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Integrated Master’s Thesis
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Giorgos Stanimeropoulos

Abstract

Modern Integrated Circuits (ICs) have advanced to the point where they consist of separate

connected blocks, each one with a unique functionality to them, forming a System on Chip

(SoC). The blocks of an SoC have their own specifications in terms of performance, power

and area (PPA), thus they can operate under different clock domains with different frequen-

cies. Depending on the architecture, paths starting from different blocks can converge into a

point, otherwise known as Clock Domain Crossing (CDC) points. Such points may produce

inaccurate results during Static Timing Analysis (STA), a methodology used in the semicon-

ductor industry to determine whether the SoC is able to operate under the specified clock

frequencies. Inaccurate STA can lead to devastating results, effectively destroying the SoC.

This thesis is focused on expanding the single-clock STA methodology to support anal-

ysis between connected design blocks that operate under different frequencies. An already

established STA engine is used for the conventional STAmethodology and is expanded in or-

der to support CDCs and accurately determine whether the specified clock frequencies cause

timing and data violations. The updated STA engine is then compared to the standard industry

tool, showcasing a high correlation between the two.
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Διπλωματική Εργασία

Στατική Χρονική Ανάλυση με Υποστήριξη Διασταυρώσεων Πεδίων

Ρολογιών

Γιώργος Στανιμερόπουλος

Περίληψη

Τα μοντέρνα ολοκληρωμένα κυκλώματα έχουν εξελιχθεί στο σημείο που πλέον αποτελούν-

ται από ξεχωριστά συνδεδεμένα μικρότερα κυκλώματα, το καθένα με τη δική του ξεχωριστή

λειτουργία, σχηματίζοντας έτσι ένα Σύστημα πάνω σε Ολοκληρωμένο Κύκλωμα (Σ.Ο.Κ).

Τα μικρότερα κυκλώματα ενός ΣΟΚ έχουν ξεχωριστές προδιαγραφές όσον αφορά την από-

δοση, κατανάλωση και εμβαδόν (Α.Κ.Ε) και ως εκ τούτου μπορούν να λειτουργήσουν έχον-

τας το καθένα ξεχωριστό πεδίο ρολογιού με ξεχωριστή συχνότητα το καθένα. Αναλόγως την

αρχιτεκτονική κάθε κυκλώματος, μονοπάτια που ξεκινούν από διαφορετικά υποκυκλώματα

μπορούν να συγκλίνουν σε ένα σημείο, γνωστό ως σημείο Διασταύρωσης Πεδίων Ρολογιών

(Δ.Π.Ρ). Τέτοια σημεία μπορούν να παράξουν ανακριβή αποτελέσματα κατά τη διάρκεια της

Στατικής Χρονικής Ανάλυσης (Σ.Χ.Α), μια μεθοδολογίας που χρησιμοποιείται στη βιομη-

χανία ημιαγωγών με σκοπό να ελεγχθεί εάν οι συχνότητες των ρολογιών υπό τις οποίες το

Ολοκληρωμένο Κύκλωμα ορίστηκε να λειτουργήσει είναι εφικτές. Ανακριβής Στατική Χρο-

νική Ανάλυση μπορεί να οδηγήσει σε καταστροφικά αποτελέσματα, διαλύοντας ουσιαστικά

το Ολοκληρωμένο Κύκλωμα.

Η παρούσα διπλωματική εργασία επικεντρώνεται στο να επεκτείνει την απλή μεθοδολο-

γία της Σ.Χ.Α ώστε να μπορεί να υποστηρίξει ανάλυση μεταξύ κυκλωμάτων με διαφορετική

συχνότητα λειτουργίας. Ένα προϋπάρχον εργαλείο Σ.Χ.Α χρησιμοποιείται για την απλή με-

θοδολογία ανάλυσης και επεκτείνεται ώστε να μπορεί να υποστηρίξει Δ.Π.Ρ και να βρει

με ακρίβεια εάν είναι δυνατό το Σ.Ο.Κ να λειτουργήσει υπό τις επιθυμητές συχνότητες. Το

ανανεωμένο εργαλείο Σ.Χ.Α συγκρίνεται με τα βιομηχανικά στάνταρ, επιδεικνύοντας με-

γάλη ακρίβεια μετρήσεων μεταξύ των δύο.
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Chapter 1

Introduction

As Very Large Scale Integration (VLSI) systems get more and more dense, hardware de-

signers need to come up with new methodologies to manage their inherent complexity. One

such methodology are System-on-Chips (SoCs), circuits that emerge by combining in-house

or third-patry pre-designed Intelectual Property (IP) blocks. SoCs are widely used in mobile

devices, embedded systems and other cases where size, power consumption and manufactur-

ing cost are of great importance. A typical SoC is comprised of different IC blocks, each one

with a completely different and unique functionality, as shown in figure 1.1.

1



2 Chapter 1. Introduction

Figure 1.1: System on Chip example. Each block has a unique function

Figure 1.2: SoC scaling over the years

A simpler description of an SoC can be shown in figure 1.3. Here, each block may have

different requirements as far as Performance, Power andArea (PPA) are concerned. Our focus

is on Performance i.e how fast a block’s clock can operate without compromising the Quality

of Results (QoR). In this example, the clock frequencies for each block are shown in table

1.1. Each block belongs to its own clock domain and since all blocks connect to each other,

there may be certain convergence points known as Clock Domain Crossing points.



3

Figure 1.3: Simple SoC description. Blocks with different characteristcs are connected to

each other
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Block Name Block Type Block Hz

A CPU 3,300

B GPU 4,000

C Modem 1,000

D Video enc. 5,000

E Compressor 2,500

Table 1.1: Block clock frequencies example

In order to ensure that the SoC can operate under the required clock frequencies, the

industry uses a methodology known as Static Timing Analysis (STA). This methodology

considers the SoC as a graph of nodes connected to each other via edges and calculates the

delay of each node to determine if data will be transmitted reliably from one node to another

under the given clock frequency the user specifies. However, STA is not able to produce

accurate timing results when Clock Domain Crossings are introduced to the SoC, since it

assumes both launch and capture clocks will fire at the same time. Such inaccurate results can

have devestating concequences which can vary from ineffective circuits to total breakdowns.

Figure 1.4: STA computes the delay of the circuit and determines whether it can operate under

the specified clock frequency
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1.1 Thesis Goal

The central theme of this thesis revolves around an in-depth analysis and comprehension

of the established Static Timing Analysis (STA) methodology. Furthermore, the study aims to

unravel the intricacies surrounding the Clock Domain Crossing (CDC) corner case, showing

the limitations encountered by the single-clock STA approach when addressing such scenar-

ios. The steps that enable STA to properly detect and handle CDCs are explained afterwards.

Finally, this methodology is used in the single-clock STA engine explained in [1] and the ef-

fectiveness of this refined approach is compared to cutting-edge industrial timing tools with

high accuracy.

1.1.1 Contribution

The contribution of this thesis can be summarized as follows:

1. Single-clock Static Timing Analysis was studied and tested under various conditions

2. An algorithm for computing nearest edges between two clock waveforms was devel-

oped

3. Single-clock STA algorithm was expanded to support Clock Domain Crossings anal-

ysis

4. The expanded STA engine was compared with the industrial tool showcasing high

accuracy

1.2 Chapter Organization

The single-clock STA methodology is explained in Chapter 2. Chapter 3 focuses on the

CDC corner cases where STA fails to produce quality results and explains the steps taken to

expand the methodology. Finally, Chapter 4 shows the experimental flow and the expanded

STA engine results compared to the industry standard tool.





Chapter 2

Timing Analysis

A digital design (or digital circuit) is an electrical circuit that is able to perform one or

more boolean functions. A typical digital design consists of:

• Input/Output ports, to get electrical signal from the environment and return the result

of its operations back to it

• Combinational gates: Circuit components that can perform a boolean function (e.g

AND gate, OR gate, inverter etc)

• Sequential gates: Circuit components that are able to hold a specific state (e.g latches,

flip-flops etc)

• Wires: Metal traces used to connect one gate to another

Digital designs can be synchronous or asynchronous. Synchronous designs rely on an outer

clock signal to transmit their data from one flip-flop to another whereas asynchronous circuits

rely on a combination of ”handshakes” between certain gates to ensure data have reached a

part of the circuit.

When designing a digital circuit, the gates and wires essentially create a graph of nodes

and vertices, with nodes being boolean gates of a certain technology and vertices being the

traces used to connect them. The graph is usually both directed and acyclic, although cyclic

graphs can also be met in digital designs [2]. Each one of these nodes and vertices introduce

a certain delay to the path from one startpoint (flip-flop output or circuit input) to an endpoint

(flip-flop input or circuit output). In order for the digital design to function reliably, engineers

need to ensure that data from one startpoint will reach the endpoint within a proper timing

7
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window so that the signal is captured and re-transimitted without any issue. This kind of

analysis is known as timing analysis and can be broken down into three major categories:

1. Electrical simulations

2. Static Timing Analysis (STA)

3. Dynamic Timing Analysis (DTA)

2.1 Electrical Simulations

Electrical simulations are a method used to represent the behaviour of the circuit using

mathematical models. Every boolean gate is built using transistors with different characteris-

tics. This kind of simulation will take an electric signal as the input of a gate and use various

analytical methods to calculate the signal that will be produced in the output. Since every

gate is connected to another through wires which can also be mathematically modeled, the

output signal can be propagated to the next gate, keeping the simulation going until it reaches

a circuit endpoint. Since an electric signal is essentially pairs of (time – voltage value), we

can calculate the delay from a startpoint to an endpoint, whether the signal reached its des-

tination reliably etc. Electrical simulations are the most accurate method of timing analysis,

thus, they are often the golden model every algorithm is compared to. However, they are

extremely time consuming to be performed. That is why they are used in small portions of

the circuit, simulating only a couple of dozen to a few hundred gates at a time. Finally, sim-

ulation is the most effective way of measuring interconnect delay [3]. As technology nodes

advance, interconnect between two gates has an increasing impact on circuit performance.

Although several models have been developed to measure interconnect delay fast and accu-

rately, [4, 5, 6, 7], simulation remains the golden standard, since none of these approaches

can match its accuracy.
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Figure 2.1: Electrical Simulation; Signals aremodeled in the circuit input.Mathematical mod-

els are used to determine the behaviour of the signal in the circuit

2.2 Static Timing Analysis

Static Timing Analysis (STA) is a method that, contrary to Electrical Simulation, does

not rely on any kind of simulation to perform timing analysis. Instead, it sets delay values

to the circuit inputs and then traverses the graph, annotating the delay on each node until an

endpoint is reached. There, the annotated delay is compared against the corresponding clock

signal to verify whether a timing violation has occurred or not. This method is considered to

be the fastest as, depending on the implementation, the complexity of traversing a DAG can

beO(V +E)where V is the number of vertices and E is the number of edges. However, Static

Timing Analysis is typically the most pessimistic one as well, as its calculations are based

on a worst-case analysis of the design which in most cases won’t take place. This pessimism

can be reduced using several methods such as false path specification, i.e paths that will

never be sensitized due to circuit’s functionality [8], multiple operating corner analysis [9],

On-Chip-Variation (OCV) analysis [10] etc.

2.3 Dynamic Timing Analysis

Dynamic Timing Analysis (DTA) [11] is essentially a combination of STA and electri-

cal simulations; Using specific input signals, it traverses the graph, sensitizing the nodes and
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calculating the longest path in the process. One of its advantages over STA is that, since it

uses specific input patterns, it tests the design in its actual functional context and therefore,

it does not consider any false paths during the analysis. However, it is more inefficient as

far as speed is concerned, since it uses a simulation-like analysis and its result are heavily

depended on the input signals that are used for the analysis; Insufficient input signals will

produce insufficient results.

This thesis will focus on STA and how this method can be expanded to support multiple

clock domains and CDCs.

2.4 Timing Analysis Terminology

The STA algorithm takes the following input:

• Circuit’s graph, usually represented as a Verilog netlist

• Timing library, describing timing and power information for each of the Boolean gates

used in the verilog netlist

The timing library is technology depended and provides various timing and power informa-

tion for the technology’s gates. This thesis utilizes the following:

• Gate’s pins’ transition times (slew)

• Gate delay

• Wire models for computing interconnect delay

2.4.1 Gate pins transition times

Transition times (otherwise referred to as slew) describe the amount of time a gate pin

needs to transition from 0 -> VDD (rise slew) or from VDD -> 0 (fall slew). More precisely,

it is computed as

|tV=10%∗V DD − tV=90%∗V DD|

where tV=10%∗V DD is the time the gate reaches the 10%of itsmaximumvoltage and tV=90%∗V DD

is the time the gate reaches the 90% of its maximum voltage, although some libraries may

use 20 and 80% of VDD as slew’s thresholds.
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Figure 2.2 shows the rise slew of an inverter cell.

Figure 2.2: Inverter rise slew

2.4.2 Gate Delay

Gate delay refers to the internal delay a boolean gate has, depending on how it was phys-

ically constructed. It describes the gap between the times an input and output pin reach 50%

of their transition. Figure 2.3 shows the delay of an inverter cell; As the input rises from 0

-> VDD, the output changes from VDD -> 0. The difference between the times the two pins

each reach 50% of VDD represents the inverter’s internal delay. As it will be explained later,

delay on an output depends on the related input pin slew and the capacitance the output pin

drives.
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Figure 2.3: Gate delay of an inverter

2.4.3 Setup/Hold Slack

Setup time is defined on flip-flops and specifies the minimum amount of time the data

input signal must be stable before the clock signal arrives to ensure data is captured correctly

and to avoid metastability. Figures 2.4 and 2.5 show the difference in the flip-flop’s output if

the input signal changes before and after setup time. In the latter, the output may not be able

to reach 0 or VDD, or transition at all, or breaking down entirely, compromising the circuit’s

functionality. Setup time is calculated between two different clock edges, one clock period

apart.

Likewise, hold time defines the minimum time a data input signal must be stable after

the clock signal arrives to ensure data is sent correctly. If a signal transitions before hold

time, metastability issues are inevitable. Figures 2.6 and 2.7 show the different outputs if

the input transitions before and after hold time. Hold time is calculated between two different

sequential cells in the same clock edge. Thus, for this analysis, the shortest delay path is used.
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Figure 2.4: Signal transition before setup time

Figure 2.6: Signal transitions before hold time

Based on these two constraints, it can be easily concluded that there is a latest time a signal

is allowed to transition before clock arrival time and an earliest time a signal can transition

after clock arrival time without compromising circuit’s functionality. These two times are

referred to as setup/hold required arrival times (RATs). Combined with the actual time a

signal arrives on the flip-flop (AAT), setup and hold slack can be defined as follows:
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Figure 2.5: Signal transition after setup time

Setup slack = Setup RAT − AAT =>

Setup slack = Clock arrival time− setup time− AAT =>

Setup slack = Clock first edge + 1T + clock network delay − setup time− AAT

Hold slack = AAT −Hold RAT =>

Hold slack = AAT − (clock arrival time + hold time) =>

Hold slack = AAT − (Clock first edge + 1T + clock network delay + hold time)

Slack is essentially the timingwindow a signal can transition intowithout causing anymetasta-

bility issues. Negative slack means there is no time for the signal to change state and is con-

sidered a timing violation.

2.4.4 Timing models

As mentioned in subsection 2.4.2, gate delay depends on two factors: a) input pin tran-

sition time and b) output pin capacitive load. This can be represented by a two-dimensional

table, with one axis being input pin transition and the other being output pin capacitance. This
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Figure 2.7: Signal transitions after hold time

model is known as Non-Linear Delay Model (NLDM). Figure 2.8 shows an example of this

model, where index_1 is the input pin transition time, index_2 is the output pin capacitance

and values is the calculated delay values for each input slew – output capacitance pair. These

values have been calculated through a method called characterization. In case a specific gate

has values on one or both of the factors that are not specified in the library but are within the

boundaries indices 1 and 2 specify, the final delay is computed through a 2D linear interpo-

lation. NLDM models have been widely used so far, however, they may produce inaccurate

results since a) their accuracy depends on the table’s size and measurement quality and b) a

circuit gate may have values that are outside of the table’s boundaries in which case extrap-

olationmust be performed. Extrapolation, however, is prone to producing inaccurate results,

since there is no reliable method to calculate values outside of the given array’s boundaries.
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Figure 2.8: Two NLDM tables, for rise and fall delay with respect to A1 input pin

For newer technologies, where phenomena like coupling, electromigration etc have a

bigger impact on circuit performance, other delay models such as the Composite Current

Source Model (CCSM) and Effictive Current Source Model (ECSM) [12] are used, as they

can hold more fine-grained information and represent electrical phenomena such as noise,

crosstalk etc more accurately.

2.4.5 Timing arcs

Timing arcs describe the timing relations between a cell’s input and output pin. If an arc

between input A and output Z of a cell exists, there can be a timing path from A to Z. Arcs

are also characterized by their timing sense, otherwise known as unateness. This describes

the behaviour the output pin has with relation to the input. An arc is positive unate when

the output follows the same transition as the input (input rise ==> output rise, input fall ==>

output fall). An arc is negative unate when the output follows the opposite transition of the

input (input rise ==> output fall, input fall ==> output rise). Finally, an arc is non-unate or

binate when the output’s transition depends on multiple pin, as it is in the case of a XOR

gate. Figure 2.9 shows the timing arcs of a buffer cell.
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Figure 2.9: Inverter timing arcs

2.5 STA in Detail

The STA algorithm performs the following steps to determine the worst slack on the

circuit:

1. Clock network annotation

2. Delay propagation/Calculation

3. Slack computation

4. RAT propagation/Calculation

2.5.1 Clock network annotation

In this step, STA annotates clock network’s delay, to calculate the latency between a clock

source and a clock sink, i.e a sequential cell’s clock input pin; The user has defined that one

or more of the design’s inputs will act as the design’s clock(s). Starting from these inputs,

delay is computed and propagated throughout the clock network until a clock leaf (sequential

cell clock inputs) is reached. To propagate delay from one cell to the next, topological sort or

Breadth-First-Search [13] are used. These graph traversal algorithms ensure that a cell will

be visited only if all of its predecessors have been visited. This step can be summarized in

algorithms 2.1, 2.3, 2.2:
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Listing 2.1: AnnotateCellInputDelay
1 Description: Calculate delay on input pin based on predecessor’s delay

2     Inputs: Cell input pin (inPin)

3     Outputs: Rise and fall input pin delay (riseInPinDelay, fallInPinDelay)

4

5     riseInPinDelay = 0

6     fallInPinDelay = 0

7     predPin = get_predecessor(inPin)

8     riseInPinDelay = delay_at(predPin, rise) + wire_delay(predPin, inPin, rise)

9     fallInPinDelay = delay_at(predPin, fall) + wire_delay(predPin, inPin, fall)

10

11     return riseInPinDelay, fallInPinDelay

Listing 2.2: ClockNetworkDelayPropagation
1 Description: Traverse the clock network using a levelized graph traversal and compute

delay for each clock network gate

2 Inputs: Clock input pins (CIs)

3 Outputs:

4

5 pinQueue = []

6 append CIs in pinQueue

7

8 while pinQueue is not empty do

9 currentPin = pinSQueue.dequeue()

10

11 foreach inPin in currentPin successors do

12 riseDelay[inPin], fallDelay[inPin] = AnnotateCellInputDelay(inPin)

13 if inPin is clock tree leaf then

14 continue

15 end if

16

17 foreach outPin in inPin successors do

18 predecessorNum[outPin]++

19 if predecessorNum[outPin] == in_degree(outPin) then

20 riseDelay[outPin], fallDelay[outPin] = AnnotateCellOutputDelay(outPin)

21 pinQueue.append(outPin)

22 end for

23 end for

24 end while
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Listing 2.3: AnnotateCellOutputDelay
1 Description: Calculate output pin delay based on gate’s input pins delay

2     Inputs: Cell output pin (outPin)

3     Outputs: Rise and fall output pin delay (riseOutPinDelay, fallOutPinDelay)

4     riseOutPinDelay, fallOutPinDelay = -inf

5

6     foreach predPin in get_predecessors(outPin) do

7         if cell_is_positive_unate() then

8             predRiseDelay = delay_at(predPin, rise)

9             currentDelay = predRiseDelay + arc_delay(predPin, outPin, rise)

10             if currentDelay > riseOutPinDelay then

11                 riseOutPinDelay = currentDelay

12             end if

13

14             predFallDelay = delay_at(predPin, fall)

15             currentDelay = predFallDelay + arc_delay(predPin, outPin, fall)

16             if currentDelay > fallOutPinDelay then

17                 fallOutPinDelay = currentDelay

18             end if

19         else if cell_is_negative_unate() then

20             predRiseDelay = delay_at(predPin, rise)

21             currentDelay = predRiseDelay + arc_delay(predPin, outPin, fall)

22             if currentDelay > riseOutPinDelay then

23                 riseOutPinDelay = currentDelay

24             end if

25

26             predFallDelay = delay_at(predPin, fall)

27             currentDelay = predFallDelay + arc_delay(predPin, outPin, rise)

28             if currentDelay > fallOutPinDelay then

29                 fallOutPinDelay = currentDelay

30             end if

31         else // non-unate cell //

32             predRiseDelay = delay_at(predPin, rise)

33             predFallDelay = delay_at(predPin, fall)

34             predDelay = max(predRiseDelay, predFallDelay)

35

36             currentDelay = predDelay + arc_delay(predPin, outPin, rise)

37             if currentDelay > riseOutPinDelay then

38                 riseOutPinDelay = currentDelay

39             end if

40

41             currentDelay = predDelay + arc_delay(predPin, outPin, fall)

42             if currentDelay > fallOutPinDelay then

43                 fallOutPinDelay = currentDelay

44             end if

45         end if

46     end for

47     return riseOutDelay, fallOutDelay
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2.5.2 Delay Propagation/Computation

The second STA step calculates and propagates the delay in the rest of the graph, from

circuit input ports and sequential cell outputs (startpoints) to circuit outputs and sequential

cell inputs (endpoints). The algorithms are the same as the ones used for the clock network

annotation. The reason these steps are separate is that the respective graph traversals stop at

different pins and because clock network changes more rarely; thus, re-calculating its delay

can be avoided in the majority of STA’s runs.

The user has specified some delay values at circuit’s inputs and outputs with respect to one

of the specified clocks. These delay values are then propagated using Topological Sort or

Breadth-First Search. Each time a cell’s output pin is reached, the slowest (for setup analy-

sis) or fastest (for hold analysis) arc is selected and the final delay value is computed. This

delay is then propgated to the next level of input pins, where the wire delay is also accumu-

lated. Delay propagation can be summed up in the following algorithm:

Listing 2.4: CircuitDelayPropagation
1 Description: Traverse the graph using levelized graph traversal and compute delay for

all circuit gates apart from clock network

2 Inputs: Circuit input pins (CircuitInputs)

3 Outputs:

4

5 pinQueue = []

6 append CircuitInputs in pinQueue

7

8 while pinQueue is not empty do

9 currentPin = pinQueue.dequeue()

10

11 foreach inPin in currentPin successors do

12 riseDelay[inPin], fallDelay[inPin] = AnnotateCellInputDelay(inPin)

13 if inPin is FF data pin or Circuit Output then

14 continue

15 end if

16 foreach outPin in inPin successors do

17 predecessorNum[outPin]++

18 if predecessorNum[outPin] == in_degree(outPin) then

19 riseDelay[outPin], fallDelay[outPin] = AnnotateCellOutputDelay(outPin)

20 pinQueue.append(outPin)

21 end for

22 end for

23 end while
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2.5.3 Slack Computation

Once delay has been propagated to the entirety of the graph, slack computation takes

place; As mentioned in subsection 2.4.3, slack is essentially the timing margin a signal is

allowed to transition within. Negative slack means there is no such margin, thus timing is

violated at the pin the method is examined. The pin with the lowest slack is the critical pin

and the path leading up to it is also known as the critical path, since it is the one with the

highest impact on the circuit’s timing.

Using the formula for slack computation mentioned in subsection 2.4.3, the following algo-

rithm can be used to determine worst slack and critical endpoint:
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Listing 2.5: computeSlack
1 Description: Compute slack for all graph endpoints

2 Input: List of endpoint pins (endpoints[])

3 Output: Worst negative slack and critical endpoint (WNS, CE)

4

5 WNS = inf

6 CE = None

7

8 foreach endpoint in endpoints do

9 endpointClk = get_related_clock(endpoint)

10 CNDelay = get_clock_network_delay(enpointClk, endpoint)

11

12 currentRAT = first_active_edge(endpointClk) + get_clock_period(endpointClk) + CNDelay

- get_setup_time(endpoint)

13 currentAAT = delay_at(endpoint)

14

15 currentSlack = currentRAT - currentAAT

16 if WNS > currentSlack then

17 WNS = currentSlack

18 CE = endpoint

19 end if

20 end for

21

22 return WNS, CE

2.5.4 RAT calculation and propagation

In the final STA step, RAT and slack must be calculated for every pin of the graph.

RAT propagation is completely symmetrical to delay propagation; A levelized graph traver-

sal (Topological Sort or BFS) takes place starting from graph endpoints (circuit output or

sequential cell inputs) all the way back to the startpoints (circuit inputs or sequential cell out-

puts). At each pin, setup/hold RAT and setup/hold slack are computed, to ensure no timing

violations occur in the rest of the design. Figure 2.10 shows the direction of the RAT traversal,

with the green dots representing the endpoints and the red dots representing the startpoints.
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Figure 2.10: RAT propagation, from endpoints to startpoints

This step can be summarized in algorithms 2.6, 2.7 and 2.8

Listing 2.6: calculateRATatInputs
1 Description: Update the RAT at an input pin based on the lowest RAT of its successors

2 Input: Input pin (inPin)

3 Output: RAT and slack for input pin (inRAT, inSlack)

4

5 pinSuccessors = get_pin_successors(inPin) // cell’s output pins

6     inRAT, inSlack = inf

7

8     foreach successor in pinSuccessors do

9         foreach arc in get_arcs(inPin, successor) do

10             currentDelay = get_arc_delay(arc) // return delay depending on unateness

11

12             currentRAT = RAT_at(successor) - currentDelay

13             if inRAT > currentRAT then

14                 inRAT = currentRAT

15             end if

16

17             currentSlack = currentRAT - delay_at(inPin)

18             if inSlack > currentSlack then

19                 inSlack = currentSlack

20             end if

21         end for

22     end for

23     return inRAT, inSlack
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Listing 2.7: calculateRATatOutputs
1 Description: Update the Required Arrival Time at an output pin based on the lowest RAT

of its successors

2 Input: Output pin (outPin)

3 Output: RAT and slack for output pin (outRAT, outSlack)

4

5 pinSuccessors = get_pin_successors(outPin) // receiver cells in the net

6 outRAT, outSlack = inf

7

8 foreach successor in pinSuccessors do

9 connectionDelay = wire_delay(outPin, successor)

10

11 currentRAT = RAT_at(successor) - connectionDelay

12 if outRAT > currentRAT then

13 outRAT = currentRAT

14 end if

15

16 currentSlack = currentRAT - delay_at(outPin)

17 if outSlack > currentSlack then

18 outSlack = currentSlack

19 end if

20 end for

21

22 return outRAT, outSlack
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Listing 2.8: propagateRAT
1 Description: Update RAT on the graph, starting from endpoints and moving backwards

towards the startpoints using levelized traversal

2 Input: Graph endpoints (GEs)

3 Outputs:

4

5 initialise visitedSuccessors for all pins to 0

6 pinQueue = []

7 append GEs to pinQueue

8

9 while pinQueue is not empty do

10 currentPin = pinQueue.dequeue()

11

12 driverPin = get_predecessor(currentPin)

13 visitedSuccessors[driverPin]++

14

15 // all driverPin successors have been visited

16 if visitedSuccessors[driverPin] == out_degree(driverPin) then

17 RATValues[driverPin], slackValues[driverPin] = calculateRATatOutputs(driverPin)

18

19 if driverPin is circuit input or sequential cell output then

20 break

21 end if

22

23 foreach inPin in get_predecessors(driverPin) do

24 visitedSuccessors[inPin]++

25 if visitedSuccessors[inPin] == out_degree(inPin) then

26 RATValues[inPin], slackValues[inPin] = calculateRATatInputs(inPin)

27 pinQueue.append(inPin)

28 end if

29 end for

30 end if

31 end for





Chapter 3

Clock Domain Crossings

A clock domain refers to a subgroup of gates that are constrained by one specific clock

input. A circuit consisting of more than clock domains may have certain nodes where paths

starting from different clocks converge to. Such nodes are known as Clock Domain Crossing

(CDC) points.

Figure 3.1: Clock Domain Crossing example. Blue dot represents the node where the paths

from the two clocks converge

27
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3.1 Importance of Clock Domain Crossings

As described in [14], CDCs are able to cause a number of issues in the design, such as

metastability, data loss and data incoherence.

3.1.1 Metastability

Metastabilty was briefly mentioned in section 2.4.3; it is the state when a signal is unable

to fully transition to a new state, either retaining its old value or reaching a portion of the

new one. This can be caused from a number of reasons such as setup/hold violations, where

data reaching a sequential element transition very close to the respective clock edge and

particle strikes that excite a circuit path when no signal goes through it [15]. Metastability

can cause serious issues to the circuit’s functionality, as the signal can theoretically remain

in this unstable state forever [16].

3.1.2 Data Loss

Data loss is another important issue caused by clock domain crossings.When data launch-

ing from one clock domain are captured from a slower clock domain, it is possible that data

launched at t = tn are lost because they are overwritten by the data launched at t = tn + T1.

In the example shown in figure 3.2, the data from the fast clock (green) are lost once since

the slow clock (red) will capture the ones sent in the next period.
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Figure 3.2: Data can be lost when launched from a fast clock to a slower one

3.1.3 Solutions to the Clock Domain Crossings issue

The majority of the academic research, such as [17, 14, 18], focuses on the structural/-

functional analysis of CDCs and provides methods to detect and resolve them in the Register

Transfer Level (RTL), before moving on to circuit’s physical design. The work conducted

on [19] proposes a method to independently detect and resolve CDCs during physical de-

sign which can also be integrated with other timing tools, even the industrial ones. However,

resolving CDCs can be an expensive process, as it includes implementing and adding extra

synchronization circuitry which can have a significant impact on the total area and power

consumption. As a result, at times, it might be more preferable to work around CDCs, en-

suring that they will not compromise circuit’s timing. Thus, timing algorithms must be able

to properly detect and compute the worst slack on circuits with CDCs in order to provide an

accurate representation of the circuit’s timing state.

In order to enable CDC support in conventional STA, the following steps have to be taken:

1. Determine clock firing times

2. Reconfigure delay propagation

3. Reconfigure slack computation
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4. Reconfigure RAT propagation

3.2 Clock firing times

As it will be shown further on, clock firing times have a significant impact on timing

analysis. The first step to enable CDC support in STA is to derive the closest launch and

capture edges between all clock pairs. There are four possible clock combinations between

two clocks that depend on their period and their first active edge:

1. Same period, launch clock fires before capture clock (figure 3.3)

2. Same period, launch clock fires after capture clock (figure 3.4)

3. Different period, Tlaunch < Tcapture (figure 3.5)

4. Different period, Tlaunch > Tcapture (figure 3.6)

3.2.1 Synchronous Clock Domain Crossings

Cases 1 and 2 are fairly easy to handle, as the difference between the two clocks is constant

and equal to their phase shift. Such cases are also refered to as Synchronous Clock Domain

Crossings. The launch clock firing time (LCFT) can be the clock’s first active edge in both

cases. For case 1, capture clock firing time (CCFT) will equal to LCFT + phase_shift

whereas for case 2, CCFT will equal to LCFT + TLCFT − phase_shift.

Figure 3.3: Same period, launch clock fires before capture clock
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Figure 3.4: Same period, launch clock fires after capture clock

Figure 3.5: Different period, Tlaunch < Tcapture

3.2.2 Asynchronous Clock Domains

Asynchronous Clock Domains are clock domains that have no relation between their pe-

riods. Such cases cannot be solved by simply finding the phase shift between the two wave-

forms, as the distance between the edges varies. The following is an example of such unrelated

clocks:

Clk 1: Period = 2, Waveform = 0,1

Clk 2: Period = 4.5, Waveform = 2, 3

Figure 3.6: Different period, Tlaunch > Tcapture
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By unfolding these two waveforms, a pattern emerges:

Figure 3.7: Clock waveform unfolding

First and foremost, it is obvious that, despite the clocks being completely unrelated, there

are times when the two waveforms overlap. Second, the distance between the overlaps is the

same and equal to the periods’ Least CommonMultiplier (LCM). Third, the smallest distance

between the two clocks is the same and can be found between two overlapping points. Finally,

the overlapping times are always equal to LCM + an offset. This offset is the first time the

two waveforms align.

Consequently, as described also in [20], in order to find the two closest edges between the

clocks, the waveforms must be unfolded within a certain timing window. This step can be

summarized by algorithm 3.1:
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Listing 3.1: Compute Unfolding Timing Window Bounds (CUTWB)
1 Description: Compute two times the two waveforms overlap to set the unfolding timing

window

2 Inputs: p1, e1, p2, e2 >= 0

3 Outputs: lowerBound, upperBound

4 if p1 > p2 then

5 largeT = p1

6 largeActiveEdge = e1

7 smallT = p2

8 smallActiveEdge = e2

9 else

10 largeT = p2

11 largeActiveEdge = e2

12 smallT = p1

13 smallActiveEdge = e1

14 endif

15

16 periodLCM = LCM(p1, p2)

17 lowerBound = periodLCM

18 currLE = largeActiveEdge

19 while currLE < periodLCM do

20 currSE = currLE - (currLE % smallT) + smallActiveEdge

21 if currLE == currSE then

22 lowerBound = currLE

23 break

24 endif

25

26 currentLE += largeT

27 endwhile

28

29 upperBound = lowerBound + periodLCM

30 return lowerBound, upperBound

Having acquired the two bounds, the two closest edges can be found using algorithm 3.2:
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Listing 3.2: Compute Waveforms’ Closest Edges
1 Description: Aquire the unfolding timing window and compute the closest clock waveform

edges between two clocks

2 Inputs: LCP, LAE, CCP, CAE >= 0

3 Outputs: launchClockEdge, captureClockEdge

4 if LCP == CCP then

5 phase_shift = abs(LAE - CAE)

6 launchClockEdge = LAE

7 if LAE < CAE then

8 captureClockEdge = CAE

9 else

10 captureClockEdge = LAE + LCP - phase_shift

11 endif

12 return launchClockEdge, captureClockEdge

13 endif

14

15 lowBound, highBound = CUTWB (LCP, LAE, CCP, CAE)

16

17 if CCP < LCP then

18 if lowBound == CAE then

19 captureClockEdge = CAE

20 launchClockEdge = CAE - LCP

21 return launchClockEdge, captureClockEdge

22 endif

23

24 capEdge = lowBound

25 while capEdge < highBound do

26 edgeDist = capEdge % (LCP + LAE)

27 launchClockEdge = capEdge - edgeDist

28 capEdge += CCP

29 keep edges with minimum edgeDist

30 endwhile

31 else

32 if lowBound == LAE then

33 launchClockEdge = LAE

34 captureClockEdge = LAE + CCP

35 return launchClockEdge, captureClockEdge

36 endif

37

38 launchEdge = lowBound

39 while launchEdge < highBound do

40 edgeDist = launchEdge % (CCP + CAE)

41 captureClockEdge = launchEdge + edgeDist

42 launchEdge += LCP

43 keep edges with minimum edgeDist

44 endwhile

45 endif
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3.3 Delay Propagation and Calculation

As discussed in chapter 2, single-clock STA traverses the circuit graph in from startpoints

to endpoints. Delay at input gate pins is computed as

delayin = delaypred + interconnect_delaypred−>in

whereas delay at output pins is computed as follows:

gate_arc_delay = LUT_delay(Trin, Cout)

delayout = max(delayins + gate_arc_delay)

When CDCs are introduced into the design, however, simply selecting the maximum

delay to propagate at output pins will lead to inaccurate results. Following, is an example of

a simple CDC circuit: Using the methods discussed in section 3.2, when having this clock

Figure 3.8: CDC corner case; Numbers in black represent single-clock STA’s delay annotation

configuration launch clock firing times can be calculated as 6ns for launch FF at clk1 and

2ns for launch FF at clk2. If FF at clk1 fires at 6ns, the corresponding signal will reach the

capturing FF at 6.5ns (by adding the NAND gate’s delay to it). Launch FF at clk2 would

send a signal which would be captured by the rightmost FF at 2.7ns (by adding inverter’s and

NAND gate’s delays to it).

As a result, propagating only one delay value when dealing with CDCs can filter out values

that may prove useful when computing slack at the FF’s data pin. To prevent this, a vector of N
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delay values is stored at each pin and propagated forwards, with N=the number of launching

clocks that reach gate. At CDC points, where multiple clock domains converge, the maximum

delay values per individual clock domain are stored. Figure 3.9 shows the vector of delays

Figure 3.9: Delay vector propagation, per individual clock domain

that is propagated after the CDC point at NAND gate’s output pin.

As far as delay calculation is concerned, the same method as in single-clock STA is used,

with the exception that it takes place for every clock domain of every pin’s predecessor. The

algorithms are modified as follows:

Listing 3.3: CDC DelayCalcInputs
1 Inputs: inputPin

2 Outputs: delayV

3

4 delayV = []

5 predPin = predecessor(inputPin)

6 foreach clkDomain in clockDomains(predPin) do

7 domainDelay = delay(clkDomain)

8 delayV[clkDomain] = domainDelay + wireDelay(predPin, inputPin)

9 end for

10

11 return delayV
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Listing 3.4: CDC DelayCalcOutputs
1 Inputs: outPin

2 Outputs: delayV

3

4 delayV = []

5 foreach predPin in predecessors(outPins) do

6 foreach clkDomain in clkDomains(predPin) do

7 domainDelay = delay(clkDomain)

8 foreach arcDelay in pinArcs(outPin, predPin) do

9 totalDelay = domainDelay + arcDelay

10 end for

11

12 if clkDomain not in clkDomains(outPin) or totalDelay > delayV[clkDomain] then

13 delayV[clkDomain] = totalDelay

14 end if

15 end for

16 end for

17

18 return delayV

3.4 Slack Computation

The slack computation formula shown in chapter 2 assumes that launch and capture clock

firing times are the same and therefore, they are eliminated. A more detailed slack formula

can be the following:

RAT = tCCF + delaycapture_clock_network − FF_setup_time

AT = tLCF + delaylaunch_clock_network + CLD(launchclockdomain)

Slack = RAT − AT

where tCCF is the time of the capture clock firing, tLCF is the time of the launch clock

firing and CLD is the Combinational Logic Delay for the launch clock domain. Slack com-

putation algorithm is modified as follows:
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Listing 3.5: CDC Slack Computation
1 Inputs: FF data pin (D)

2 Outputs: FF data pin slack

3

4 pinSlack = inf

5 capClk = clock(D)

6 foreach launchClk in launchClks(D) do

7 launchEdge, capEdge = closestEdges(launchClkPeriod, launchActiveEdge, capClkPeriod,

capActiveEdge)

8 launchDomainDelay = launchEdge + combDelay(launchClk, D)

9 D_RAT = capEdge + clkNetworkDelay(capClk) - setup(FF)

10

11 currSlack = D_RAT - launchDomainDelay

12

13 if pinSlack > currSlack then

14 pinSlack = currSlack

15 end if

16 end for

17

18 return pinSlack

Applying algorithm 3.5 to the previous example, the results are the following:

Figure 3.10: Slack with CDCs

Not only is the path with the smaller combinational delay the critical one, it actually

violates setup slack, something that would not be seen by using single-clock STA’s formulae

for delay propagation/calculation and slack computation.
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3.5 RAT Propagation

At the final step of CDC STA, RAT is propagated from the graph endpoints to its start-

points and slack is computed for every pin. This step is completely symmetrical to delay

propagation and calculation mentioned in section 3.3:

• Caption clocks are propagated backwards, similar to the launch clocks that are propa-

gated during delay propagation

• At each traversed point, the RATwhich results in the worst slack for said point is stored

and propagated backwards to the rest of traversal’s points.

Figure 3.11: CDC RAT propagation, 1 capture clock
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Figure 3.12: CDC RAT propagation, 2 capture clocks

This step can be summarized in the following algorithms:

Listing 3.6: CDC_RAT_AnnotateInputs
1 Inputs: Input pin (inPin), input pin delays per launch clock (delayV)

2 Outputs: Input pin RAT, slack (inRAT, inSlack)

3

4 succPin = get_successor(inPin)

5 inSlack = inf

6 inRAT = inf

7 foreach launchClock in launchClocks[inPin] do

8 foreach capClock in capClocks[succPin] do

9 if capClock not in capClocks[inPin] then

10 append capClock to capClocks[inPin]

11 end if

12 launchEdge, capEdge = closestEdges(launchClkPeriod, launchActiveEdge, capClkPeriod

, capActiveEdge)

13 launchDomainDelay = launchEdge + delayV[launchClock]

14 foreach arcDelay in arcDelays[inPin, succPin] do

15 currRAT = capEdge - arcDelay

16

17 currSlack = currRAT - launchDomainDelay

18

19 if inSlack > currSlack then

20 inSlack = currSlack; inRAT = currRAT

21 end if

22 end for

23 end for

24 end for

25

26 return inRAT, inSlack
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Listing 3.7: CDC_RAT_AnnotateOutputs
1 Inputs: Output pin (outPin), output pin delays per launch clock (delayV)

2 Outputs: Output pin RAT, slack (outRAT, outSlack)

3

4 succPin = get_successor(outPin)

5 outSlack = inf

6 outRAT = inf

7

8 foreach launchClock in launchClocks[outPin] do

9 foreach succPin in get_successors(outPin) do

10 foreach capClock in captureClocks[succPin] do

11 if capClock not in captureClocks[outPin] then

12 append capClock in captureClocks[outPin]

13 end if

14

15 launchEdge, capEdge = closestEdges(launchClkPeriod, launchActiveEdge,

capClkPeriod, capActiveEdge)

16 launchDomainDelay = launchEdge + delayV[launchClock]

17 currRAT = capEdge - wire_delay(outPin, succPin)

18 currSlack = pinRAT - launchDomainDelay

19

20 if outSlack > currSlack then

21 outSlack = currSlack; outRAT = currRAT

22 end if

23 end for

24 end for

25 end for

26

27 return outRAT, outSlack





Chapter 4

Experiments

4.1 Experimental Flow

The goal of the following experiments is to showcase the accuracy of the CDC timing

analysis methodology when compared to the industrial standards. Figure 4.1 shows the steps

taken to achieve this. Experiments inputs are:

• A design in the form of a Verilog synthesized netlist

• The technology’s timing library

• Design constraints defining clock periods, design input and output delays etc

Figure 4.1: CDC Experiment Flow

These inputs were then given to the industrial tool and to CDC timer. Each tool produced

a report with the worst computed slack for all the pins of the design. The two slack values

were then compared for each pin of the design with a 0.01% error threshold.

43
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4.2 Experiment Input Description

Experiment inputs were selected to cover all possible cases the CDC timer might en-

counter. The designs include:

1. One CDC point of two clocks with one capturing flip-flop (fig. 4.2)

2. One CDC point of two clocks, with a buffer chain on one of the clock domain paths,

to enforce it as the slowest path. CDC point leads to one capturing flip-flop (fig. 4.3)

3. One CDC point of two clocks, with two capturing flip-flops (fig. 4.4)

4. One CDC point of two clocks, with a buffer chain on one of the clock domain paths,

to enforce it as the slowest path. CDC point leads to two capturing flip-flops (fig. 4.5)

5. Two CDC points of 2-3 clocks, with two capturing flops (fig. 4.6)

6. Two CDC points of 2-3 clocks, with two capturing flops and buffers randomly inserted

to the clock network (fig. 4.7)

Design constraints include:

1. A synchronous CDC (2-3 clocks where their periods are multiples),

2. An asynchronous CDC (2-3 clocks where their periods are unrelated)

3. Single clock, to showcase the difference between signle-clock STA and CDC STA

Figure 4.2: CDC Case 1
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Figure 4.3: CDC Case 2

Figure 4.4: CDC Case 3

Listing 4.1: Single-Clock STA constraints
1 create_clock clk1 -period 2 -waveform {0 1}

2 create_clock clk2 -period 2 -waveform {0 1}

3 create_clock clk3 -period 2 -waveform {0 1}

4

5 set_input_delay 0 -clock clk1 [all_inputs]

6 set_output_delay 0.5 -clock clk1 [all_outputs]

Listing 4.2: Synchronous CDC constraints
1 create_clock clk1 -name clk1 -period 2 -waveform {0 1}

2 create_clock clk2 -name clk2 -period 4 -waveform {0 2}

3 create_clock clk3 -name clk3 -period 8 -waveform {0 4}

4

5 set_input_delay 0 -clock clk1 [all_inputs]

6 set_output_delay 0.5 -clock clk1 [all_outputs]
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Figure 4.5: CDC Case 4

Figure 4.6: CDC Case 5

Listing 4.3: Asynchronous CDC constraints
1 create_clock clk1 -period 2 -waveform {0 1}

2 create_clock clk2 -period 4.5 -waveform {0 2.25}

3 create_clock clk3 -period 5 -waveform {0 2.5}

4

5 set_input_delay 0 -clock clk1 [all_inputs]

6 set_output_delay 0.5 -clock clk1 [all_outputs]

4.3 CDC STA vs Single-Clock STA

The difference between CDC vs Single-Clock STA can be clearly seen in cases 4.3 and

4.5. When applying the constraints shown in 4.1 to case 4.3, the critical path passes through

the buffer chain (figure 4.8), as expected. However, the critical path is different when applying
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Figure 4.7: CDC Case 6

the constraints from 4.3, without modifying the circuit at all. (figure 4.9).

4.4 Experimental Results

Table 4.1 shows the results of the CDC timer when compared to the industrial tool. Each

cell shows the total error percentage in slack values for each design, with all constraint com-

binations. The difference in slack values appeared after the 6-7th decimal digit, meaning there

is a 1e-7ns deviation in the two tools, which can even be attributed to rounding errors.

Single-Clock Synchronous CDC Asynchronous CDC

Design 1 0% 0% 0%

Design 2 0% 0% 0%

Design 3 0% 0% 0%

Design 4 0% 0% 0%

Design 5 0% 0% 0%

Design 6 0% 0% 0%

Table 4.1: Experimental results
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Figure 4.8: Case 2 critical path with single-clock STA constraints applied

Figure 4.9: Case 2 critical path with async CDC STA constraints applied



Chapter 5

Conclusion

This thesis presented a Static Timing Analysis algorithm, which is used to determine

whether a circuit satisfy all timing constraints under a user specified environment. Although

STA is typically the fastest methodology for detecting timing violations, it is also the most

pessimistic, as it does not take into account the circuit’s functionality. Furthermore, the thesis

presented Clock Domain Crossings, a case where more than one clock have been specified

and paths constrained by different clocks converge to a single point. An algorithm for de-

tecting the closest firing edges between two clocks has been proposed and the original STA

algorithm was expanded to support CDCs. Experimental analysis covering all possible sce-

narios of CDCs showed 0% error compared to the industry standards.

Further development would be needed in order to improve the methodology’s QoR in terms

of runtime and memory consumption. This, among others, could include better data caching,

a pre-processing step to identify the regions where many clocks converge for better memory

management and more. Future work could include an integration of the current methodology

with a Clock Tree Synthesis algorithm for more accurate clock network delays, providing

feedback to an optimization loop to change clock network delay in such a way that CDC

points do not violate timing and reporting CDC points in such a way that they are resolved

in the RTL level.
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