustness is affected by
PVT variations (Process, Voltage, Temperature) that affect the speed at which metastability

resolves, so CDC robustness must be validated across all operating conditions.

To sum up, Cross Domain Crossing is a major reliability issue for today’s multi clock System
on Chip (SoC) designs. The ability to avoid CDC failures relies on intentional design
architecture, utilising protocols and verifying design at sign-off. Appropriate handling of
CDC conditions is key to ensure stable, predictable and functionally correct signals, in spite

of any timing uncertainty among the independent clock domains.
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3.9 Result and Discussion

Through the systematic remediation efforts for these errors, we have significantly
reduced the total number of violations, demonstrating that the design has successfully
converged to its target specifications. The steadily declining number of reported issues also
demonstrates that the quality checks were successful and that the design is progressing

toward a stable, sign-off-ready condition.

Violations in different stages
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Fig. 3.9 Overview of violations present in different stages in the design (violation counts in is

lakhs.)

As can be seen in Fig. 3.9, the number of violations is classified by RTL, Clock, and
PVT domains, and the number of violations observed at each stage of design (FCN model,
FCL model, Pre CTS, Post CTS, and Tap In model) is plotted. The results show that RTL
related violations are the highest in the FCN model and gradually decrease towards the Post
CTS stage, clock violations peak during the Pre CTS stage and significantly decrease after
clock tree synthesis, and PVT violations increase towards the Post CTS stage, which is an
indication that process, voltage, and temperature variations have a more significant effect in

later stages of design closure[4].

Physical design and sign-off are the final stages of silicon success and the ultimate
gatekeepers for design closure for a high-performance System-on-Chip (SoC). As an STA
engineer, [ was mainly concerned with the systematic identification, analysis, and resolution
of violations at the RTL level, clock tree integrity, and Process, Voltage, and Temperature
(PVT) variations. The experimental data shows that multi-stage verification is required for
modern sub-micron nodes. The number of lakhs of violations demonstrates the scale of
contemporary designs and the need for the automated Tcl-based methodologies used in this

project.

3.10 Comparative Analysis of Design Stages

The quantitative analysis of violations across the five critical design stages—FCN-
model, FCL-model, Pre-CTS, Post-CTS, and the final Tape-In model—reveals a significant

trend in how different categories of design hurdles are cleared.

3.10.1 RTL Violation Trends

At the initial FCN (Full Chip Netlist) stage, RTL-related violations are at their peak,
exceeding 6 lakh instances. These violations typically stem from initial synthesis

mismatches, unoptimized logic paths, or early-stage constraint inconsistencies. As a Static
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Timing Analysis (STA) engineer, addressing these early is critical to prevent "garbage-in,

garbage-out" scenarios in the physical flow.

RTL to FCL and Pre-CTS, the number of RTL violations drops dramatically, and after
Post-CTS, the RTL violations are almost negligible, as the netlist is iteratively refined, and
the optimization engines of Synopsys PrimeTime are very effective. Tcl scripting was the
automation layer that allowed the parsing of these early reports for the design team to spot
and address logic-level errors before they propagated into the more computationally

intensive physical stages.

FCN-FCL Stage

FCN-Model FCL-Model

N

w

N

[

o

B RTL ®mClock ®PVT rules

Fig 3.10 Violations present in FCN-FCL Stage (Violations in lakhs)

3.10.2 Clock-Tree Intigrity and the Violations

Clock-related violations present a more fluctuating trend. Starting at approximately
4.5 lakhs during the FCN stage, they remain relatively stubborn through the Pre-CTS phase,
even showing a slight uptick as the physical placement begins to impact the idealized clock

definitions.

The Pre-CTS to Post-CTS difference is the most significant. Once the Clock Tree was
synthesized physically, ideal clocks became real propagated delays, and I used PrimeTime

to check the propagated clocks for skew and jitter compliance, with violations reducing from
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close to 50,000 to about 15,000 in the Post-CTS stage, which shows the efficacy of the CTS
engine and the automated validation scripts to ensure that the clock tree was balanced

according to the specific Intel in-house architectural rules.
Pre-CTS and Post-CTS
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Fig. 3.11 Violations present in Pre-CTS and Post-CTS

3.10.3 PVT Rule Validation: The Final Frontier

Perhaps the most significant finding in this study is the behavior of PVT-related
violations. Unlike RTL and Clock violations, PVT violations show a counter-intuitive
increase as the design matures. Starting at a relatively low 2 lakhs at the FCN stage, they
steadily climb to peak at 5 lakhs during the Post-CTS phase.

This trend is a direct reflection of the "Deep Sub-Micron Effect." In the early stages,
timing is checked at nominal conditions or a limited set of corners. However, during Post-
CTS and towards the Tape-In model, we perform Multi-Corner Multi-Mode (MCMM)
analysis. As we introduce extracted parasitic data (SPEF) and check the design across
extreme voltage and temperature ranges, new violations emerge that were "hidden" under

idealized conditions.

The surge in PVT violations at the Post-CTS stage highlights the critical nature of my

role. Using Tcl-automated flows, I was able to manage the verification of thousands of PVT
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combinations that would be impossible to track manually. The fact that the Tape-In model
eventually shows zero violations across all categories is a testament to the rigorous, script-
driven "cleanup" phase where the most stubborn PVT and DRC issues were resolved through

surgical ECOs (Engineering Change Orders).
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CHAPTER

4

CONCLUSION AND FUTURE WORK

An automation with framework to validate PVT rules in SoC design in the near
future, to enhance efficiency, scalability and accuracy in the verification process. The
proposed methodology is a combination of Synopsys PrimeTime and In House-Tool with
custom TCL scripting to automate the extraction and classification of violations for different
PVT rules for different design scenarios. The framework utilizes a saved PrimeTime session
with DMSA (Design Multi-Scenario Analysis) support to provide a structured and

comprehensive validation flow for a variety of operating conditions.

The automation reduces manual intervention to extract the information needed, such
as driver and receiver characteristics, crosstalk effects, distance metrics, transition times, and
logic complexity for each rule violation, and scenario-based reporting mechanism further
enhances the debugging efficiency by providing the exact reason for the violation, which
simplifies the validation process and enables more efficient design optimization to achieve

better timing closure and design robustness.

While automation has made great strides in improving efficiency, there are still many issues
that have not yet been resolved. There are still some situations that require a level of
complexity beyond what can be achieved through automated validation of PVT rules, and
therefore it is important that we continue to work towards extending the scope of our ability
to automatically validate these types of rules. However, the efforts discussed will provide a
solid foundation for the development of automated techniques for validating PVT rules,
while also laying out a structured, flexible means by which we may develop future methods

of verifying design.

Predictive modelling is another hopeful way to use Machine Learning in order to help predict
occurrences of probable violations of rules based on design data from previous years. Being
able to identify these potential violations before they happen will assist in early prevention

as well as reducing the amount of time spent in debugging. Also, by incorporating graphical
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representations of the data collected into a report and creating visualisation tools within the
report system design process, users should find it much easier and more intuitive for them

to analyse the data.

To achieve improved script performance, additional automation enhancements can be
applied to enable larger data sets to be processed with greater efficiency. Design validation
could also use automated tools in earlier process stages, reducing the length of time required
from design to layout verification. Cloud-based validation will also enable rapid processing

of data across many teams through collaborative debugging and improved scalability.

In the future, we should expect that other advanced means of finding debugging errors
will be added, like automated root cause analysis and intelligent feedback to suggest
potential fixes for detected violations. Improvements that have been made to the automation
framework will result in improved SoC timing closure, design quality and verification

efforts.
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