The introduction of nanometer technologies, has allowed the semiconductor industry to create nanoscale devices in combination with gigascale complexity.

However, new technologies bring with them new challenges. In the era of large systems embedded in a single System-On-Chip and fabricated in continuously shrinking technologies, it is important to test and ensure fault-free operation of the whole system.

The cost involved in semiconductor test has been steadily growing and testing techniques for integrated circuits are today facing many exciting and complex challenges. Although important advances have been made, existing test solutions are still unable to exhaustively cover all types of defects in advanced technology nodes.

Consequently, innovative solutions are required to cope with new failure mechanisms under the constraints of higher density and complexity, cost and time to market pressure, product quality level and usage of low cost test equipment.

The work of this thesis is focused on the development of silicon test and characterization methodologies that aid in the accurate detection and resolution of issues that may arise due to variability, manufacturing defects, wear-out or interference. A wide spectrum of these challenges has been addressed from a test perspective to ensure that the availability of effective test solutions does not become a bottleneck in the path towards further scaling. Additionally the advances and innovations introduced in the myriad domains of electronic design, reliability management, manufacturing process improvements etc. that call for the development of advanced, modular and agile test methodologies have been effectively covered within the scope of this work. This manuscript presents the significant contributions made for enabling resolution of state of the art industrial test challenges via the design and implementation of novel test strategies (targeting the 28nm FDSOI technology node) for:

• Detection & diagnosis of timing faults in standard cells.

• Analysis of Setup and Hold margins within silicon.

• Verification & reliability analysis of innovative test structures.

• Analysis of on-chip self heating.

• Enabling characterization and performance evaluation of high speed digital IPs.
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CONTEXT AND THESIS OBJECTIVES

"The best way to have a good idea is to have a lot of ideas."

Linus Pauling

Semiconductor Technology Evolution

Technology scaling allows realization of increasingly complex systems on a single chip. The steady growth of the global semiconductor industry over the past few decades has been driven by the demand for enhancing performance and functionality at reduced cost. This growth has been primarily facilitated by the continuous evolution of semiconductor manufacturing technology. Following the so-called Moore's law [START_REF] Moore | Cramming more components onto integrated circuits[END_REF], the scale of ICs has doubled every 18 months. A simple example of this trend is the progression from Small Scale Integration (SSI) to Very Large Scale Integration (VLSI) devices. In the 1980s, the term VLSI was used for chips having more than 100,000 transistors and has continued to be used over time to refer to chips with millions and now hundreds of millions of transistors. In 1986, the first megabit Random Access Memory (RAM) contained more than 1 million transistors. Microprocessors produced in 1994 contained more than 3 million transistors. VLSI devices with many millions of transistors are commonly used in today's computers and electronic appliances. This is a direct result of the steadily decreasing dimensions, referred to as feature size, of the transistors and interconnecting wires from tens of microns to tens of nanometers, with current submicron technologies based on feature sizes of just a few nanometers.

Transistors are scaled in each successive technology node to increase their speed, improve packing density, decrease their power consumption and reduce cost. The reduction in feature size has also resulted in increased operating frequencies with current commercially available microprocessors operating in the gigahertz range. Thus, semiconductor technology scaling optimizes circuit performance and power consumption, and allows realization of more and more complex systems [START_REF] Wang | VLSI Test Principles and Architectures[END_REF]. Figure 1.1 representatively depicts the shrink in silicon area required for fabricating the same circuit in successively smaller technology nodes.

Challenges in Advanced Technology Nodes

While offering many advantages, technological trends into the nanometer regime have led to a host of challenges. The sources that affect the integrity and reliability of modern circuits and systems are wide spread including manufacturing process variations, manufacturing defects, wear-out and interference. In this section we discuss some of the major issues that have emerged with technology scaling.

Variability

Variability of transistor characteristics due to variations in Process, Voltage and Temperature (PVT) have always been an issue in integrated circuit design [START_REF] Wirnshofer | Variation-Aware Adaptive Voltage Scaling for Digital CMOS Circuits[END_REF]. PVT variations may prevent the circuit from achieving the required performance even in the case of fault-free fabrication. As device scaling enters into the nano-metric regime the effects of PVT variations are becoming excessively pronounced. Manufacturing process variations are increased due to the lack of precise control on fabrication processes at small-feature technologies. They cause deviation of transistor characteristics and the resulting wide distribution leads to lower parametric yield [START_REF] Bhunia | Process Variations and Process-Tolerant Design[END_REF]. Supply voltage scaling brings it close to or even below the transistor threshold voltage (V th ) to achieve significant gains in energy efficiency. Once the supply voltage is lower than V th the delay shows an exponential dependence on the supply voltage, and therefore the magnitude of supply voltage shifts can have a significant impact on circuit delay [START_REF] Calhoun | Sub-Threshold Design: The Challenges of Minimizing Circuit Energy[END_REF][START_REF] Sapatnekar | Overcoming Variations in Nanometer-Scale Technologies[END_REF].

Scaling also gives rise to chip power densities and inadequate heat sinking cause hot spots to appear. These fluctuations of ambient temperatures alter the timing characteristics of circuits [START_REF] Kumar | The University of Wisconsin Madison[END_REF]. A conventional approach to deal with the problem of variability is to introduce large voltage and frequency guard-bands during sign-off which considerably impacts the power consumption and performance, cannot respond to rapid environmental changes [START_REF] Das | RazorII: In Situ Error Detection and Correction for PVT and SER Tolerance[END_REF] and implies a sharp increase in chip cost. Effectively dealing with variability to maintain or improve the high performance and energy efficient systems while satisfying the required standards for reliability is becoming increasingly challenging with the scaling of technology [START_REF] Samandari-Rad | Confronting the Variability Issues Affecting the Performance of Next-Generation SRAM Design to Optimize and Predict the Speed and Yield[END_REF].

Manufacturing Defects

Semiconductor manufacturing processes may induce permanent defects in a chip during one or more of the process steps involving implantation, etching, deposition, cleaning and lithography due to imperfections. The device miniaturization is making advanced technology nodes increasingly vulnerable to these manufacturing irregularities. It is important that the testing be as thorough as possible to uncover defective chips before they are shipped out [START_REF] Janak | Manufacturing Process Variations and Dependability -A Contrarian View[END_REF]. However, according to past microprocessor data, the die size remains relatively constant [START_REF] Huang | Interaction of scaling trends in processor architecture and cooling[END_REF], whereas the number of transistors per chip double every 2 to 3 years. This means that defect densities continue to increase. Moreover technology scaling and increasing complexity give rise to defects which are more subtle and difficult to detect [START_REF] Santoro | New methodologies for eliminating No Trouble Found, No Fault Found and other non repeatable failures in depot settings[END_REF][START_REF] Segura | CMOS Electronics: How It Works, How It Fails[END_REF]. All these factors when combined with aggressive time-to-market objectives cause test escapes and raise reliability concerns.

Wear-out

Although the area scaling has had an exponential rate, the supply voltage (V dd ) scaling has been quite slow. The two main reasons for slow V dd scaling are to keep up with the competitive frequency growth and to retain the basic noise immunity and cell stability [START_REF] Srinivasan | The impact of technology scaling on lifetime reliability[END_REF]. Hence the dissimilar area and supply voltage scaling rates result in high power densities and elevated temperatures. The well-known wear-out failure mechanisms namely Time-Dependent Dielectric Breakdown (TDDB), Electromigration and thermal stress are all adversely affected by increase in temperature. These agerelated hard errors that appear in-field after a certain period of use are major factors impairing the life-time reliability of modern microprocessors [START_REF] Srinivasan | The case for lifetime reliability aware microprocessors[END_REF] used in data centers and space equipment. These applications demand high throughput and better lifetime reliability. However, these wear-out failures limit their useful lifetime and performance.

Interference

Beyond manufacturing defects and wear-out related permanent faults, integrated systems of recent years are more susceptible to temporary effects like transient or intermittent faults. Smaller geometries increase coupling capacitances and as a result, cross-capacitance between wires in nanometer interconnect structures has turned out to be the dominant component of total net capacitance. High interconnect coupling leads to increase in circuit delay and crosstalk noise. Therefore, reducing of interconnect coupling capacitance is an important task in the view of both circuit noise and timing optimization. [16 -18] 1.3 FDSOI Technology Node To build better devices, the size of the transistors must be reduced while increasing performance and reducing power consumption. FDSOI or Fully Depleted Silicon on Insulator [START_REF] Planes | 28nm FDSOI technology platform for high-speed low-voltage digital applications[END_REF] is an advanced technology node that delivers these benefits by building transistors that are faster, cooler and simpler. In FDSOI, the innovation lies in inserting a thin layer of Insulator called the Buried Oxide (BOX) positioned just below the channel and eliminating the need to add dopants to the channel, thus making it fully depleted. Another key feature is that the silicon on oxide layer is very thin together with the ultra thin body layer. Together this is referred to as the Ultra Thin Body and Buried Oxide (UTBB). On the same technology node, the FDSOI transistors have a shorter effective channel as compared to a bulk silicon transistor. This reduces the effective time required by electrons to travel from the source to the drain, leading to faster transistor. Figure 1.2 shows the schematics of Bulk and FDSOI Transistors.

As the transistor shrinks, the length of the gate is reduced and the control the gate exercises over the channel region is also reduced thereby lowering the transistor performance. Some unwanted leakage current flows even when the transistor is turned off and represents a growing proportion of power consumption with each new technology node. For FDSOI transistors, the insulator layer effectively confines the electrons from the source to the drain thereby drastically reducing the leakage currents from the channel to the substrate. An FDSOI chip is able to run at a lower voltage due to the reduced margins added for process variability which also makes it cooler with lower power consumption. To summarize, FDSOI transistors operate at lower power at equivalent frequency as compared to their bulk counterparts.

The fabrication of all designs and their associated silicon validation results

presented within the scope of this thesis employ the 28nm FDSOI unless stated otherwise. The reduction in feature size increases the probability that a manufacturing defect in the IC will result in a faulty chip. A very small defect can easily result in a faulty transistor or interconnecting wire when the feature size is less than 100 nm.

Testing Overview

Furthermore, it takes only one faulty transistor or wire to make the entire chip fail to function properly or at the required operating frequency. Yet, defects created during the manufacturing process are unavoidable, and as a result, some number of ICs are expected to be faulty. Therefore, testing is required to guarantee fault-free products, regardless of whether the product is a VLSI device or an electronic system composed of many VLSI devices. The goal of manufacturing test is to detect any defect that occurs in the fabricated circuits. Ideally, we can differentiate faulty circuits and fault-free circuits after the manufacturing test. Figure 1.3 illustrates the basic principle of chip testing [START_REF] Wang | VLSI Test Principles and Architectures[END_REF] wherein purpose it accomplishes and the current phase of production (from fabrication to shipment) for the circuit under test [START_REF] Bushnell | Essentials of Electronic Testing for Digital, Memory and Mixed-Signal VLSI Circuits[END_REF]. In the following subsections, four types of test methods are briefly covered in the order they are conducted during the design and manufacturing processes.

Characterization Test

Also known as design debug or verification testing, this form of testing is performed on a new design before it is sent to production [START_REF] Bushnell | Essentials of Electronic Testing for Digital, Memory and Mixed-Signal VLSI Circuits[END_REF]. The main objective of characterization test is to verify that the design is correct and the device will meet all specifications. Comprehensive AC and DC measurements are made during this test process. The requirement for thoroughness during this testing phase may often lead to probing of internal nodes of a chip, not performed as part of any other test process.

Generally, devices are tested for the worst case because it is easier to evaluate than average cases and devices passing this test usually work for any other conditions.

Production Test

Every fabricated chip is subjected to production tests, which are less comprehensive than characterization tests yet they must enforce the quality requirements by determining whether the device meets specifications. It may not be possible to cover all possible functions and data patterns, but production tests must have a high coverage of modelled faults. Since every device must be tested before being packaged, test application time is of great importance. Production test should be as brief as possible and is usually different from characterization tests. All devices that pass production tests are not identical. When put to actual use, some will fail very quickly whereas others will function for a long time. Burn in tests screen for long-term reliability of devices by either continuous or periodic testing over a period, usually under nonrated conditions. Rate of failure of integrated circuits at different phases of life follows a bathtub curve [START_REF] Hnatek | Integrated Circuit Quality and Reliability[END_REF] as shown in Figure 1.4. Correlation studies show that the occurrence of potential failures can be accelerated at elevated temperatures [START_REF] Jensen | Burn-In[END_REF]. Two types of failures are isolated by burn-in:

Burn-in Test

1. Infant mortality failures, often caused by a combination of sensitive design and process variation, and may be screened out by a short-term burn-in (10-30 h) in a normal or slightly accelerated working environment, and 2. Freak failures, that is, devices having the same failure mechanisms as the reliable devices, require long burn-in time (100-1000 h) in an accelerated environment.

In practice, a manufacturer must balance economic considerations against the device reliability. In any case, the elimination of infant mortality failures is considered essential for most applications [START_REF] Bushnell | Essentials of Electronic Testing for Digital, Memory and Mixed-Signal VLSI Circuits[END_REF].

Incoming Inspection

System manufacturers perform incoming inspection (also called quality assurance) on purchased devices before integrating them into the system. Depending upon the context, this testing can be either similar to production testing, or more comprehensive than production testing, or even tuned to the specific systems application. The most important purpose of this testing, performed at the vendor site, is to avoid placing a defective device in a system assembly where the cost of diagnosis may far exceed the cost of incoming inspection.

The development of new technology platforms is done through the validation of various test chips, which fulfil the fundamental requirement of determining the silicon parameters of IP's (functionality, timing, power, etc.) before they can be used in a real System-on-Chip. Therefore, while qualifying new technology nodes, it is essential to ensure that the silicon performance of test circuits is within acceptable limits.

Furthermore, accurate diagnosis and understanding of the sources of deviation from expected behaviour is essential for improving the yield and performance of a given technology node.

Research Objectives

The control loop for dynamic supply voltage regulation of digital circuits using the warning flags generated by the pre-error monitors. Analyse the silicon results to quantify the reliability benefits and power savings that are accrued from the implemented AWM strategy.

• Develop a test methodology for thermal characterization under dynamic workloads using embedded digital sensors. In particular, the methodology should be capable of capturing the thermal gradient across small time intervals and also be efficient in managing the resultant high volume of generated data.

Analyses of the on-chip thermal results should provide useful insights into dynamic self-heating on silicon and should also show directions for future testchip design requirements related to thermal measurements.

• Implement the full silicon level electrical characterization correlation of the simulation done using a novel method based upon existing CAD tools and a mixed mode approach, on a representative digital design. The correlation of silicon results with the ones obtained via the simulation flow should provide designers with deeper insights into the gains achieved using Adaptive Voltage Scaling from within the simulation environment.

• Evaluate the electrical performance metrics of a single-supply SPARC 32bit V8 microprocessor designed with Ultra Low Voltage (ULV) adapted standard cells and memories, aiming at low energy operation and stand by power. Wafer-level tests should throw light on the operating range and energy savings achieved by the ULV adapted microprocessor. Further perform a comparative analysis with similar implementations to understand the performance gain and power savings that are achieved by the design methodology and implementation technology.

The above listed objectives are individually dealt with in the forthcoming chapters.

AN EFFECTIVE POWER-AWARE AT-SPEED TEST METHODOLOGY FOR IP QUALIFICATION AND CHARACTERIZATION

"The real voyage of discovery consists not in seeking new landscapes but in having new eyes."

Marcel Proust

Abstract: Advanced nanometer technologies have led to a drastic increase in operational frequencies resulting in the performance of circuits becoming increasingly vulnerable to timing variations. The increasing process spread in advanced nanometer nodes poses considerable challenges in predicting post-fabrication silicon performance from timing models. Thus, there is a great need to qualify basic building structures on silicon in terms of critical parameters before they could be integrated within a complex System-on-Chip (SoC). This chapter presents a configurable circuit and an associated power-aware at-speed test methodology for the purpose of qualifying basic standard cells and complex IP structures to detect the presence of small delay defects. The circuit design has been embedded within test-chips used for the development of the 28nm Fully Depleted Silicon On Insulator (FDSOI) technology node. The relevant silicon results and analysis validate the proposed power-aware at-speed test methodology for qualification and characterization of IPs and provide deeper insights for process improvements.

Introduction

Consequent (functionality, timing, power, etc.) before they can be integrated in a real SoC design.

Having modular design architectures for test, effective test methodologies, efficient diagnosis of defects and the ability to accurately characterize the impact of Process Variations (PV) [START_REF] Borkar | Parameter variations and impact on circuits and microarchitecture[END_REF][START_REF] Onodera | Variability modeling and impact on design[END_REF] is essential to the IP Qualification process.

From a post-silicon test point of view, the physical phenomenon observed in deep sub-micron nodes give rise to new defects and immensely complicate the task of timing analysis and path selection for testing and grading the final chips. IC manufacturing test is continually evolving, with an increased emphasis on at-speed testing to maintain test quality for larger, more complex chips and new fabrication processes. At-speed testing is crucial for ensuring product quality from the timing performance point of view and maintaining the reliability level of chips delivered to customers after testing. At-speed testing is now the industry norm as many timing related defects go undetected by ATPG patterns generated using the classical stuck-at and bridging fault models [START_REF] Lin | High-frequency, at-speed scan testing[END_REF][START_REF] Vorisek | At-speed testing of SOC ICs[END_REF]. Further, power consumption during test is significantly higher than during normal functional mode [START_REF] Bushnell | Essentials of Electronic Testing for Digital, Memory and Mixed-Signal VLSI Circuits[END_REF][START_REF] Crouch | Design-for-Test for Digital IC's and Embedded Core Systems[END_REF][START_REF] Dabholkar | Techniques for minimizing power dissipation in scan and combinational circuits during test application[END_REF][START_REF] Girard | Survey of low-power testing of VLSI circuits[END_REF][START_REF] Nicolici | Embedded Tutorial on Low Power Test[END_REF]. The reason is that test patterns tend to activate switching on a large number of nodes while a typical functional mode only activates a small portion of the design at any given time instance.

Also successive functional input vectors applied to a given circuit during system mode have significant correlation, while the correlation between consecutive test patterns can be very low [START_REF] Wang | DS-LFSR: a new BIST TPG for low heat dissipation[END_REF]. The excessive power consumption can result in parts being damaged during test, or in preventing good parts from passing test, leading to yield loss. This necessitates the need to develop power-aware test methodologies. In order to have proper characterization in terms of timing it becomes inevitable to evaluate the impact of aging degradation too through burn-in tests. Stress tests such as high voltage tests and burn-in tests are often used to perform accelerated testing in order to detect infant moralities and screen weak parts [START_REF] Multari | Burn-in discussion group minutes[END_REF]. Furthermore, accurate diagnosis of the sources of defects & deviations from expected behaviour is essential for improving the yield and performance of a given technology.

In this context, this chapter presents a circuit design which may be embedded 

Background and Motivations

Performance verification in the presence of PV is difficult to perform because the critical path is no longer unique. Different paths become frequency limiting in different process corners. In advanced nanometer manufacturing, systematic delays owing to unpredictable process changes have assumed a greater share of customer fails than catastrophic defects [START_REF] Cheng | Test challenges for deep submicron technologies[END_REF]. Conventional ASIC design methodology uses precharacterized standard cells to optimize the design as per specifications. During the process development phase it is necessary to complement pre-silicon analysis with postsilicon timing and power characterization on fabricated devices. Characterization results are used to identify outliers, understand the impact of PV and improve the design before ramp and production [START_REF] Reda | Thermal and Power Characterization of Real Computing Devices[END_REF]. Accurate timing characterization of standard cells as well as complex IPs is required for power and performance optimization of designs which embed them.

It has been observed that the presence of random defects can affect circuit performance with very slow-to-rise or very slow-to-fall switching transitions [START_REF] Nigh | Failure analysis of timing and IDDq-only failures from the SEMATECH test methods experiment[END_REF]. Such defects can cause an increase in the delay of paths going through circuits. A device fails to operate at the rated speed if it contains a delay defect that creates a path delay higher than the maximum allowed path delay [START_REF] Tendolkar | Analysis of Timing Failures Due to Random AC Defects in VLSI Modules[END_REF]. The different fault models for generating test patterns for delay defect detection are the transition delay model, the path delay fault model and the SDD fault model. In the transition fault model [START_REF] Waicukauski | Transition Fault Simulation[END_REF], a gate net has a slow-to-rise and a slow-to-fall fault associated with it while the path delay fault model [START_REF] Wang | Critical path selection for delay fault testing based upon a statistical timing model[END_REF] targets the cumulative delay through the entire set of gates in a pre-defined path.

Moreover, the path delay fault model not only takes into account the cumulative delay through the entire list of gates in a pre-defined path, but it can also take into account localized delay defects. Depending on how delay faults are tested in scan design environment, there are two transition delay fault pattern generation approaches, namely the Launch-Off-Shift (LOS) and Launch-Off-Capture (LOC) schemes [START_REF] Lin | High-frequency, at-speed scan testing[END_REF][START_REF] Ahmed | At-speed transition fault testing with low speed scan enable[END_REF].

Application of at-speed tests for detecting delay faults in synchronous sequential circuits is usually done using scan-based structural tests generated by an Automatic Test Pattern Generator (ATPG). Timing-aware ATPGs require long CPU run time for pattern generation and fault simulation, and also result in a significantly large pattern count [START_REF] Yilmaz | Test-Pattern Grading and Pattern Selection for Small-Delay Defects[END_REF]. In [START_REF] Iyengar | Variation-aware performance verification using at-speed structural test and statistical timing[END_REF], a variation aware method based on statistical timing to select critical paths for structural test is discussed wherein path delays are projected into different process corners using their linear delay function forms. The work of [START_REF] Tendolkar | Improving Transition Fault Test Pattern Quality through At-Speed Diagnosis[END_REF] has explored improving transition fault pattern quality through at-speed diagnosis to automatically identify the failing paths and locate the root cause of failure. The premise is that complete timing information is unavailable during ATPG and it may be possible that some of the at-speed patterns may activate paths which are not required to meet system speed (for e.g. non-functional paths), and these patterns may fail during production test.

Power inducing over-test occurs when fully-functional chips fail during testing because of excessive heat and/or Power Supply Noise caused by test patterns with excessive switching activity and is rapidly becoming one of the most serious problems in scan testing, especially for low-power, high-speed, and deep-submicron integrated circuits [START_REF] Saxena | A case study of ir-drop in structured at-speed testing[END_REF][START_REF] Yoshida | A new approach for low-power scan testing[END_REF]. This is particularly aggravated during burn-in testing which can lead to significant power variations within the die [START_REF] Bahukudumbi | Power Management for Wafer-Level Test During Burn-In[END_REF]. Since power consumption increases significantly with elevated temperature and voltage, the execution of burn-in tests can be limited by the allowed power dissipation budget [START_REF] Ravi | Power-aware test: Challenges and solutions[END_REF]. For scan-based tests, power is divided into shift-power and capture-power. Shift-power is the power consumed during the process of simultaneously serially loading the test stimulus and unloading the previous test response whereas capture-power is the power consumed during one or more capture clock cycles. Generally, test power problems are classified as peak power issue which is highest permissible value of power at any given instant and average power issue which is total distribution of power over a time period [START_REF] Hsiao | Peak power estimation of VLSI circuits: new peak power measures[END_REF]. Test power reduction can be addressed at various stages of test generation for logic circuits, by employing low-power ATPG, low-power test compaction, low-power X-filling, and low-power test vector ordering [START_REF]Power-Aware Testing and Test Strategies for Low Power Devices[END_REF]. The most significant advantage of reducing test power through low-power test generation is that this approach causes neither circuit overhead nor performance degradation. Power-aware Design-for-Test (DfT) techniques allow for controlling the power consumption and reduce the overall energy consumed during test. Clock gating can be employed to reduce test power without impacting fault coverage. Techniques such as segmentation, clustering and ordering of scan cells reduce the power consumption, and improve the effectiveness of power reduction techniques such as test planning and power-aware test generation [START_REF]Power-Aware Testing and Test Strategies for Low Power Devices[END_REF]. A common method to reduce the excess switching activity during shifting is to split the scan path into several segments. Shifting is then done one segment after the other [START_REF] Whetsel | Adapting scan architectures for low power operation[END_REF]. The segments not currently active are not clocked and do not contribute to shift power. Staggered clocking or skewed clocking is a technique used in low-power design where segmented parts of a design are clocked in an alternating fashion to reduce the simultaneous switching activity and thereby the peak power during test [START_REF] Bonhomme | A gated clock scheme for low power scan testing of logic ICs or embedded cores[END_REF][START_REF] Girard | A modified clock scheme for a low power BIST test pattern generator[END_REF].

The work of this chapter focuses on the detection of timing related defects at the standard cell level during the process development phase. The presented poweraware modular design structure and test methodology allow for the reduction of capture power during at-speed tests. The proposed framework and methodology simplify the procedure for fault diagnosis and outlier localization using functional at-speed patterns.

The associated results and analysis help in further understanding the effects of PV across multiple corners on timing related defects and design margins. 

Circuit Design Architecture and Implementation

Test Methodology

In this section, firstly the application of power-aware at-speed patterns employed for testing tiles within the test-chip design have been explained with the aid of timing diagrams. Thereafter, the test flow used for qualifying the CUTs embedded into the test-chip is explained. In the rest of this chapter, at-speed patterns developed using an ATPG tool are referred to as at-speed ATPG patterns whereas those developed using a pattern development language are referred to as at-speed functional patterns.

Test Patterns

For increasing efficiency and reducing test time, multiple instances are tested in parallel. From a peak power perspective, it is necessary to optimize the capture power as the number of CUTs switching during capture is much greater than the number of nodes switching during scan shifting. This is due to the fact that within a tile, activity is induced on N CUTs which are tested in parallel and only a single scan flop which is stitched across tiles to form the scan chain. Assuming a switching activity of X at any time for each instance embedding 100 tiles, this particular implementation would result in a total switching activity of 6.5X since a single block embeds 5 instances with 100 tiles and 3 instances with 50 tiles. Such concurrent switching as shown in Figure 2.7(a)

would cause an unacceptable spike in peak capture power. For tackling peak power issues during capture, at-speed pulses for each instance are mutually skewed such that at any given point in time, the capture pulses for just a single instance induce activity as shown in Figure 2.7(b). This is achieved by setting the required length of the Clock 

With peak power aware approach

Control Shift Register of the OCC during the design phase and then programming it accordingly to provide the required skew amongst instances. This approach induces a maximum switching of X across all instances at any point of time during capture. In order to guarantee this clocking scheme on silicon, clock skew of zero must be ensured at the input of each instance.

Test Flow Figure 2.8: Test Flowchart

Steps to test the design for deriving the silicon spread and detecting any outliers present on silicon are sequentially performed as follows (see Figure 2.8):

1. Firstly the status of an ATPG pattern generated using the Stuck-At fault model is checked for the entire block to filter the presence of any static faults present within the design.

2. The functionality of the reference scan chain is verified at low speeds by ensuring that a reference pattern is well propagated.

3. The functionality of the bypass structure is verified at low speeds by ensuring that reference data is well captured.

4. Functional scan patterns which apply a sequence of input data to the CUTs within an instance are tested at low speed. This provides a picture of the functional integrity of CUTs at low frequencies.

5. Steps 1-4 are performed at nominal operating conditions and an instance is considered to be faulty if a failure is observed on any pattern during these steps.

Thereafter, characterization using at-speed patterns is performed by determining the maximum frequency (Fmax) or the minimum voltage (Vmin) of operation.

Fmax Characterization: Functional at-speed scan pattern with high-frequency capture pulses and low-frequency shift out is tested repeatedly for multiple frequencies in the entire test frequency range. This is done by dynamically modifying the PLL frequency programmed within the functional at-speed pattern. A step size of 10Mhz has been used

to achieve the required test granularity but may be easily adjusted to suit specific requirements.

Vmin Characterization: Functional at-speed scan pattern with high-frequency capture pulses and low-frequency shift out is tested repeatedly for multiple voltage points in the entire test range. A step size of 10mV has been used to achieve the required test granularity but may be easily adjusted to suit specific requirements.

The first failing frequency/voltage for every instance is logged to have an insight into the speed limitation of the tile on silicon. The subsequent failures are captured to observe the silicon spread in terms of delay. For failing frequencies/voltages, a cycle-based failure datalog is generated for diagnosis, which simply details the failing cycles and the output pin. Using this information, the failing CUT, tile and instance can be easily identified as a particular failing cycle can be accurately mapped back to the failing CUT. On a comparative basis, Vmin characterization is faster as compared to Fmax characterization as there is no need to dynamically modify the pattern during runtime for programming the PLL. This makes Vmin characterization more suitable to production test where a simple change of the input spec value is required. Also, most silicon test environments provide in-built functions for performing a Vmin search. However, an Fmax search is more suitable for understanding the silicon spread in terms of frequency at any given voltage point.

Silicon wafers with test-chips having our design embedded within them have been fabricated as part of a corner lot using the 28nm FDSOI technology node. For the purpose of investigation, wafers of the slow, typical and fast corners were tested at multiple temperatures using the Verigy 93k automated test equipment.

Evaluation of the proposed Test Methodology

This section provides a comparative analysis of the different at-speed patterns that may be used in the test methodology and highlight the benefits of the power-aware approach. The design architecture supports at-speed testing with patterns that may either be developed using an ATPG tool or written using a cycle based pattern development language. Figure 2.9 graphically displays the comparison between at-speed functional and at-speed ATPG patterns for a single instance with respect to memory requirement and runtime. From the graph it is evident that at-speed functional patterns require about 90% less memory as compared to at-speed ATPG patterns as these patterns use an internal Finite State Machine to generate control signals and apply stimuli to the embedded CUTs. At-speed functional patterns are two magnitudes of order faster than the ones generated using an ATPG tool, in terms of the number of tester cycles required for their execution. Since a functional pattern is cycle-based, a deeper knowledge of design interactions and activations from within the pattern is easily available. This information is essential for programming the PLL to produce a range of frequencies when operated at a constant input frequency. Furthermore, at-speed functional cycle-based patterns simplify the diagnosis process as a failing cycle can be easily mapped back to the faulty CUT. This is due to the fact that for at-speed functional patterns, each particular failing cycle corresponds to a unique CUT within the design and may be tabulated in a look-up corner for stress (SS_0.6V_-40°C), the peak power at any instant of time is low for both power aware and unaware approaches. However for the worst stress corner (FF_1.3V_125°C), peak power consumption with the power unaware approach is much higher and could violate the power budget for the test-chip which would be risky for silicon testing. Further with power-aware approach, it is found that power consumption reduces by almost 70% across PVT corners which enable to comfortably meet the power budget of the block.

Memory and Runtime Evaluation

Results and Analysis of Fmax and Vmin Characterizations

This section presents the results and analysis of Fmax and Vmin 

Summary

This chapter presents a test circuit for accurately characterizing IPs and standard cell libraries using at-speed testing. The design supports the qualification of basic building gates, cells and structures on silicon during the process development phase in terms of timing before they are integrated within complex SoCs. The presented power aware design and test methodology helps mitigate peak power issues during capture and reduce power consumption by about 70%. The implementation allows the use of both at-speed functional and at-speed ATPG patterns, and a comparative analysis of both approaches in terms of memory requirement, test time etc. for this specific design is put forth. The presented design has been tested and validated for the 28nm FDSOI node. The results provide an insight into the impact of within die and within wafer variation across multiple PVT points. Information regarding CAD vs. silicon correlation derived from the test results helps to efficiently optimize CAD models and determine the timing margins provided during sign-off. Fault diagnosis using the derived silicon results helps in deeper understanding & resolution of design ambiguities and process limitations. In the future, this block is intended to be deployed for the assessment of even smaller technology nodes during the process development phase.

ANALYSIS OF SETUP AND HOLD MARGINS INSIDE SILICON FOR ADVANCED TECHNOLOGY NODES

"Who looks outside, dreams; who looks inside, awakes."

Carl Jung

Abstract: This chapter presents a design and methodology for accurate characterization of setup and hold margins in silicon while taking into account effects of Process Variations (PV). The test circuit provides deeper insights into sources of extra timing margins available on silicon. This in turn, enables accurate guard banding by preventing optimism and reducing unnecessary pessimism in the timing margins provided during sign-off. The presented design has been used for the development of the 28nm Fully Depleted Silicon On Insulator (FDSOI) node and associated relevant results and analysis have been provided.

Introduction

As device geometries continue to shrink in order to achieve higher integration density and performance, the ability to control critical device parameters is becoming increasingly difficult. With every consecutive technology node, circuit performance becomes ever more sensitive to process variations [START_REF] Borkar | Parameter variations and impact on circuits and microarchitecture[END_REF] as significant variation in device length, width and oxide thickness have been observed. The loss in performance due to Process Variation (PV) can be equal to the gain by one full technology generation [START_REF] Bowman | Impact of die-to-die and within-die parameter fluctuations on the maximum clock frequency distribution for gigascale integration[END_REF].

With frequencies increasing aggressively, even pico-second variations cannot be ignored, in particular, for high speed clock design. Characterizing and managing PV is becoming a critical issue for technology nodes in the nanometer range. Process variations not only affect yield, but also have an impact on performance and reliability.

Timing analysis for signoff can no longer ignore PVs whose signature is observed from foundry-to-foundry, lot-to-lot, wafer-to-wafer, within-wafer and also within-dies. In particular, within-die variations are becoming progressively significant with each technology node [START_REF] Onodera | Variability modeling and impact on design[END_REF]. Hence, additional conservatism is added to account for these variations, which can result in missed timings on the clock and data paths. Such margins are added during sign-off and are referred to as De-rate in the rest of this chapter. It is observed that simple guard banding to mitigate the effects of PV leads to increased product development times and uncompetitive products. In addition, traditional Static Timing Analysis (STA) methodologies are unable to cope with the large number of permutations of process, voltage, and temperature corners created by these independent and increasingly random sources of variation [59 -61].

The development of new technology platforms is done through the validation of various test chips, which fulfil the fundamental requirement of determining the silicon parameters of IP's (functionality, timing, power, etc.) before they can be used in a real System-on-Chip. Therefore, while qualifying new technology nodes, it is essential to ensure that the silicon performance of test circuits is within acceptable limits.

Furthermore, accurate diagnosis and understanding of the sources of deviation from expected behaviour is essential for improving the yield and performance of a given technology node.

This chapter presents a novel yet simple test circuit for accurate characterization of Setup and Hold margins while taking into account effects of PV. The circuit consists of a data path between launch and capture flops whose skew can be accurately controlled to cause hold / setup violations. This design has been used for the development of the 28nm FDSOI [START_REF] Planes | 28nm FDSOI technology platform for high-speed low-voltage digital applications[END_REF] node and the associated relevant results and analysis provide deeper insights into the effects of PV and the constituent components of the timing margins observed on silicon.

State of the Art

Several methods have been proposed for enhancing yield and reliability as well as improving timing analysis while factoring in PV. Firstly [START_REF] Mutlu | Statistical methods for the estimation of process variation effects on circuit operation[END_REF][START_REF] Sato | Growing Importance of Fundamental Understanding of the Source of Process Variations[END_REF] discuss statistical methods for estimation and control of PV effects on circuit operation. Ring-oscillator based measurement circuits are the most popular digital techniques for on-chip variability control and are often used for simple and fast characterization of the AC characteristics of digital CMOS circuits [START_REF] Bhushan | Ring oscillators for CMOS process tuning and variability control[END_REF][START_REF] Das | On-Chip Measurement of Rise/Fall Gate Delay Using Reconfigurable Ring Oscillator[END_REF]. However, what the frequency of a ring oscillator tells us is how fast or slow a chip can operate and this data would need to be further post processed to take requisite decisions for tuning performance in the presence of variability. Post-fabrication tuning of substrate bias has been suggested in order to try and compensate for threshold-voltage variation [START_REF] Tschanz | Adaptive body bias for reducing impacts of die-to-die and within-die parameter variations on microprocessor frequency and leakage[END_REF]. The study of the impact of process and environmental variation on ASIC timing and methodologies to account for them while modelling circuit delay and performing STA have been shown in [START_REF] Zuchowski | Process and environmental variation impacts on ASIC timing[END_REF][START_REF] Dai | Timing analysis taking into account interconnect process variation[END_REF].

Nevertheless these methods take into account just the systemic variations while ignoring random variations, which contribute to an increasing proportion of global variation in deep sub-micron nodes.

In [START_REF] Bai | A new statistical setup and hold time definition[END_REF] a new statistical definition for setup and hold time is put forth which accounts for PV whereas [START_REF] Okumura | Setup time, hold time and clock-to-Q delay computation under dynamic supply noise[END_REF] motivates the fluctuation of setup time, hold time and Clock-to-Q Delay under dynamic conditions and presents a method to cope with dynamic power supply noise in FF timing estimation. In [START_REF] Salman | Pessimism reduction in static timing analysis using interdependent setup and hold times[END_REF] a methodology for interdependent setup and hold time characterization of sequential circuits has been presented. However once again this aims at reducing pessimism in STA without taking into account PV effects on silicon. Post-silicon skew tuning via Programmable Delay Elements, which aims at overcoming the effects of PV by utilizing setup and hold timing tests has been shown in [START_REF] Kaneko | Post-silicon skew tuning algorithm utilizing setup and hold timing tests[END_REF]. A hold time failure model is defined and an approach for explicit validation of hold time violations is shown in [START_REF] Majumdar | Hold time validation on silicon and the relevance of hazards in timing analysis[END_REF]. The work presented in this chapter takes forward the State-of-the-Art by presenting a test circuit and methodology for characterizing Setup and Hold margins on silicon and understanding the constituent components of these margins. In order to derive the data path for the design, an analysis was done on real world SoC's and a representative set of cells was selected from the ones that were most commonly 

Basic Concepts, Measurement Circuit and Methodology

Test Methodology

Steps to characterize the CDD block and derive the extra margin on silicon are sequentially performed as follow:

1. Firstly the functionality of launch and capture flops is verified along with a check for the occurrence of metastability in the absence of skew between the clock paths.

The delay of the Offset i.e. the extra combinational logic within the Clock and

Data Paths is characterized. This can be done as it is possible to mux just the Offset within the path and measure its delay.

3. The delay of the complete clock and data paths is characterized i.e. with the Offset included for the entire range of variable delay that can be added within these paths. This enables the extraction of data and clock path delays while excluding the offset. Silicon wafers with test chips having our design embedded within them have been fabricated as part of a corner lot at two different foundries using the 28nm FDSOI technology node. For the purpose of our investigation, a single chip from wafers of the SS, TT and FF corners were tested at -40°C, +30°C and +125°C in the voltage range of 0.7V -1.4V using the Verigy 93k automated test equipment.

Results and Analysis

This section describes the results which quantify the available setup and hold margins inside silicon. The presented analyses help to understand the constituent components of the available timing margins in silicon. Pessimism added in de-rates results in higher cells drives and higher operating voltage to meet the required frequency specification. The extra setup margin waveforms in Directions of positive value in graph can be interpreted from Table 3.1 which shows the comparison of silicon data with respect to sign-off. ' ↑ ' represents an increase in silicon delay with respect to signoff, whereas ' ↓ ' represents a decrease in silicon delay with respect to sign-off. When Silicon Clock and Data delays are in the directions of the arrows shown in Table 3.1, then extra margin for clock and data is in positive direction.

As shown in Figures 3.9 & 3.10, data de-rates are more pessimistic as compared to clock de-rates for hold. For sign-off Hold, Launch clock is de-rated with negative value which will decrease the Launch clock delay and capture clock is de-rated with positive value which will increase the capture clock delay. Therefore we infer that Clock cells are delayed in silicon with respect to sign-off clock insertion values. Overall clock de-rates are also pessimistic as skew introduced because of de-rates supports hold.

Spice data which is without any margin is showing positive slack & Silicon result is above Spice as FF Silicon wafer is towards typical side of the Gaussian curve.

Similarly as seen in Figures 3.11 & 3.12, setup which is passing with 0ps of slack for a given frequency is having positive slack in Spice and Silicon. Data de-rates are optimistic with respect to silicon data path/cells and clock de-rates are pessimistic with respect to clock paths/cells. Sign-off Capture Clock cells are de-rated negatively for setup which means clock insertion will be faster for capture clock but in silicon clock cells are having higher delay. This creates more gaps between actual silicon value and sign-off estimates. Launch path cells are delayed in sign-off with higher de-rates than silicon which again creates positive skew, supporting the setup. Keeping in mind that modern technology nodes are slated to be in production at multiple foundries, the de-rating factors applied must also take into account the lot-to-lot and Fab-to-Fab variations.

ADAPTIVE WEAROUT MANAGEMENT WITH IN-SITU AGING MONITORS

"Live as if you were to die tomorrow; learn as if you were to live forever."

Mahatma Gandhi

Abstract: This chapter shows the fundamental elements towards an Adaptive Wearout Management (AWM) control loop for the dynamic supply voltage regulation of digital circuits. Firstly, a new generation of in-situ monitors which generate warning flags to prevent circuit failure under nominal conditions have been explained. A voltage management control loop to efficiently tackle all voltage margins over a large range of DVFS operating conditions and temperatures has been implemented. The relevant experimental silicon results related to timing windows and power savings have been provided.

Introduction

The doubling of transistor counts every two years, as evinced by Moore's law [START_REF] Moore | Cramming more components onto integrated circuits[END_REF], has been the fundamental driver of the microprocessor industry. This law still paces the device roadmap, as defined within the ITRS consortium [75]. Its corollary about microprocessor performance and power consumption is known as Dennard's scaling [START_REF] Dennard | Design of ion-implanted MOSFET's with very small physical dimensions[END_REF]. In the mid-2000s, this trend was disrupted when the microprocessor reached the heat dissipation limits of the chip. At this point new solutions (like multiprocessing) were adopted to keep exploiting the still growing number of transistors, while maintaining power consumption within manageable limits. On the other hand, the demand for increasing performances of portable devices like smartphones or tablets is constrained by a limited power source. Finally, almost all electronic market segments are now driven by energy efficiency (performance per watt) and not solely by pure performance metrics. All conventional synchronous digital systems are semi-custom designs. It means that a set of logic gates is dynamically selected from a standard cell library (containing all available logic gates) to establish the desired functionality under a given frequency, while optimizing iteratively power and area consumption. Further, it is also important that correct timing is ensured under Process, Voltage and Temperature fluctuations as well as Aging (PVTA). The traditional approach is to fulfil all these requirements under the worst-case scenario. This worst-case approach translates into additional voltage safety margins on top of the nominal minimum voltage i.e. the required supply voltage if no PVTA variations occur as shown in Figure 4.1.

Figure 4.1: Different voltage margins in addition to the nominal minimum voltage

Though these margins allow the proper operation in extremely uncommon scenarios, it results in excessive margins during standard operating conditions, which in turn deteriorate the circuit's energy efficiency. Considering the need for growing margins in recent technologies, it is desirable to cut unused voltage margins while operating away from worst-case situations. Significant power savings can be achieved by cutting additional voltage margins as the dynamic power decreases quadratically with the supply voltage and the leakage power reduces even exponentially. However, reducing the supply voltage increases the path delays and may result in timing errors.

This necessitates the need for having embedded sensors which can detect / predict the occurrence of timing errors.

The idea behind circuit failure prediction is to forecast the occurrence of a failure during normal system operation before the appearance of any error that can result in corrupt system data and states. This is in contrast to classical error detection where a failure is detected after errors appear in system data and states. Failure prediction can be performed in multiple ways wherein the basic principle is to insert a wide variety of sensors i.e. In-Situ Monitors (ISM) at various locations inside a chip.

During normal system operation, these sensors collect information about various system parameters over time. Examples of such system parameters range from temperature, voltage, ring oscillator delays to complex relative timing relationships among logic signals. The data collected by the sensors is analysed on-chip or off-chip to identify anomalies and predict failures. In-situ monitors (ISM) might be needed for two main application kinds. One application is to predict all timing failure events which can be combined with any existing resilience mechanism [START_REF] Das | RazorII: In Situ Error Detection and Correction for PVT and SER Tolerance[END_REF][START_REF] Choudhury | Analytical model for TDDB-based performance degradation in combinational logic[END_REF][START_REF] Fojtik | Bubble Razor: An architecture-independent approach to timingerror detection and correction[END_REF] at the price to additional, complex circuitry. Another possible application is to use the monitor as speed sensors indicating whether stabilized current operation condition is close to possible timing failure. Except for fast transient voltage variations, this approach can be used with Adaptive Body Bias (ABB) or Dynamic Voltage Frequency Scaling (DVFS) to account for static or slowly changing variations such as manufacturing variations, ambient conditions as well as circuit aging effects.

State of the Art

Margins related to manufacturing variations (towards slow or fast global corners) can be reduced statically by testing a part after production to adjust the voltage.

This process still does not eliminate the need for margins to cope with dynamic environmental variations. To exploit unused margins, but avoid aggressive voltage scaling, the supply voltage has to be adjusted in a closed-loop control. To reach the realtime feedback of the chip's operating condition, various classes of monitors have been proposed in order to measure the circuit path delay. Ring oscillators [START_REF] Burd | A dynamic voltage scaled microprocessor system[END_REF] or Canary circuits [START_REF] Drake | A Distributed Critical-Path Timing Monitor for a 65nm High-Performance Microprocessor[END_REF][START_REF] Chan | DDRO: A novel performance monitoring methodology based on design-dependent ring oscillators[END_REF] aim to replicate the timing behaviour of the original circuit. Replica elements are non-intrusive and are well suited for monitoring global variations on the chip. However, they might fail to capture within-die variations which are local to real circuits such as random manufacturing variations and circuit aging. Another approach to overwhelm this drawback is the use of in-situ monitors which aim to measure the timing slack, directly linked to circuit path delay. Since critical paths typically ends at registers, the common approach is to use modified flip-flops as slack monitors. Further problems are the lack of real-time capability and the minimum delay constraint, which is similar to the hold-time constraint in latch-based designs [START_REF] Ernst | Razor: a low-power pipeline based on circuit-level timing speculation[END_REF][START_REF] Tschanz | A 45nm resilient and adaptive microprocessor core for dynamic variation tolerance[END_REF]. The issues related to error detection scheme can be avoided by preferring circuit failure prediction approach, i.e. to predict the occurrence of a failure during normal system operation before the appearance of any error in system data and states. In this approach, enhanced monitors are used to emit flags (pre-error warnings) when late but still non-erroneous data transitions occur [START_REF] Agarwal | Circuit Failure Prediction and Its Application to Transistor Aging[END_REF]. The pre-error rate is an indicator for the circuit speed and is used for local variations and aging aware voltage adaptation. In previous works, monitors were inserted either at the end of critical paths [START_REF] Agarwal | Circuit Failure Prediction and Its Application to Transistor Aging[END_REF][START_REF] Wirnshofer | Adaptive voltage scaling by in-situ delay monitoring for an image processing circuit[END_REF] or at intermediate nodes [START_REF] Lai | SlackProbe: A low overhead in situ online timing slack monitoring methodology[END_REF].

The work described in this chapter uses a new in-situ pre-error monitor [START_REF] Huard | Adaptive Wearout Management with in-situ aging monitors[END_REF] which allows achieving high monitoring performance with minimum overhead, timing impact and failure rate with respect to previous solutions [START_REF] Agarwal | Circuit Failure Prediction and Its Application to Transistor Aging[END_REF][START_REF] Wirnshofer | Adaptive voltage scaling by in-situ delay monitoring for an image processing circuit[END_REF][START_REF] Lai | SlackProbe: A low overhead in situ online timing slack monitoring methodology[END_REF]. 

Results and Analysis

This section firstly depicts the results of the silicon validation of the embedded in-situ monitors. Thereafter an Adaptive Wearout Management strategy implemented using the warning flags from the in-situ monitors is explained with the associated results. Finally the power savings achieved via implementing the AWM control loop are enumerated. From recent studies, increasing the voltage to provide additional margin has proven to be efficient [START_REF] Mintarno | Workload dependent NBTI and PBTI analysis for a sub-45nm commercial microprocessor[END_REF][START_REF] Huard | Advances in industrial practices for optimal performance/reliability/power trade-off in commercial high-performance microprocessors for wireless applications[END_REF][START_REF] Huard | Technology scaling and reliability challenges in the multicore era[END_REF] to manage additional margins with respect to reliability. By reducing the supply voltage, the delay distribution is shifted towards longer timings, as shown in Figure 4.5. At some point, some timing paths will be lying in the in-situ monitor detection window and as a consequence, they can trigger a warning flag. For a fixed operating condition and for a long execution time, the patterns running through an IP can be seen as randomly distributed. To emulate this situation experimentally, patterns at the inputs of the BCH IP core are generated using Pseudo Random Binary Sequence (PRBS) modules, as described earlier. As stated in [START_REF] Angot | BTI variability fundamental understandings and impact on digital logic by the use of extensive dataset[END_REF], the impact of electrical aging degradation in digital circuits should not only consider the average degradation but also the induced additional variability. To evaluate this impact, the Flag1 detection window degradation has been monitored along the stress, considering both the average value and its standard deviation as shown in Figure 4.10. It is worth noticing that its standard deviation is also increasing with stress time as a result of the degradation-induced variability in the monitor. operate at much lower voltage, so with power savings with respect to a conventional static voltage margin. The experimental power savings under worst-case conditions (i.e. higher temperature) have been measured to be 36% for static power (i.e. leakage) and 25% for dynamic power over 0.5-2.0 GHz frequency range for Flag1 detection window as shown in Figure 4.11. Over this large range of frequency, the worst-case supply voltage is dynamically following the frequency change in a dynamic way through a DVFS approach. In all these operating conditions, it is worth noticing that the monitoring system has negligible failure rate. The total power savings is reduced with lower temperatures for a given monitor layout as shown in Figure 4.12. This is due to the fact that, at lower temperatures, the relative impact of the leakage power is reduced from 20% at 125°C to 5% at -40°C.

In-Situ Monitors

Adaptive Wearout Management

Power Savings

Summary

This chapter demonstrated the fundamental elements towards an Adaptive Wearout Management (AWM) control loop for the dynamic supply voltage regulation of digital circuits. Firstly a new generation of in-situ monitors which generate warning flags to prevent circuit failure under nominal conditions have been explained. The adaptive voltage management control loop is efficient to tackle all voltage margins on fresh parts (i.e. without aging) over a large range of DVFS operating conditions and temperatures. In spite of the performance degradation after an electrical stress, the AWM control loop is still efficient to maintain a fault-free instructions execution with consequent power savings over the whole lifetime. Overall, up to 40% static and 25%

dynamic power reduction has been demonstrated over a large range of DVFS operating conditions while maintaining a fault free instruction execution.

THERMAL CHARACTERIZATION USING DIGITAL SENSORS

"If you want to shine like the Sun, first burn like the Sun."

A. P. J. Abdul Kalam

Abstract: Post-silicon thermal validation of fabricated chips is necessary to ensure safety, reliability and conformity to specifications. Because of the enormous complexity of modern designs, it becomes mandatory to accurately characterize thermal behaviour during the technology development phase itself. In this context, this chapter presents a test methodology for thermal characterization under dynamic workloads using embedded digital sensors. Firstly the design of the test-chip used is explained and thereafter the test patterns and test methodology employed are elaborated upon. In particular, the methodology required for managing high volume of data generated during such tests is elaborated upon. Analyses of the on-chip thermal results provide useful insights for test-chip design requirements related to thermal measurements.

Introduction

In recent years elevated on-chip temperatures have become a major concern in the design and operation of computing devices. Magnitudes of on-die temperatures are determined by the spatial and temporal allocation of power consumption and the design of the heat removal system. Elevated temperatures directly impact all key circuit metrics including: lifetime and reliability, speed, power, and costs. Hot spots reduce the Mean Time to Failure (MTF) as most failure mechanisms (e.g., electromigration, time dependent dielectric breakdown, and negative bias temperature instability) have strong temperature dependencies [START_REF] Pedram | Thermal modeling, analysis, and management in VLSI circuits: Principles and methods[END_REF]. Furthermore, different thermal expansion coefficients of chip materials cause mechanical stresses that can eventually crack the chip/package interface [START_REF] Brooks | Power, thermal, and reliability modeling in nanometer-scale microprocessors[END_REF]. Elevated temperatures also slow down devices and interconnects leading to timing failures [START_REF] Cheng | ILLIADS-T: An electrothermal timing simulator for temperature-sensitive reliability diagnosis of CMOS VLSI chips[END_REF][START_REF] Li | IC thermal simulation and modeling via efficient multigrid-based approaches[END_REF]. The exponential dependency of leakage power on temperature further increases total power and could lead to thermal runaway [START_REF] Lin | Cool chips: Opportunities and implications for power and thermal management[END_REF]. Due to the non-ideal scaling of power consumption and costs of heat removal systems, temperature has become a major hurdle towards improving the performance of high-end many-core processors [START_REF] Hamann | Hotspot-limited microprocessors: Direct temperature and power distribution measurements[END_REF]. Moreover due to the enormous complexities and sheer number of modelling parameters of state-of-the-art designs, pre-silicon power and thermal models cannot be trusted blindly. It is necessary to complement pre-silicon analysis with post-silicon thermal and power characterization on the fabricated devices, and then to use the characterization results to improve the design during re-spins before ramp-up and production. In this context, the work of this chapter describes a test methodology for accurate thermal characterization under dynamic workloads using embedded on-chip thermal sensors.

Test-chip Design Overview

The test-chip used for thermal characterization under dynamic workloads is fabricated using the 28FDSOI process technology. From the viewpoint of performing Self-Heating measurements, the test-chip embeds within itself a PLL for high frequency generation, various versions of the BCH IP (explained in Chapter 4) which is a representative digital block used to emulate dynamic workloads, and a Thermal Sensor. • BCH IP: Six instances of the BCH (Bose, Ray-Choudhary and Hocquenghem) error correcting IP have been included in the test-chip. From the point of view of performing self-heating measurements, the BCH is a representative digital block consisting of 8469 gates wherein activity can be triggered at high frequency.

Additionally an Autotest mode exists which triggers activity by generating frames using a pseudo-random generator.

• PLL: An on-chip charge pump Phase Locked Loop (PLL) is used to clock the BCH IP at high frequencies. The PLL is suitable to produce output frequencies in the Ghz range above the maximum operational frequency limit of the BCH IP.

• THS: The thermal sensor embedded within the test-chip has a design range for temperature measurement from -40°C to 125°C with a resolution of 1°C. The measured temperature is computed by reading a digital code on the top level pins of the test-chip.

Various blocks are muxed together within the test-chip to overcome the constraint of having limited number of IO pads for multiple blocks. Hence, the same top level input pins are used for activating different functions on different blocks. Similarly the outputs of these different blocks are mapped to overlapping output test pins.

Also the power supplies for the BCH, PLL & THS are muxed together on a single tester channel due to hardware limitations. These design constraints introduce additional complexity in the pattern generation and output data observation.

Test Patterns

Two distinct patterns and their associated test methods have been developed to understand the effect of static & dynamic heat. Static heat is referred to as the thermal temperature measured using the sensor when there is no activity triggered on the other blocks within the test-chip. While dynamic heat is used to refer to the measured temperature when activity is induced on the neighboring blocks of the test-chip.

• Pattern for Static Self Heating Measurements These measurements help gauge the impact of switching activity on heat measurements.

• Pattern for Dynamic Self Heating Measurements 1. Initially the THS is activated and a single measurement is performed to acquire the value of static temperature without the PLL or BCH being activated.

2. In the second step the PLL inputs are set to produce the desired frequency. At this stage of the pattern, the input configuration of the PLL is latched and thereafter any change on the input pins of the PLL block has no effect on the PLL output frequency as long as the input clock is stable & well functional.

Once the PLL Output frequency has stabilized, a status signal goes high. A

digital Capture is performed to ascertain the state of the PLL status signal in order to ensure that the BCH blocks thereafter are clocked at the correct frequency.

3. In the third stage, the THS is once again activated and a single measurement is acquired to see if there is any effect on temperature due to PLL activation.

4. In the fourth stage, the required BCH blocks are activated and a single digital capture is performed to check the Autotest status and verify BCH functionality at the set voltage & frequency.

5. In the fifth stage, the THS is activated with the BCH still running at the set PLL frequency with the outputs configured to observe the Thermal sensor data. This stage of the pattern is kept in a loop so that the duration for performing dynamic self-heating measurements can be easily configured by setting the loop counter for this stage.

6. In the sixth stage, a simple BCH Autotest check is performed with the value being acquired via a single digital capture to check the BCH functionality after Self-Heating measurements have been completed.

7. In the final stage, the PLL functionality is once again verified via a single digital capture on the PLL status signal to ensure that the PLL was well functional while the dynamic self-heating measurements were in progress.

An important aspect for patterns which activate multiple blocks as in this case is that the PLL & THS need to be simultaneously provided with different clock frequencies using a single spec. This is managed at a binary level within the pattern editor and the resulting clock waveforms are shown in Figure 5.4. For effective thermal characterization, the test methodology must be capable of acquiring large amounts of digital output data of a device at a high data rate and storing this data for later analysis and processing. This section briefly explains the usage of the SmarTest [100] digital capture test methodology for our particular test case. For digital capture, as the size of the Sequencer Memory (SM) is limited as compared to the Vector Memory (VM), it is essential that the pattern be placed in the SM as the captured data can then stored in the VM as shown in Figure 5.5. During execution, the sequencer reads the pattern from the SM and stores the captured data in the VM.

In order to read the values of the THS, it is necessary to perform periodic digital captures. HP SmarTest provides two distinct modes for digital capture namely the Sequential mode and the Selective mode. The default mode for Digital Capture is the Sequential mode wherein the Tester captures all output samples on all output pins for every Tester cycle of the pattern length. The Sequential mode is not suitable for capturing data in this case as capturing starts with the first vector and ends with the last vector of the main pattern. This causes a memory overflow by capturing output data which is not used for further processing. In such a scenario, SmarTest returns an available capture memory overflow message as shown in Figure 5.6.

Figure 5.6: SmarTest Memory Overflow Message

In order to overcome this memory limitation, it is essential to employ the Selective Capture mode wherein capturing will be only carried out at vectors with device cycles containing designated capture edge actions. Using selective mode, capturing of undesired data can be completely suppressed i.e. only specific vectors within a pattern may be selected for capture. Selective capture mode is automatically activated when the pattern used for digital capture incorporates two specific edge actions in the wavetable to define when and when not capturing will be performed:

• Action C à Capture data on this edge.

• Action D à Do not capture data on this edge.

The aspects that need to be kept in mind when defining a selective capture are listed below:

1. The number of selective capture edges must be the same for all selective capture waveforms in one wave table. Within a capture pattern (label) selective capture actions need to be on the same receive edges across all waveforms of the according wave table.

2. Each waveform within a capture pattern (label) must contain either "C" or "D"

actions consistently over all used capture receive edges. A waveform that contains a "C" or "D" action must not contain any other compare action.

3. The edge that is used for selective capturing must be set explicitly to "D" in all waveforms of the wavetable where it is not to be captured. This also applies to the waveforms for the default device cycle.

4. The "C" action will perform a 'compare to 0' to determine the capture value.

5. In the same wavetable C and D actions cannot be mixed with other receive actions.

6. C or D actions cannot be mixed with other receive actions within one waveform.

7. The selective capture actions C and D cannot be mixed within one selective capture waveform.

8. If the number of selective capture edges is n, the edges r 1 to r n must be defined in each selective capture waveform in one wavetable.

9. The selective capture actions C & D must be placed only on the receive edges of Output Pins. On the same receive edges in the input pins, the action "N" may be specified.

Figure 5.7 shows the Selective Capture wavetable employed for the pattern using which dynamic self-heating measurements are done. Further, the patterns that contain digital capture actions ('capture' and 'do not capture') must be associated with test methods, which do not execute functional tests.

The Sequential/Selective Capture mode cannot be selected in the capture settings GUI of the Pattern Editor. The active mode is determined by the selected capture pattern. If the vector label uses a wavetable that contains selective capture actions (C & D), the Selective mode is activated.

In order to retrieve the captured data after a Digital Capture Test has been performed, vector variables must be used which allow us to define an arbitrary subset of the captured data. By defining several vector variables, it is possible to retrieve different views of the same captured data. It is important to note here that the vector variables along with their configuration parameters (no_of_frames, vector_interdiscard etc.) only define how to extract (filter) the data of interest from the captured data. Further, vector variables are always related to one specific pattern and cannot be used with another one. 

Results and Analysis

This section firstly depicts the thermal measurement results and thereafter provides future directions related to test-chip design for efficiently characterizing selfheating under dynamic workloads. 1V and so on. The Thermal Sensor displays good functionality across the entire operating temperature range, however no apparent effect of dynamic activity is observed in the THS output. From the results it can be reliably concluded that the observed rise in temperature is completely due to higher voltage applied on the Thermal

Results Summary

Sensor itself as all supplies for the PLL, BCH & THS are clubbed together on a single channel within the probe-card and it is not due to any dynamic activity on the BCH blocks.

Analysis and Future Directions

This sub-section elaborates on the possible reasons for relative constant temperature across static and dynamic modes and the directions for future investigation. 2. Resolution of the THS is 1 degree which is not sufficient to observe Self-

Heating at the wafer level with the required granularity. Embedded sensors with higher resolution should be considered for similar characterization works.

3. The BCH blocks on which activity is induced occupy a very small area within the test-chip to induce any appreciable self-heating effects. Also the thermal sensor is located at the corner of the test-chip as shown in the floor plan of Figure 5.1. In the future, the thermal sensor should be ideally located within the chip such that it is spatially surrounded by larger activity inducing blocks.

Summary

This chapter presented a test methodology for thermal characterization using an embedded digital sensor. Firstly the test pattern structure for self-heating measurements of the test-chip under consideration is given. Thereafter the methodology focusses on efficient memory management during silicon testing. Although the measured results were unable to capture the impact of dynamic activity on self-heating, the developed methodology is generic in nature and can be utilized for different applications which deal with memory intensive measurements. Finally the directions for future work are elaborated upon for accurately capturing the impact of switching activity on chip temperature.

SIMULATION AND SILICON VERIFICATION OF ADAPTIVE VOLTAGE SCALING

"If you torture data long enough, it will confess to anything you like."

R. H. Coase

Abstract: Process variation causes measurable and predictable variance in the output performance of all chips. Adaptive Voltage Scaling (AVS) is now a key power management feature which is applied by reducing the voltage of fast silicon, to a point where speed target (Fmax) is met, thereby reducing power consumption. This chapter presents the full silicon level electrical characterization correlation of the simulation done using a novel method based upon existing CAD tools & a mixed mode approach, enabling complete Process-Voltage-Temperature (PVT) characterization on the portion of the design for which AVS is defined. The observed results on silicon for the metrics of performance & power display a close correlation with the ones obtained via the simulation flow, thus providing designers with deeper insights into the gains with AVS from within the simulation.

Introduction

Modern CMOS processes vary in performance from die to die and wafer to wafer. Process variation causes measurable and predictable variance in the output performance of all devices but becomes particularly important at smaller process nodes [START_REF] Borkar | Parameter variations and impact on circuits and microarchitecture[END_REF][START_REF] Onodera | Variability modeling and impact on design[END_REF][START_REF] Bowman | Impact of die-to-die and within-die parameter fluctuations on the maximum clock frequency distribution for gigascale integration[END_REF][START_REF] Zuchowski | Process and environmental variation impacts on ASIC timing[END_REF][START_REF] Dai | Timing analysis taking into account interconnect process variation[END_REF][START_REF] Nassif | Process variability at the 65nm node and beyond[END_REF]. This phenomenon occurs on all semiconductor devices from all manufacturers and is more relevant for smaller semiconductor technology nodes or geometries. Different process corners represent the variation in attributes of integrated transistors when a semiconductor device is fabricated. Process corners can be loosely classified into the three following categories:

• Slow (SS): A device fabricated with the slow process corner provides the lowest acceptable frequency performance allowed at nominal voltages. Slow devices do not have the potential to run at higher frequencies beyond the specified nominal frequency. Slow devices typically consume less leakage power than others devices in the population distribution.

• Typical (TT): A typical device operates at the midpoint or average frequency performance across the population of devices at nominal voltages. Typical devices have average performance when compared to slow and fast devices.

• Fast (FF): A fast device provides the highest performance across the population of devices. Fast devices have the potential to run at faster frequencies than are required at nominal voltages. Fast devices can operate at the minimum specified frequency at voltages lower than nominal voltage values. However, fast devices exhibit more leakage power consumption than slow and typical devices, especially during high temperature conditions.

However the exact extent of variation is not always known prior to fabrication since designers are provided with a worse case set of parameters to use for timing closure simulation with the operating voltage which takes into account the slowest silicon.

With the emphasis on achieving lower power consumption a concern for system designers, Adaptive Voltage Scaling (AVS) [START_REF]Adaptive (Dynamic) Voltage (Frequency) Scaling -Motivation and Implementation TI Application Report SLVA646[END_REF][START_REF] Shekhar | The future of microprocessors[END_REF] is now a key power management feature that enables power reduction through voltage reduction. AVS is the adaptation or modification of the supply voltage for a chip depending upon its process corner. In the most basic form, Dynamic Power consumption for digital circuits can be considered as P = CV²F where C is the switching capacitance, V is the supply voltage, and F is the clock frequency. The leakage power is also voltage dependent. Therefore significant power savings can be made through AVS which delivers accurate voltage to each individual chip across temperature, process corner, and frequency variations. By accurately setting the supply voltage for the actual requirements of each chip, large power savings can be realized for chips coming from a fast corner. Inversely, some failing chips below the minimum frequency (Fmin) coming from a slow process corner can be made to pass by increasing the voltage with the associated penalty of higher power consumption. It is therefore necessary to evaluate through electrical simulation, design performance under process and voltage scaling conditions. However, it has not been feasible to perform electrical simulation for full System on Chip (SoC)

with sufficient accuracy in a reasonable time. The work presented in this chapter, addresses this infeasibility and proposes a new method that overcomes the major constraints relating to simulation time and accuracy thereby paving the way towards accurately simulating the electrical performance parameters of complex MPSOC designs. A novel method based upon existing CAD tools & a mixed mode approach, enabling complete PVT characterization on the portion of the design for which AVS is defined. Furthermore, the full silicon level electrical characterization correlation of the simulation is presented.

Reference Design

The ramp-up, ramp-down etc. Alternately a 16 bit specific external vector can also be loaded.

• Grouppmm : This module takes the value generated by the generator and applies two transformations based on addition, subtraction and multiplication as shown in the Figure 6.3.

The APIP can be considered to be well functional when the following two conditions are satisfied:

1. HBM i.e. heart beat monitor generates a low frequency, indicating functional status of the IP. Generated frequency = Input Clock Frequency / 32.

2. Flag_reg remains high unless a mult_flag becomes active or Reference != Processed.

In order to enable the APIP to be clocked at high frequency, it is interfaced with an onchip low area frequency generator (FreqGen) as shown in Figure 6.4. Since the FreqGen has 16 fundamental frequencies which may be further divided, it introduces the limitation that only discrete frequencies can be produced in the targeted test window. Let FF i , FF i+1 , FF i+2 , ……. FF n be the range of discrete fundamental frequencies that can be produced using the FreqGen and DF the division factor, It can be clearly seen from the above equation that as the division factor (DF) decreases and as we move towards higher frequencies, the interval between two discrete frequencies increases. This introduces a maximum error of approximately 5% in the final silicon characterization which is computed based upon the difference between the last passing frequency and the first failing frequency. This needs to be kept in mind while analyzing the results.

The tradeoff in using a ring oscillator based macro versus a PLL for high frequency functional characterization lies in the relatively lower on-chip area required for the FreqGen and the limited discrete frequencies that can be produced.

i.e. digital simulation using VCS. Furthermore, most digital systems require a setup/initialization phase followed by a run-mode/calculation phase, and now that a mixed mode simulation is established, all setup and data extraction portion of the simulation can now be performed using the faster functional simulator. This approach leads to a gain of ~7.2X in the total simulation time and is summarized in Figure 6.6.

Figure 6.6: Simulation flows based on CustomSim & VCS AMS

A pass/fail method to locate the Fmax for each given operating point is developed. This entails running multiple simulations using a standard dichotomy method, to converge to the FMAX for each given operating (PVT) point. To facilitate this, features of the simulation ($snps_get_volt command in the digital environment allows us to retrieve analog values) enabling a feedback from the functional output to adjust variables for the next simulation are used. This method can be further enhanced by running multiple simulations in parallel to increase the convergence speed which enables a rapid convergence to the final functional simulation reporting a Vmin for a target frequency.

Performance in simulation run times has also been improved using VCS-AMS through the enablement of direct dynamic power and leakage measurements during the Fmax search simulation runs. This is an improvement over a more classical approach of running power simulations at a fixed set of predefined PVT points. Power Measurement uses analog assertion commands which automatically create the control files required by CustomSim to post-process the output files. Further simulation time reduction was achieved while including power variation in the whole test flow, avoiding every preliminary setup phase prior to Fmax search as shown in Figure 6. • Vmin Search: The frequency is set using distinct FreqGen configurations and the minimum voltage at which the APIP block is functional is logged.

The following steps are performed for an Vmin Search:

1. The frequencies produced by the FreqGen are precharacterized using a high division factor to overcome to hardware limitation of the tester. The flowchart for the Fmax search is shown in Figure 6.9.

The intent behind developing two distinct test methodologies was to verify the stability & reproducibility of the results achieved when the APIP is clocked with the ring oscillator based FreqGen. Additionally the idea was to also analyse the impact of discrete fundamental frequencies on the precision of the result since a higher degree of granularity is available when doing a Vmin search at the available discrete frequencies. It was observed that the characterization results from these two methodologies displayed exact correlation. However since the test time for implementing a Vmin search is much larger than an Fmax search with no visible benefit in accuracy, the Fmax search method was used for the full wafer characterization at different PVT points. This information is very useful in understanding the performance measures as well as the contribution of leakage power in overall power dissipation particularly at smaller technology nodes from within the simulation environment. For comparing dynamic current and understanding the accuracy of simulation, the metric Dynamic_Power/Mhz is considered. Once again a fairly accurate correlation was observed between the simulation data and the silicon results across corners and temperature points as seen in Figure 6.12. This enables a relatively precise estimate of the power savings via AVS from the simulation results. The silicon results used for correlation with the simulation data herein correspond to a single die and the data has been normalized for presentation herein. Figures 6.10, 6.11 & 6.12 show the normalized simulation v/s silicon comparison for frequency, leakage current and Dynamic_Power/Mhz respectively for the fast & slow corners. Figure 6.13 depicts the normalized values of voltage scaling that can be achieved at 30°C on silicon while maintaing the same level of performance for chips coming from the SS & FF corners. It is seen that 17% reduction in the nominal value of voltage can be achieved for a chip of the FF corner while maintaining the same level of performance as a chip of the SS corner. Figure 6.14 provides the normalized silicon results of the dynamic power savings through AVS for a FF corner chip. From the graph it can be seen that power savings ranging from 35% to 80% can be achieved across the operating voltage range without compromising on the target performce. 

Summary

The work presented in this chapter describes a time conserving simulation flow for digital circuits along with associated test methodology and requisite on-chip silicon results correlation . The reported simulation flow enables a 15X gain in CPU time for Adaptive Voltage Scaling simulation for digital circuits. The major gain is due to use of VCS-AMS capabilities, which allows to optimize testbench behaviour, thanks to communication between bench and fast spice envirnments. This has made possible the detailed performance assessments that have previously been considered as prohibitive and opens the door to investigate scaling of this approach to complete industrial IP or System on Chip designs. The observed results on silicon for the metrics of performance & power display a close correlation with the ones obtained via the simulation flow, thus providing designers with deeper insights into the gains with AVS from within the simulation environment. 

Introduction

Growing complexity and performance requirements of modern multimedia devices is pushing chipmakers to achieve better logic performance especially at low voltages. Embedded applications for wearable technology which demand more for less i.e. greater performance for less energy and with the transformational change that the Internet of Things (IOT) is ushering in, the need for having performant low power cores cannot be overstated. Herein the FDSOI technology has conclusively demonstrated its ability to achieve high speed at low operating voltages [START_REF] Planes | 28nm FDSOI technology platform for high-speed low-voltage digital applications[END_REF]. Moreover in the race for higher energy efficiency driven by the Internet Of Things and battery-powered systems, lowering the device supplies to Ultra Low Voltage (ULV) has been intensively explored [START_REF] Vittoz | CMOS analog integrated circuits based on weak inversion operations[END_REF][START_REF] Wang | A 180-mV subthreshold FFT processor using a minimum energy design methodology[END_REF]. This is the strongest lever to achieve low energy operation at the expense of low frequency and increased variability. However, the latest technologies widen the application range by enabling ULV frequencies from 10 to 100 MHz with lower variability penalty.

This chapter presents a 32b SPARC microprocessor aiming low operating energy and stand-by power designed with specific standard cells, a 10 Transistors memory cell, and adapted place-and-route tooling margins. Fabricated in FDSOI 28nm, the design has been tested at wafer level and is functional from 1.2V down to 0.33V

Design and Fabrication Platform

This section firstly provides relevant information regarding the implementation technology used. Thereafter design & performance parameters of standard cells and memories employed within the processor are presented. Lastly details regarding the design flow adaptation are presented.

Technology

The chip has been manufactured in FDSOI 28nm technology [START_REF] Planes | 28nm FDSOI technology platform for high-speed low-voltage digital applications[END_REF][START_REF] Fenouillet-Beranger | Fullydepleted soi technology using high-k and single-metal gate for 32 nm node lstp applications featuring 0.179 um2 6t-sram bitcell[END_REF] with 10 metal stack. The thin oxide logic transistor channel is un-doped and its volume is isolated from bulk by an ultra-thin buried oxide layer, this isolation enables to control the transistors' threshold voltage (VT) by the well type lying beneath the channel.

Several design options are possible as shown in Figure 7.1 [START_REF] Pelloux-Prayer | Performance analysis of multi-VT design solutions in 28nm UTBB FD-SOI technology[END_REF]: 

Standard Cells

The standard cells used in the processor implementation presented in this chapter have been laid out so that the source and drain contacts spacing can be kept equal for any drawn gate length (L) from 30nm to 46nm. The final derivation of longer L cells is done by simply adding a CAD marker layer which denotes the L increase from nominal. This technique is called poly biasing. In the rest of the chapter, Poly Bias 10 (PB10) denotes standard cells with a systematic increased L of 10 nanometers for all transistors.

This technique can be applied asymmetrically on some selected transistors in a cell to achieve specific performances. In the rest of the chapter, the cells denoted as The various symmetric or asymmetric Poly-Biasing cells' Power Delay Product (PDP), leakage, current and delay values have been compared using the critical path methodology developed in [START_REF] Abouzeid | 28nm CMOS, energy efficient and variability tolerant, 350mV-to-1.0V, 10MHz/700MHz, 252bits frame error-decoder[END_REF] and shown in Figure 7.3. As it can be seen in Figure 7.4, when frequency is lower than 3000MHz, the optimal leakage is reached with the largest symmetrical PB but above this frequency, configurations are spread in frequency and APB configurations enable intermediate leakage-frequency alternatives to symmetric PB configurations. For example, at 3800MHz frequency, APB16PB4 and APB10PB4 offer an alternative to PB4 with lower leakage. The Poly-Biasing configurations giving lowest leakage currents or energy for a given delay were selected to be derived in standard cell library resulting in a set of 5 Poly-Biasing configurations and a total of 300 standard cells. In the reported design, 21% of the combinational cells are asymmetric.

The flip-flops functionality has been validated using 6-σ Monte-Carlo simulations across the ultra-wide voltage range. The same method has been applied to the input and output level shifters designed to address nominal voltage (around 1V) interface. The implementation results in approximately 100k gates and 64Kb of memory, it occupies 0.45mm 2 on-chip area wherein the total chip area is 5.5 mm 2 . Figure 7.7

Memories

Design Architecture and Implementation

shows the SPARC V8 32b LEON3 microprocessor with system busses and peripherals.

The 28nm FDSOI reticle with Leon ULV processor marked in green is also shown in the Figure.

Test Methodology

The Verigy 93k automated test equipment has been used to measure the circuits on one wafer at ambient temperature. The chip is activated with application program serially loaded into the AHB-RAM then run from the caches (if activated) or from the AHB-RAM. The microprocessor under test features two dedicated supplies, one for the CPU core and the other for the caches; while this split supply enables selective current characterization, this chip can be considered single-supply as no voltage modulation was used to assist operation: i.e. both voltages are constant and equal between them during the whole execution of the programs.

The low-voltage results are extracted in two steps, first a minimum voltage (Vmin) search is done at fixed frequency, then at the extracted Vmin the maximum frequency is searched (Fmax), this filters out hold violation and possibly leads to higher frequency at voltage floor. The leakage and dynamic currents are extracted at Fmax and Vmin.

Results and Analysis

This section firstly benchmarks the electrical performance of the implemented ULV processor against similar implementations. Thereafter the impact of utilizing ULV enabled cache on total energy consumption is studied. F @ MEP (MHz) 11@0.44V 3.6@0.34V 0.54@0.54V 25@0.4V 0.44@0.5V Fmax (MHz) 606@0.92V 500@0.9V 83@1.2V N.A. 1@0.6V 25MHz power (mW) 0.241 5.9 0.5 0.175 N.A.

Electrical Performance

Standby Power (µW) 14.7 4000 1.65 1.5 1

The microprocessor exhibits minimum energy point at 7.6pJ per instruction at 11MHz and 0.44V, the frequency ranges between 1MHz@0.33V to 25MHz at 0.51V for low voltage operation while it can achieve 165MHz@0.65V, 606MHz@0.92V and 914MHz@1.2V, but this latter voltage is an overdrive that cannot be sustained for continuous operation. Vmin extracted on 193 dies at respectively 10/1MHz is 0.43V/0.35V, with a best die at 0.33V. The Vmin population at 1MHz is displayed in Figure 7.8. The standby power extracted at the 1MHz Vmin is 14.7µW, the lowest energy needed to execute a dhrystone is 6.5nJ@10MHz (detailed in the next section).

The results measured are displayed and compared with similar work in Table 7.1. Compared to the work in [START_REF] Ickes | A 28 nm 0.6 v low power DSP for mobile applications[END_REF], if we scale by a factor from 6X to 32X to normalize either to gate count or memory capacity, the standby power is improved in the range of 37X to 7X in the proposed design. The design in [START_REF] Ickes | A 10 pj/cycle ultra-low-voltage 32-bit microprocessor system-on-chip[END_REF] suffers from very low speed at low voltage and both the designs in [START_REF] Bol | A 25MHz 7 uW/MHz ultra-low-voltage microcontroller soc in 65nm LP/GP CMOS for low-carbon wireless sensor nodes[END_REF] and [START_REF] Kwong | A 65nm sub-vt microcontroller with integrated sram and switched-capacitor dc-dc converter[END_REF] are outperformed in energy per data-path bits. Both this work and [START_REF] Wilson | A 460mhz at 397mv, 2.6ghz at 1.3v, 32b vliw dsp, embedding f max tracking[END_REF] are manufactured in FDSOI 28nm, while [START_REF] Wilson | A 460mhz at 397mv, 2.6ghz at 1.3v, 32b vliw dsp, embedding f max tracking[END_REF] aims high speed and reaches 115MHz at 0.5V with 0V FBB, it drives 62pJ energy per instruction where the proposed design needs 7.6pJ. Comparison between different architectures is always difficult but the proposed CPU is a performing alternative for low energy processing in tenth MHZ speed range. 

Cache Impact on Energy

Thesis Summary

With continually shrinking nanoscale technologies, the increase in manufacturing defects causes difficulties in developing reliable semiconductor devices.

Usually, these devices are expected to meet the target specification for a wide range of operating conditions for different on-chip activity levels, voltage distributions in the power supply and ground networks, parametric variations, etc. With critical transistor sizes approaching only tens of atoms has led to the relative inability of process engineers to control the manufacturing processes as accurate as needed. Also the conventional large design margin allocation method to mitigate the impact of faults and variations has hit a diminishing rate of returns. Furthermore, the rapid shrinking of the area-performance-power budget along with the increase in process induced variations and time-dependent transistor parameters shift does not make this design approach applicable anymore. Taking into account these issues that affect semiconductor devices in deep sub-micron technologies, the wide-ranging work of this thesis addresses the challenges impacting advanced technology nodes from a silicon test perspective.

To conclude, the major contributions of this work are as follows:

• A test circuit for accurately characterizing IPs and standard cell libraries using at-speed testing has been presented. The design supports the qualification of basic building gates, cells and structures on silicon during the process development phase in terms of timing before they are integrated within complex SoCs. The presented power aware design and test methodology helps mitigate peak power issues during capture and reduce power consumption by about 70%.

The results provide an insight into the impact of within die and within wafer variation across multiple PVT points. Information regarding CAD vs. silicon correlation derived from the test results helps to efficiently optimize CAD models and determine the timing margins provided during sign-off [A]. • A test methodology for thermal characterization using an embedded digital sensors has been developed. The test methodology focusses on efficient memory management during silicon testing and is generic in nature and can be utilized for different applications which deal with memory intensive measurements. • A FDSOI 28nm 32bit SPARC microprocessor has been designed with adapted standard cells, memories and flow to withstand ULV operations. The validation circuit with split core/cache supplies enables to explore memory architecture options and demonstrates that designing an ULV able cache can save can result in considerable energy savings [D].

Future Works

This thesis can form the basis for various possible future works in the area of developing efficient test solutions for resolving the wide-ranging challenges that confront the semiconductor industry. They are briefly listed below:

• Considering the simple basic structures of the tile and instance implemented for the characterization of IPs and standard cells, they may be used to stress on-chip Hotspots (i.e. most critical mask locations) via electric testing with Scan Test methodology to identify faults present on silicon & compare the same with initially induced faults via lithography dose modulation. This could help in accelerating the process learning curve with hotspot monitoring through electrical test.

• The presented test structure of the CDD block can be used as sensor inside the chip along with SOC designs to improve the frequency of a design in postsilicon tuning after reading results from the sensor.

• Based on the lessons learnt with respect to test-chip design and pattern generation for thermal characterization, in the future thermal data could be used together with timing information coming from in-situ monitors for implementing a comprehensive reliability/performance management strategy.

• Further increase in energy savings of the ULV processor can be achieved by efficiently regulating the body biasing applied to the processor, therby expanding its energy-performance envelope.
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  setup and hold margins of sequential elements in silicon while taking into account effects of Process Variations. The test results provide deeper insights into sources of extra timing margins available on silicon. This in turn, enables accurate guard banding by preventing optimism and reducing unnecessary pessimism in the timing margins provided during sign-off. • Chapter 4 shows the fundamental elements towards an Adaptive Wearout Management (AWM) control loop for the dynamic supply voltage regulation of digital circuits. Firstly a new generation of in-situ monitors which generate warning flags to prevent circuit failure under nominal conditions have been explained. A voltage management control loop to efficiently tackle all voltage margins over a large range of DVFS operating conditions and temperatures has been implemented. The relevant experimental silicon results related to timing windows and power savings have been provided. • Chapter 5 elucidates a methodology for thermal characterization under dynamic workloads using embedded digital sensors. Firstly the design of the test-chip used is explained and thereafter the test patterns and test methodology employed are elaborated upon. In particular, the methodology required for managing high volume of data generated during such tests is elaborated upon. Analyses of the on-chip thermal results provide useful insights for test-chip design requirements related to thermal measurements. • Chapter 6 presents the full silicon level electrical characterization correlation of the simulation done using a novel method based upon existing CAD tools and a mixed mode approach, on a representative digital design. Thus enabling complete Process-Voltage-Temperature (PVT) characterization on the portion of the design for which Adaptive Voltage Scaling (AVS) is defined. The correlation of silicon results with the ones obtained via the simulation flow provide designers with deeper insights into the gains with AVS from within the simulation environment. • Chapter 7 presents the design and performance metrics of a single-supply SPARC 32bit V8 microprocessor designed with Ultra Low Voltage (ULV) adapted standard cells and memories, aiming at low energy operation and stand by power. A comparative analysis with similar implementations has been provided highlighting the performance gain and power savings that are achieved by the presented design methodology and implementation technology. Waferlevel tests throw light on the operating range and energy savings achieved by the ULV adapted microprocessor.
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 11 Figure 1.1: Effects of scaling with successive technology nodes
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 12 Figure 1.2: Schematic layout of Bulk and FDSOI Transistors
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 13 Figure 1.3: Basic testing approach
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 14 Figure 1.4: Bathtub curve showing the rate of failure of integrated circuits at different phases of life

  within test-chips and an effective test methodology that enables the characterization of basic standard cells and/or complex IP structures. This helps in detecting Small Delay Defects (SDD) at an early phase of technology development. The circuit design & test methodology have been optimized for low power consumption & used for the development of the 28nm FDSOI technology node [38]. The associated relevant results and analysis provide deeper insights into the speed limitations, reliability and defectivity of the said technology node. Furthermore, silicon results help in the diagnosis of captured defects and in qualifying the standard cell library with respect to multiple Process-Voltage-Temperature (PVT) configurations.
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 21 Figure 2.1: Basic structure of a Tile
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 22 Figure 2.2: Illustration of instance interfacing with controlling circuitry
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 232425 Figure 2.3: On-Chip Clock Controller
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 2 Figure 2.6 shows the timing diagram when a tile is clocked during at-speed test. The LOC approach is used for this implementation permitting the scan chain to shift at low speeds and simplifying the design by eliminating the need for switching the Scan Enable (SE) signal at high frequencies. The dynamic clock signal from the Onchip Clock Controller is used to clock the launch flop, the CUT and the scan flops, enabling them to be either clocked at low frequencies using the tester clock or at high frequencies using the on-chip PLL. Initially, data coming from either the top level pads of the test-chip or from the internal data generator is stabilized at the input of the launch flop. The input of the launch flop toggles whenever the Test SE signal goes low, which
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 27 Figure 2.7: OCC clocking scheme -(a) Without peak power aware approach (b)
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 29 Figure 2.9: Comparison between At-Speed Function and At-Speed ATPG Patterns

  characterization. It begins by showcasing the resultant impact of process variation and further investigates process-corner, voltage and temperature as individual contributors to variation. Thereafter the CAD vs. Silicon alignment at multiple PVT points is studied. Finally the silicon spread with respect to frequency and voltage is analyzed.
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 2102 Figure 2.10: Representative graph of the First Fail Frequency Distribution
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 211 Figure 2.11: CAD v/s Silicon Comparison across Multiple PVT Points
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 212 Figure 2.12: Graphs of Failing cycles v/s. Frequency and Voltage
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 31 Figure 3.1: Sign-off Clock Data De-rates
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 32 Figure 3.2: Clock Data De-rate: Basic Diagram
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 3334 Figure 3.3: Timing Diagrams for Hold Rise/Fall and Setup Rise/Fall violations
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 45 Rising and falling transitions are propagated along the data path while monotonically increasing the variable delay that can be inserted in the launch and capture paths to induce skew between them. The configuration of the Control Bus of the variable delay generators at which the last pass condition occurs is latched to determine the permissible skew before Setup or Hold violations occur. The extra timing margin is the difference between extra margin available in silicon w.r.t. the slack available in sign-off. This margin is computed by skewing the clock till the last pass condition of hold and setup occurs. Constituents of this extra margin can be easily derived from the independent delays of the clock and data paths characterized earlier.
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 3536 Figure 3.5: Clock Data De-rate: Extra Margin for Hold in Silicon
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 39310311312 Figure 3.9: Normalized Hold Rise Extra Margin on Silicon depicting Within Die Variations & constituent components
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 42 Figure 4.2: Different In-situ delay monitor schematics

Figure 4 .

 4 2 shows the schematics of different in-situ monitoring solutions. At the top of the figure, a standard pre-error monitor solution inserted at the end of the critical path is shown. In the middle of Figure 4.2, the monitor is inserted at an intermediate net with gates having matching delay. Lastly the bottom of the figure shows the monitoring mechanism used in this work for implementing an adaptive wearout management scheme.
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 4413 Figure 4.4: Timing diagram for Pre-error monitor
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 45 Figure 4.5: Path delay histogram for BCH IP at different conditions of voltage & process
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 46 Figure 4.6: Experimental timing diagram showing pre-error flags behavior with lowering voltage

Figure 4 . 6

 46 shows the experimental timing diagrams observed on the Verigy 93K tester. For a given voltage value, only the Flag2 (with the biggest detection window) is raised while Autotest remains OK and the Flag 1 is not raised (top). If the voltage is lowered, both Flag1 and Flag2 are raised, which illustrates that the critical paths are close to failure (bottom). Yet, the Autotest_OK flag, here raised, states that the pattern executes without failure.
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 47 Figure 4.7: Experimental warning flag/BCH1 Autotest maximum frequencies for various PVTA conditions
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 48 Figure 4.8: Adaptive Voltage Management Flowchart
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 49 Figure 4.9: Adaptive Wearout Management (A) without considering aging effects and (B) With considering aging effects
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 49 Figure 4.9(A). After some use time, as a result of the AWM control loop, the voltage reaches a steady state voltage value which is close to the minimum voltage, while still executing the instructions without failure. This steady-state value is defined by the insitu monitor (ISM) delay margin, as introduced by design. The steady-state voltage values are distributed around an average value which is observed to be independent of the voltage regulation step. Following an electrical stress, all the degradation modes will induce a speed slowdown. This is illustrated in Figure4.9(B) where the minimum voltage to sustain a given frequency after aging is increased compared to the fresh situation. This illustrates that the AWM control loop is still efficient after aging to adapt the voltage.
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Figure 5 . 2 :

 52 Figure 5.2: Pattern for Static Self Heating Measurements
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 545455 Figure 5.4: PLL and THS Clock Waveforms
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 57 Figure 5.7: Selective Digital Capture Wavetable
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 5 Figure 5.8 shows how a vector variable and associated configuration parameters may be used to retrieve a subset of the captured data.
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 58 Figure 5.8: Example of a Digital Capture Variable with associated parameters [100]
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 59 Figure 5.9: Thermal Characterization results for Static & Dynamic conditions

Figure 6 . 1 :Figure 6 . 1 .

 6161 Figure 6.1: Basic representation of power savings through adaptive voltage scaling

Figure 6 . 2 :Figure 6 . 3 :

 6263 Figure 6.2: APIP Basic Representation
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 64 Figure 6.4: FREQGEN & APIP Interfacing

6 .

 6 This lead to an additional gain of ~2X in simulation time, thus leading to a global gain of ~15X in simulation time. Power variation has been done by changing standard power supply defined in Spice to a Real number defined directly in the testbench, enabling on the fly modification of supply voltage during simulation runs. Further gains have been achieved through a judicious use of simulation features enabling the direct reporting of the final results. This is achieved through Fast Spice options which directly extract current measurements and provide them to the testbench environment, which in turn store them in output files. Here instead of manually extracting the average current we generate directly a ".meas command" in a text file with time values obtained from the testbench itself & then launch automatically Custom Waveview to extract the average current. A summary of the novel simulation flow enabled using Synopsys tools and the resulting runtime improvements achieved are diagrammatically shown in Figure 6.7.
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 67645 Figure 6.7: Simulation methodology overview and resulting Run-time improvement
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 68 Figure 6.8: Flowchart for APIP Fmax characterization

2 .

 2 The desired fundamental frequency and division factor of the FreqGen along with the voltage level are setup for test. 3. A functional test is performed to check the status of the Flag_reg signal and the frequency of the HBM signal (Figure 6.2) is measured thereafter. 4. The Pass/Fail results at the particular test point under consideration are logged. 5. Steps 2 -4 are performed for the entire range of volatge points, fundamental frequies and division factors. 6. The values of maximum frequency, static current and dynamic current for each voltage point are determined from the logged results.
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 72 Figure 7.2: Static current vs. Frequency trend from 0.5 to 1.3V of V DD[START_REF] Pelloux-Prayer | Performance analysis of multi-VT design solutions in 28nm UTBB FD-SOI technology[END_REF] 

Asymmetric Poly Bias 10 (

 10 APB10) have transistors mainly in nominal size, with some transistors enlarged by +10nm. APB enables offering additional operating points in the Energy -Frequency space, where the extremes are achieved with symmetric poly bias cells.
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 77 Figure 7.7: SPARC V8 32b LEON3 microprocessor system & FDSOI 28nm reticle picture

••

  A test circuit for accurate characterization of delays in clock and data paths for evaluating the extra timing margin available in silicon has been presented. The test results provide an insight into the constituent components of the extra timing margins available for setup and hold in silicon. Understanding the sources of extra margin aids in precisely establishing de-rate added during sign-off such that fail-free operation can be ensured while deriving maximum performance from a given circuit [B]. The fundamental elements towards an Adaptive Wearout Management (AWM) control loop for the dynamic supply voltage regulation of digital circuits have been demonstrated. An adaptive voltage control loop has been implemented using a new generation of in-situ monitors which generate warning flags to prevent circuit failure under nominal conditions. The adaptive voltage management control loop is efficient to tackle all voltage margins over a large range of DVFS operating conditions and temperatures. Considerable savings in static and dynamic power have been achieved over a large range of DVFS operating conditions while maintaining a fault free instruction execution [E].

•

  A time conserving simulation flow for digital circuits along with associated test methodology and requisite on-chip silicon results correlation has been presented. The reported simulation flow enables a 15X gain in CPU time for Adaptive Voltage Scaling simulation for digital circuits. The observed results on silicon for the metrics of performance & power display a close correlation with the ones obtained via the simulation flow, thus providing designers with deeper insights into the gains with AVS from within the simulation environment [C].
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of the main challenges for the semiconductor industry. The incessant increase in density and the corresponding decrease in feature sizes of Integrated Circuits as evinced by Moore's Law

[START_REF] Moore | Cramming more components onto integrated circuits[END_REF] 

have been a driving force in the progress of the industry for the past few decades. However, scaling of CMOS structures into the nanometer domain has posed new challenges to the physical design and reliability of circuits. The reasons for this are manifold

[START_REF] Wang | VLSI Test Principles and Architectures[END_REF][START_REF] Frank | Device scaling limits of Si MOSFETs and their application dependencies[END_REF][START_REF] Hawkins | View from the bottom: nanometer technology AC parametric failures -why, where, and how to detect[END_REF][START_REF] Wong | Emerging Nanoelectronics: Life with and after CMOS[END_REF]

. Firstly, manufacturing structures much smaller than the wavelength of light used in modern lithography are difficult to fabricate and can be practically done only with certain coarse limits. Similarly, it is difficult to control the doping concentration for transistors in the nanometer range. Further, the structures are located closer to each other with every technology node, resulting in even the smallest of impurities or metal silvers being able to create shorts or other defects. Lastly, as the number of transistors, wires, contacts and vias on a single chip increase, the probability of one or more of them being faulty increases. These limitations have resulted in increasing the probability of defects in advanced technology nodes. A circuit defect may lead to a fault causing an error that can result in a system failure. Manufacturing defects are physical defects introduced during manufacturing that cause the circuit to fail to function properly. The diversity of defects makes it difficult to generate meaningful tests maximizing the defect coverage. Fault models which are gate-level representation of physical defects are necessary for generating and evaluating a set of test patterns. Generally, a good fault model should accurately reflect the behavior of the physical defects and should be computationally efficient in terms of the time required for fault simulation and test generation. Many fault models have been proposed, but unfortunately, no single fault model accurately reflects the behavior of all possible defects that can occur. detection. Parametric testing is typically used to check the electrical properties of the device and can be used to characterize any potential systematic issues with the process node. These tests may not check any functionality of the device but can find gross shorts, opens, leakage issues, or current drive problems. Functional testing is commonly used for design verification to check if the output responses are inline with expected values according to design specifications. However it is considered time consuming and expensive due to the exhaustive nature of applying test patterns to cover each known reachable functional state. Structural tests deal with observing the state of internal signals at the primary outputs of a circuit. Unlike functional testing, structural tests do not require enumeration of all functional states to test the design, so test volumes are not as large. Delay tests are used to detect the presence of very slow-to-rise or very slow-tofall switching transitions and verify that a design operates correctly at the specified clock speed. The importance of testing cannot be overstated as it is required at different stages of the semiconductor lifecycle from the qualification of new technology nodes to diagnosis of in-field failures. The optimal test solution for any circuit must take into account a wide variety of different factors like fault coverage, test cost and time, capability of available test equipment, reliability requirement of end-user application, etc. Often times these different factors aren't complementary to each other and require intelligent trade-offs to be made on a case to case basis. This eliminates the possibility of having a global test solution for a wide variety of circuit designs and applications. Hence custom test solutions and methodologies are required and developed which are specific to the circuit design and application. In this context differentiated test solutions for different problems

  application of reusable components (IP: Intellectual Property) is indispensable to enhance productivity in system design. IP qualification is a process to measure and evaluate the specific attributes of IP cores. Its goal is to ensure that the required quality & reliability of IP blocks is achieved and that all design constraints are met. IP qualification offers IP providers and integrators with measurable quality characteristics that allow making design decisions based upon quantifiable metrics of performance and reliability[START_REF] Brand | IPQ: IP qualification for efficient system design[END_REF][START_REF] Wang | Quality and reliability of digital soft IP core and a qualification framework[END_REF][START_REF] Vorg | Measurement of IP qualification costs and benefits[END_REF]. The development of new technology platforms is done through the silicon qualification of basic building structures/gates embedded within test-chips, which ensure greater controllability and observability of the Circuit

Under Test (CUT). While qualifying new technology nodes, it is essential to understand the silicon performance of CUTs and ensure that it is within acceptable limits. Test-Chips fulfil the fundamental requirement of determining silicon parameters of IP's

  table and does not require the design database for diagnosis as in the case of tests performed using at-speed ATPG patterns. The process of identifying failing CUTs with at-speed functional patterns has been automated using a script, which reads the pattern description and Tester generated failure datalogs to isolate failing CUTs. Both at-speed patterns i.e. functional and ATPG, provide 100% fault coverage with the transition fault model on the targeted CUTs. The only comparative drawback of Functional patterns is that they need to be generated manually as compared to tool based generation for ATPG patterns and require deep knowledge regarding the implementation details of the block.

	2.5.2 Peak Power Analysis		
		Peak Power (W)
	Quality Parameter		
		SS_0.6V_-40°C	FF_1.3V_125°C
	Power Unaware Approach	0.1516	2.0135
	Power Aware Approach	0.0427	0.6021
	Percentage Reduction	71.83%	70.1%

Table 2 .1: Comparison of Peak Power aware and Peak Power unaware approaches Peak

 2 

power analysis results derived using Synopsys Prime Time for the IP qualification block are presented in Table

2

.1. It could be seen that under best PVT

Table 2 . 2 .

 22 Values listed in Table2.2 have been normalized using normalization factors based on the absolute values at the PVT Point TT_1.0V_25°C. From a comparative point of view, it can be seen that there is no linear correspondence between within die and within wafer variations i.e. a higher amount of within die variations may not

		Normalized Percentage	Normalized
	PVT Configuration	of Average Within Die	Percentage Within
		Variation	Wafer Variation
	SS_0.6V_-40°C	1.053686232	2.555555556
	SS_0.8V_-40°C	0.744038322	1.590268886
	TT_1.0V_25°C	1	1
	FF_1.3V_125°C	2.186772963	1.637221269

Table 2 .2: Normalized Process variation values across PVT Points necessarily

 2 The derived data is also used to compare silicon results with the sign-off estimates and, for this purpose, the instance having the median first failing frequency across dies is selected. Figure2.11 shows the CAD v/s Silicon comparison of the first failing frequency across different PVT points. From the graph it can be seen that CAD

	PVT Configuration	Normalized Percentage of Average Within Die Variation
	SS_1V_25°C	0.922901
	TT_1V_25°C	1
	FF_1V_25°C	1.087106

lead to a higher amount of within wafer variations. The methodology and analysis provides designers with accurate inputs regarding the amount of guard-banding to take into account the effects of process variations at a given PVT point. To have a better understanding of process, voltage and temperature as individual contributors to variation, wafers are tested under dynamic conditions and the normalized values of within die variation are listed in Tables 2.3, 2.4 and 2.5. Trends derived from the results in Table

2

.3 show that the variation is least for the slow process corner and most for fast process corner. From Table

2

.4 it can be seen that within die variation is directly proportional to voltage while Table

2

.5 shows that within die variation is inversely proportional to temperature.

Table 2 .3: Normalized Percentage of Within Die Variation with respect to Process Corners PVT Configuration Normalized Percentage of Average Within Die Variation
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	TT_0.6V_25°C	0.286596
	TT_0.8V_25°C	0.656665
	TT_1V_25°C	1

Table 2 .4: Normalized Percentage of Within Die Variation with respect to Voltage PVT Configuration Normalized Percentage of Average Within Die Variation

 2 

	TT_1V_-40°C	1.037410046
	TT_1V_25°C	1
	TT_1V_125°C	0.924126355

Table 2 .5: Normalized Percentage of Within Die Variation with respect to Temperature

 2 

Table 2 .

 2 [START_REF] Sapatnekar | Overcoming Variations in Nanometer-Scale Technologies[END_REF] shows the CAD & silicon spread values across multiple PVT points which have been normalized using normalization factors based on the absolute values at the PVT point TT_1.0V_25°C. In order to calculate the silicon spread, the difference between the average frequency at which the first cycle fails & the average first frequency at which all cycles fail is considered for each PVT point. From the results it can be seen that the trends for CAD and silicon data are well aligned across PVT points and the degree of divergence between CAD & silicon can also be accurately gauged.Understanding the silicon spread provides an accurate idea of dynamic voltage and frequency scaling limits that may be applied for designs embedding the qualified cells.

	PVT Configuration	Normalized CAD Spread	Normalized Silicon Spread
	SS_0.6V_-40°C	0.251851524	0.291666667
	SS_0.8V_-40°C	0.647669182	0.833333333
	TT_1.0V_25°C	1	1
	FF_1.3V_125°C	1.797637065	1.45758636

Table 2 .6: Normalized CAD and Silicon spread values across PVT Points It

 2 

is important to note that the normalized and comparative results provided in this section are derived from a specific process flow of the technology under investigation. However the design and test methodology is generic in nature and may be deployed in test-chips across process flows and technology nodes for the purpose of library qualification.

Table 3 .1: Clock & Data delay positive directions in the graph

 3 .8 show that data is stable for clock much ahead clock arrival time of the capture flop. This means frequency in Silicon is better than estimated by the design

	Sign-off. These Extra margins are often more than required inside design which results
	in greater area, increased power consumption, and reduced operating frequency for the
	design. Detailed extra hold and setup margin analysis is hence required to reduce
	pessimism present in the design.		
	Results and analysis presented here focus on the Process-Voltage-Temperature
	(PVT) point FF_1.3V_-40°C for evaluating Hold margins, since the worst case hold
	failure is expected to occur for chips from the Fast Corner when operated at high
	Timing Margin	Silicon Launch Clock	Silicon Capture Clock	Silicon Data Delay
	Hold	(+) ↑	(+) ↓	(+) ↑
	Setup	(+) ↓	(+) ↑	(+) ↓
	Figures 3.9 -3.12 show the Within-Die variation of normalized extra margin
	along with its constituent components for the Hold Rise/Fall & Setup Rise/Fall
	violations at the PVT points FF_1.3V_-40°C & SS_0.9V_125°C respectively. Extra
	margin in Hold & Setup on silicon means the timing margin available in silicon over
	and above the sign-off passing value for setup & hold. From the graphical spread
	approximately 10% within-die variations in timing margins are observed. Such
	variations are expected in advanced technology nodes and require a deeper investigation
	and understanding of the constituent components of timing margins in order to enable
	the application of accurate de-rating factors.		

voltage and low temperature. Similarly the assessment of Setup margins is done at the PVT point SS_0.9V_125°C as the worst case for setup failure is expected to occur for chips from the Slow Corner when operated at low voltage. Results available for different wafers, lots, and different foundries can be used for sign-off de-rate calculations.

Graphs of Figures 3.9 -3.12 depict the sources of extra margin available on silicon before Hold Rise/Fall and Setup Rise/Fall violations occur. Herein, the extra margin inside silicon for a single die is presented for analysis and a similar pattern is

Table 4 .1: Implementation results of BCH IP with in-situ monitors
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  1. The tests are performed at Wafer Level where there is a high possibility of heat dissipation. Possible reasons could include thick substrate and no spatial isolation. Future work should involve performing tests on packaged dies.

	Note: No packaged dies of the test-chip under consideration were available for
	this work.

Table 7 .1: Microprocessor Performance Comparison Figure 7.8: Average microprocessor minimum voltage extracted at 1MHz
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		This Work	[108]	[109]	[110]	[111]
	Architecture	32b SPARCV8	32b C64x	32b ReISC	16b MSP430	16b MSP430
	SRAM	4KB I$ 4KB D$	32KB L1$ 128KB L2$	256B $ 16KB	256B $ 18KB	8B I$ 176KB
	Peripherals	DSU, UART, GPIO	I2C, SPI, UART, MMU	I2C, SPI, JTAG	SPI, UART, GPIO	GPIO
	Technology	28nm FDSOI	28nm CMOS	65nm CMOS	65nm CMOS	65nm CMOS
	Gate Count	100k	600k	12k	8k	N.A.
	Cycle Energy (pJ)	7.6	200	10.2	7	27.3

Table 7 .2: Comparison of execution energy with and without cache activation

 7 The caches of the CPU have dedicated supplies and can be deactivated via software, a feature that enables a simple evaluation of the effects of the caches presence on the energy required to execute a program. The performance for three different 8 CONCLUSION AND FUTURE PERSPECTIVES

"It always seems impossible until it's done."

Nelson Mandela

Summary

This chapter presents a test circuit for accurate characterization of delays in clock and data paths for evaluating the extra timing margin available in silicon.

Understanding the sources of extra margin aids in precisely establishing de-rate added during sign-off such that fail-free operation can be ensured while deriving maximum performance from a given circuit. The proposed design uses only standard cells, which allows for easy implementation. The presented test structure can be used as sensor inside the chip along with SOC designs to improve the frequency of a design in postsilicon tuning after reading results from the sensor. The design and methodology presented in this paper has been tested and validated for the 28nm FDSOI node, enabling accurate de-rating while taking into account PV effects. In the future, this block is intended to be deployed for the assessment of even smaller technology nodes to enable the acceleration of the process development phase. The monitor principle is to minimize both the timing impact on the monitored critical path and the source of within-die variations. The generic monitor schematic shown in Figure 4.3 can be straightforwardly compared to previously proposed monitors [START_REF] Agarwal | Circuit Failure Prediction and Its Application to Transistor Aging[END_REF][START_REF] Wirnshofer | Adaptive voltage scaling by in-situ delay monitoring for an image processing circuit[END_REF][START_REF] Lai | SlackProbe: A low overhead in situ online timing slack monitoring methodology[END_REF]. The main idea is here to probe the incoming data right after the master latch [START_REF] Huard | Adaptive Wearout Management with in-situ aging monitors[END_REF] (and not prior as all previous approaches) in order to get rid of the additional load related to the monitor on the already critical path. Through adequate sizing of the delay element, it is possible to minimize the impact on the flip-flop setup time. Figure 4.3 shows a detailed schematic of the real monitor implemented and utilized for the work described in this chapter. The delay element is composed of minimum size inverter and a multiplexer so to allow a Test Mode (TM). The delayed signal is then passed through an additional latch, equivalent to the Slave latch of the reference flip-flop. At this stage, it can be concluded that this approach is more efficient in terms of area overhead than other approaches [START_REF] Agarwal | Circuit Failure Prediction and Its Application to Transistor Aging[END_REF][START_REF] Wirnshofer | Adaptive voltage scaling by in-situ delay monitoring for an image processing circuit[END_REF][START_REF] Lai | SlackProbe: A low overhead in situ online timing slack monitoring methodology[END_REF] that are using at minima a duplicate of the whole reference flip-flop. In the implementation used in this work, a second latch have been introduced to act as an additional delay element, thus enabling two different monitor detection window at the price to larger monitor area overhead. The standard method for full PVT electrical simulation is to load a design data base along with spice netlist for digital library into a fast spice simulator such as CustomSim. For AVS simulation, accuracy with less than 2% error or 10mV resolution is required. This implies fixing maximum accuracy mode and a huge number of PVT points i.e. 156 PVT configurations, leading to 1560 simulations if we take into account 3 process corners, 13 voltages points, 4 unique temperatures and 10 distinct frequencies as shown in Figure 6.5. This methodology then intrinsically limits the design size and the testbench size to small and unrepresentative test cases as the design requires CustomSim precision of 5 and a simulation run time of 20 hours, leading to a complete simulation time of 130 days, which is unfeasible and unscalable to large circuits.

Monitoring System -Design Perspectives

AVS Simulation Methodology

The approach utilized for simulation exploits the capabilities of VCS AMS [START_REF]White Paper -Extending Digital Verification Techniques for Mixed-Signal SoCs with VCS® AMS[END_REF] to address the design size and then applies new simulation techniques to simultaneously measure Fmax and power within the same simulation run. An additional step optimizing Fmax search has also been developed. While mix mode simulation for mixed analog and digital design is well established, solutions for full digital circuit are generally not required. For this work, firstly the entire circuit was simulated using a pure spice simulator with an external script to retrieve the results. This enabled to evaluate the accuracy of the mixed mode approach and also the gain in runtime. In the particular case of AVS, only a portion of the design requires accurate Fmax simulation, i.e. the modules containing critical paths. We can take advantage of this fact through mixed mode simulation where the AVS block is simulated using fast spice and the remainder of the circuit and testbench is simulated using standard functional simulation benchmark programs: the Dhrystone test [START_REF] Weicker | dhrystone test suite[END_REF], a 256 points Fast Fourier Transform and Atkin's sieve prime number search [114] without any caches or with both instruction and data cache activated has been evaluated and the number of cycles needed for execution have been extracted. The results are displayed in Table 7.2, it can be seen that the presence of caches on the same power and clock domain as the CPU can save from 30% to 62% of energy because of dynamic energy saving induced by the CPU cycles gain, which overcompensates the extra leakage caused by the ULV caches. While this cycles number and dynamic energy gains stand for any operating voltage, it justifies equiping the CPU with ULV caches for low energy operation.

Summary

A FDSOI 28nm 32b SPARC microprocessor has been designed with adapted standard cells, memories and flow to withstand ULV operations. The validation circuit with split CORE/cache supplies enables to explore memory architecture options and demonstrates that designing an ULV able cache can save from 30% to 62% energy. The operating range extends from 0.33V minimum voltage at 1MHz with associated 14.7µW standby power, to Minimum Energy Point at 0.44V/11MHz where it drives 7.6pJ per instruction and 6.5nJ per Dhrystone. At 25MHz, a frequency fast enough to enable audio signal processing for hearing aids, the operating power is 241µW. Duty cycled operation with peak processing power can also be addressed with the 606MHz@0.92V operating point.