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Chapter 1
Opportunities and Challenges of Nanoscale
Technology and Systems

1 Introduction

Consumer electronics such as mobile phones, digital cameras, digital television,

high-definition content players, health monitoring systems, and DVD/MP3 players

have profound impact on society. The main component of these appliances is a tiny

integrated circuit (IC) [141, 37, 43]. ICs are everywhere, from kitchen appliances,

to automobiles, to aircrafts. A system in modern consumer electronics is built as an

Analog/Mixed-Signal System-on-chip (AMS-SoC) [43, 72, 85, 61, 17]. A represen-

tative AMS-SoC is illustrated in Fig. 1. It has image sensors for the camera. General

purpose digital processor is programmable and executes the system and applica-

tion softwares. Digital signal processor (DSP) performs the signal processing in the

system. Analog circuits are absolutely necessary in AMS-SoCs at least as interface

elements even when the functions are being performed by digital processors. In a

smartphone, the baseband telecommunication chip perform the communication op-

erations using GSM or CDMA protocols. It is the main chipset of the smartphones

and directly interfaced to other hardware like speakers. The wireless operation and

bluetooth connects are taken care of the wireless component. Data converter sircuits

like analog-to-digital- converters (ADCs) and digital-analog-converters (DACs) are

two intrinsic mixed-signal circuits [70, 127, 18]. For the portable electronic system

a battery preferable rechargeable battery is included.

The hardware components of the present day AMS-SoCs are of gigascale com-

plexity and consist of transistors of nanoscale process technology. The situation is

depicted in Fig. 2. Nanoscale CMOS technology such as classical silicon-dioxide/

polysilicon bulk MOSFET and high-κ/metal-gate MOSFET are used to build such

hardwares. Triple gate transistors are With the growth of nanotechnology, a num-

ber of nanodevices have emerged to replace the classical MOSFET. Representative

nanodevices include tri-gate field effect transistors (TGFETs) and graphene FET

(GFET) [35, 40, 147]. The TGFET is being adopted for ultra-low-power designs.

The GFET can operate at high-frequencies (e.g. 100 GHz) and has potential for

high-speed nanoelectronics. Nanoscale size has reduced power dissipation of each

1
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Chapter 2
Emerging Systems Designed as Analog /
Mixed-Signal System-on-Chips (AMS-SoCs)

1 Introduction

Due to ever decreasing cost of electronics hardware and softwares in last several

years more and more people are able to afford to buy consumer electronics systems.

The consumer electronics system have profound effects on the society. The transfer

of information around the globe is possible in no time and without any cost. People

around the globe are staying connected every moment through the social networks.

This chapter discusses some example systems that has been used in day-to-day life

or being conceptualized for future development. It is difficult to discuss all of these

systems in the limited space. Attempt has been made to discuss a very selecting of

them. The examples include systems that has been used in day-to-day life or being

conceptualized for future development. The example system include the following:

Biosensor Systems, Tablet PC, Smart Mobile Phone, Blue Ray Player, Multime-

dia Tank, TV Tuner Card, Secure Digital Camera (SDC), Net-Centric Multimedia

Processor (NMP), Drug-Delivery Nano-Electro-Mechanical Systems (DDNEMS),

Radio Frequency Universal Remote Control, Radio Frequency Identification (RFID)

Tag, and Global Positioning System (GPS). These are typically designed as AMS-

SoCs containing analog, digital, and RF circuits, FPGA, firmware, and software

components.

2 Atomic Force Microscope (AFM)

2.1 AFM: What Is It?

Atomic force microscope (AFM) is an characterization instrument of nanoscience

that is used to determine topography and other properties of surfaces [15, 16, 57,

73, 86]. The AFM can analyze the thick and thin films, metals, semiconductors,

polymers, and composites. The Atomic Force Microscope (AFM) is also known as

3
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Chapter 3
Nanoelectronics Issues for Design for Excellence

1 Introduction

One nanometer is one-billionth of a meter or 10−9. To comprehend how small is this dimension the width of

human hair is approximately 80,000 nanometers (i.e.80 μm) [10]. In general, nanotechnology deals with mat-

ters and devices at the dimensions between less than 100 nanometers. The nanotechnolgy study encompasses

nanoscale science, engineering, and technology. It involves design, imaging, measuring, modeling, manipulat-

ing, simulation, and characterization of nanoscale matters and devices as well as nanotechnology based cir-

cuits and system. Nanotechnology may be electrical or non-electrical in nature (e.g. nano-electro-mechanical

systems NEMS). The nanoscale dimension electronics (called nanoelectronics) is the focus in this book. In

nanoelectronics, devices, circuits and systems can be designed and fabricated. The nanoelectronic devices may

include nanoscale CMOS or nano-CMOS field effect transistor (FET) (i.e. classical bulk CMOS FET), trigate

FET, Graphene FET, Carbon Nanotune FET (CNTFET), etc. A selected key issues faced by nanoelectronics

design engineers will be discussed in detail in this chapter. To give a strong understanding of design issues and

challenges in nanoelectronics based circuits and systems, in particular process variation, this chapter includes

discussions on the various devices. In addition fabrication processes are also presented.

2 Design for eXcellence (DFX)

The technology scaling while facilitates the use of smaller devices it allows to pack more number of those

small devices in the same die area. Thus effectively reduces the cost of computation. The following are the

compelling reasons for the technology scaling [5, 207]:

1. The technology scaling increases packing density of the devices in a die (or chip). As the MOSFET size

decreases more number of such devices can be packed in the same die area.

2. The current drive which is manifested by the transconductance (gm) enhances due to technology scaling.

This will be evident from the following discussion. In general transconductance is defined as follows for

saturation region:

gm =

(
∂ id
∂vgs

)
=

(
W
L

)
μ
(

εox

Tox

)
(Vgs−VT h) . (1)

From the above expression it evident that the current drive of the transistor can increase by the following

ways: (1) reducing the gate length, (2) reducing the oxide thickness, (3) increasing dielectric constant (by

using high-κ dielectrics), and (4) decreasing the threshold voltage.

3. The technology scaling has reduced power dissipation per computation. This is simply can be explained

by the fact that smaller devices are being switched to perform operations and operating voltage has been

reduced with scaling.

4. The technology scaling results in smaller capacitances.

5. The technology scaling improves the frequency response.

5
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Chapter 4
Phase-Locked Loop (PLL) Component Circuits

1 Introduction

In this chapter a widely used analog/mixed-signal system, the phase-locked loop

(PLL) is presented. Different types of PLLs will be introduced and the various

typical components of the PLL system will be discussed in detail in this chapter.

Earliest discussions of the PLL are dates back to 1923 [55]. PLLs got major atten-

tion in 1970 and eventually integrated circuits for PLLs were realized. The PLLs

are omnipresent in the day to day circuits and systems. PLLs have diverse applica-

tion is various digital, analog, and mixed-signal circuits and systems. For example,

frequency synthesis, frequency demodulation, synchronization, tracking, and televi-

sion sweep circuits are few diverse applications [34]. Different applications of PLL

is categorized in Fig. 1. With the heavy usage of smart devices with high speed

wireless communication facilities, the performance of PLLs is becoming increasing

important for the overall system performance [33].

PLL Applications

Frequency
Synthesis

Frequency
Modulation

Frequency
Multipliers

Signal
Synchronization

Signal
Recovery

Signal
Tracking

Fig. 1 Diverse Applications of Phase-Locked Loops (PLLs).

A simple usage of the PLL in the synchronous circuits and systems is depicted

in Fig. 2. In these systems, there is a global clock signal which is understood and

followed by all portions of the synchronous circuits and systems. Sequential ele-

ments like flip-flops, latches, and registers need the clock signal. PLLs drive clock

distribution of a synchronous circuits and systems. The clock signals are typically

efficiently generated by a phase-locked loop (PLL) for any target frequency.

7
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Chapter 5
Electronic Signal Converter Circuits

1 Introduction

In general signals are symbols or values with some ordering [15]. A signal is a func-

tion that conveys information or transfers energy [63]. Everyone handles some of the

electronic signals at every moment of life. The signals may either available naturally

or synthesized. The signal concept is depicted in Fig. 1. Electronic signal may in the

form of video, image, or audio used for entertainment as well as information ex-

change. Signals may be the power supply signal in the form of alternating current or

direct current. They may be communication signals in mobile communications, Wi-

Fi, or Bluetooth. They are of different types such visible, nonvisible, or sound. They

are of different dimensions, 1-D audio, 2-D images, or 3-D video. The signals may

have different periods or clock cycle time. They can be of various frequencies such

as radio frequency and audio frequency. The signals may be of diverse shapes; e.g.

square, saw, or sine. The electronic signals may be either analog or digital in nature

as depicted in Fig. 2. Analog signals are continuous in both value and time [15].

The discrete-time signals have values only at certain time stamps, i.e. continuous in

value and discrete in time. The discrete-amplitude signals have only discrete values,

i.e. discrete in value and continuous in time. The digital signals have discrete values

and in addition discrete time. Both analog and digital signal electronic signals are

encountered and processed all the time. Digital and discrete signals are obtained by

sampling analog signals.

Speech Signal

Sensor

Audio SignalElectronic
Signal

Signal
Processor

and
Transmitter

Modulated
Signal

Receiver
and

Actuator

Fig. 1 Concept of a Typical Signal.
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Chapter 6
Sensor Circuits and Systems

1 Introduction

The energy appear in the universe in various forms including heat, mechanical,

chemical (battery), and acoustics. The total energy of the universe is always con-

stant as stated in the basic principles of energy conversion. However, the energy in

various forms are always in continuous state of transformation or conversion from

one form to other from. The broad term “transducers” covers all the devices needed

for such energy conversion. Formally, the transducer is a device that converts one

form of energy to another form of energy [93, 4, 3]. A list of showing selected

different transducers is presented in Fig. 1.

Transducers

ElectromechanicalElectromagnetic Electrochemical

ElectroacousticPhotoelectric Electrostatic

Thermoelectric

Radioacoustic

Fig. 1 Different Types of Transducers.

The transducers can measure and/or sense the following attributes such as light,

temperature, force, speed, and sound [4, 3]. Simplistically, the transducers that con-

vert nonelectrical energy to electrical energy are called “sensors”. The transducers

that convert electrical energy to mechanical energy are called “actuators”. In this

chapter the discussion will be limited to sensors i.e. transducers giving electronic

signal as the output. Numerous types of sensor are designed and deployed in day-

to-day applications as any physical parameters essentially can be sensed [43]. So,

it is difficult to provide a comprehensive list. However, a selected types of different

sensors are presented in Fig. 2.
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Chapter 7
Memory in the AMS-SoCs

1 Introduction

Memory is the key component of any computing platform. It performs its primary

function of storing data, instructions, firmwires, system software, and application

softwares. In addition it temporary stores data and instructions during the execution

of an application or program. Depending on the usage of the memory, the memory

can be of diverse types and forms. A selected types of memory types is presented

in Fig. 1 [76]. The objective of any computing platform design is provide a large

amount of memory to the users or programmers with a minimal cost. The cost,

speed, and power dissipation of memory has affected the growth of VLSI technology

and consumer electronics.

Nonvolatile
and 

Volatile 
Memory

Fig. 1 Different Types of Memory in Various Computing Systems.
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Chapter 8
Mixed-Signal Circuit and System Design Flow

1 Introduction

A typical Analog/Mixed-Signal System-on-a-Chip (AMS-SoC) has a variety of components including digital

processors, analog circuitry, RF circuitry, true mixed-signal circuitry integrated together to achieve cost and

performance trade-offs [118, 67, 90, 62]. In addition there is significant software presence in the AMS-SoC

in the form of firmware, system software (operating system), and application software. The design of power

supply components which are battery packs and possibly accompanied by solar panel involves different design

cycles. This chapter will focus on the hardware components involving analog, radio frequency (RF), digital,

and mixed-signal circuitry.

In the hardware components of the AMS-SoC, the digital circuitry performs most of the back-end process-

ing of the data. The mixed-signal, analog, and RF components are present for front-end processing including

communications and interfacing. In a typical design style the digital components contain much more number

of transistors as compared to the mixed-signal, analog, and RF components. Of course, the digital designs of

well-defined abstraction like from system to physical level to provide design flexibility to design engineers

through divide-and-conquer approach. However, at the last phase of the AMS-SoC design, all types of compo-

nents (digital, mixed-signal, analog, and RF) are physical designs or layouts. At the circuit and the layout levels

the designs go through analog SPICE simulations for verification and characterization. The complexity of the

AMS-SoC hardware component designs have increased multifolds for many reasons including the following

[90]:

(1) Integration of digital, analog, and mixed-signal functions along with the embedded software needs co-

design for overall AMS-SoC optimization.

(2) New signal processing algorithms and their corresponding architectures provide much serious challenges

in terms of total AMS-SoC power dissipation and performance requirements.

(3) The transistor count has increased tremendously to support the various functionalities of the AMS-SoC.

(4) The rapid change of the process technologies demands consideration of different technology parameters

during the design cycle for simulation and design space exploration.

As a result the AMS-SoC design cycle is long and error prone. The overall design needs diverse skills, such as

analog design, digital design, layout engineering, and design verification. The digital verification is becoming

increasing important and complex. The need for analog verification has also emerged [64]. To make the situa-

tion worse the technically expected for such highly complex AMS-SoCs, the time-to-market has been reduced

significantly. In such a situation, Computer Aided Design (CAD) environments including design and verifica-

tion flows are more important than ever in order to produce error-free, affordable, and functional AMS-SoCs

on time.
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Chapter 9
Mixed-Signal Circuit and System Simulation

1 Introduction

Breadboarding that involve prototyping of system using a breadboard with connector holes is not a feasible

option for integrated circuit. The current generation equivalent of breadboarding for integrating circuits is sim-

ulation [248]. The simulation of the integrated circuits can help the overall design process during initial design

phase, debugging phase, as well as during the diagnostic phase [176]. The simulation of integrated circuits or

systems is the solving of the desired signals using computers [218]. In a general scale it may involve simulation

for many aspects including the current signals, the voltage signals, the timing information, as well as power dis-

sipation information. The simple concept of circuit and/or system is depicted in Fig. 1. The complete integrated

circuit or overall system is made of the many different components or elements. The models of these compo-

nents or elements are constructed in various different forms including mathematical expression, look-up-table

(LUT), or plots that a computer can understand. The circuit or systems as well as the models are described

in various languages that computer can understand with various simulation frameworks. The simulation en-

gine that uses the models and circuit/system descriptions solves the circuit/system for specific input and setup

conditions. The results obtained from the simulation are viewed as plain text data and/or graphical waveform

viewers. This Chapter will discuss the simulation engines, various forms of circuit/system descriptions, and

models in great details.

Simulation Engine

ModelsCircuit or System 
Descriptions

Input and 
Setup

Waveform and Output Viewer

Fig. 1 The Concept of Integrated Circuit Simulation.

Simulation is every much essential as it provides insight of a circuit and/or system before it is being actually

built [189, 278, 218]. The various possible forms of the simulations ensure that the circuit or system design

is analyzed, characterized, and verified before proceeding to the next step in the design cycle. Hence stopping

any propagation of design errors to next level of the design abstraction which may be difficult or costly to

correct at a later stage. Thus, the design cycle time reduces, non-recurrent engineering (NRE) cost reduces,

and the overall chip cost reduces. Simulations in the many different forms including ultra-fast system-level

simulations, fast switch-level simulations, or slow SPICE simulations are used in various phases of the design

flow for verification as well as characterization purposes. Fast and accurate simulations are needed for AMS-
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Chapter 10
Power, Parasitic, and Thermal Aware AMS-SoC Design
Methodologies

1 Introduction

In a previous Chapter on Design for Excellence (DfX) a large set of issues which are encountered during

the design of nanoelectronic based circuits and systems has been presented. Addresses one or more than one

of these issues are challenging and they demand more efforts from system designer, design engineers, and

layout engineers. The scope of this Chapter is the detailed discussion of a selected subset from DfX which was

discussed in a previous Chapter. In particular, power, parasitics, and thermal issues have been discussed. In

the case of power, static as well dynamic power dissipation have been presented along with their effects and

techniques to handle them at various levels of design abstraction. The parasitics like resistors, capacitors, and

inductors which arise from the active devices as well as passive interconnects can be origin of many problems

such as performance and power dissipation. The parasitics can be distributed and lumped; the distributed are

much more difficult to handle. The parasitics origin, modeling, and methods to handle during design flow

have been presented in this Chapter. Then comes the thermal or temperature issue of the circuits and systems.

The thermal issues are due to high on-chip heating due to high power dissipation or may be high ambient

temperature. The on-chip thermal issues may arise from the high power dissipation. While the power dissipation

issue and thermal issues have some commonalities they are different issues and may been different approaches

to solve them. Therefore, this Chapter discusses the thermal issues as a different issue from power dissipation.

2 Power Dissipation: Remains Key Design Constraint

The research in low-power VLSI design has been one of the primary focus for last several decade [119, 175,

162, 40, 55, 32, 198, 27]. However, it still remains one of the major issues along with the additional emerging

issues in the nanoelectronics era. The explosive growth of portable systems with serious computing capabilities

have been a major driving factor of the low-power design. No doubt, with technology scaling and smaller

feature size the devices are operated at low supply voltages. Hence it can be said the power dissipation of

individual transistors per technology generation reduced. However, the number of transistors which are packed

in the same die i.e. integration density of packing density of the chips increased have increased. It is estimated

that with each generation, feature size has scaled by 0.7, integration density has increased by 2×, cost of

computing reduced by 2×, while die size has minor increase of 14%. Thus the power consumption of the main

stream chip have increased. In the recent years to operate with limited battery life, low-power system-on-a-

chip (SoC) instead of pure hardware main stream microprocessors have been of quite demand. Of course, the

in process the performance has been compromised. One can think why not having high performance battery a

solution! First of all the chemical technology that is used in battery has its own limitations. The size of battery

needed to provide higher current will not be helpful to make portable small electronic systems. In general the

need for high-performance and yet portable small electronic systems and many other factors which are to be

discussed in this Section have kept the power dissipation (including leakage dissipation) as the key constraint

for the design engineers.
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Chapter 11
Variability-Aware AMS-SoC Design Methodologies

1 Introduction

Process variation has been discussed as a major issue in the Chapter on Design issues for DfX. Simplistically

speaking process variations lead to discrepancy between sizes intended during the design time versus the sizes

obtained during the manufacturing. For example, it is estimated that the variations in the channel length and

threshold voltage of a MOSFET is as high as 30% in the case of a 65 nm CMOS process technology node

[25, 28, 60]. The variations can be larger for further smalled process technology nodes. As depicted in Fig.

1(a), no two chips on the same wafer have same characteristics or even no two transistors in the same die

are the same [50, 49, 4, 48, 11]. However, in a bigger perspective, the nanoelectronic parametric variations

include, process variations (P), voltage variations (V), thermal variations (T), and transistor aging that takes

place in nanoelectronic integrated circuits and systems [12, 20, 13, 64]. As presented in Fig. 1(b), the parameter

variation can be either static or dynamic variations [12, 13]. The static parameter variations are caused by the

variability in the manufacturing process; on the other hand, the dynamic parameter variations occurs in time

during the operation of the circuit and system due to the changes in the environmental and workload conditions.

The process variations originate from many possible sources as presented in Fig. 1(b) [50, 23]. As a result, the

nature of process variations is quite different which can be at wafer level, at reticle level, and at local level. For

the purpose of modeling and accurate statistical analysis they can be classifies in various ways as depicted in

the figure. Many of these have been discussed in the Chapter on Design issues for DfX.

The process variations have significant negative impact on the integrated circuits, system-on-chips (SoCs)

as well as multiple core systems in terms of their energy dissipation as well as performance characteristics

[50, 49, 12, 20, 4, 48, 11, 64]. For example, the process variations affect functionality of design. The variations

in the channel length can affects current carrying capability and delay. The variations in the threshold voltage

can affects subthreshold leakage and delay. The process variations may change the characteristics of the circuits

and system as compared to the design specification and hence may affect the yield. For example, not meeting

the power dissipation or performance specifications even if the chip is fully functional is loss of yield in this

competitive market. The design cycle is complicated and design engineers skills are really tested due to the

process variations. For example, the number of process variation sources leads to more corner cases needed

for meaningful simulations of the designs. The design decisions may need to be made based on statistical

distributions rather than the actual characteristic data. Moreover, all these directly or indirectly affect the cost

of the designed and fabricated circuits and systems. The cost may increase due to the increase in the design

cost as well as due the reduction in the number of good chip resulted from the fabrications.

Variability tolerant design are necessary to produce robust circuits and systems with maximum possible

yield and reduced cost. The important aspect is to incorporate variability awareness during the early stages

of the design cycles such that the resulting chip is process variation tolerant. Such design flows for integrated

circuits are called “process-variation tolerant” or “process-variation aware” design flows. For a quick reference

such flows have been presented in Fig. 2 for both analog and digital integrated circuits [50, 49, 25, 28, 48].

The manufacturing process variations information for a specific manufacturing process needs be available to

th design engineers for use at different levels of design abstractions. For example, what kind of variation chan-

nel lenght follow? For the integrated circuits, variability-aware analysis as well as variability-aware design

optimization can be used. The variability-aware analysis techniques are needed for process-variation aware

21



91

References

1. Design of Experiments (DOE). https://www.moresteam.com/toolbox/design-of-experiments.cfm. Ac-
cessed on 27 May 2014

2. Monte Carlo Analysis. http://www.tutorialspoint.com/management_concepts/monte_carlo_
analysis.htm. Accessed on 26 May 2014

3. NIST/SEMATECH e-Handbook of Statistical Methods. National Institute of Science and Technology (NIST) (2003). Ac-
cessed on 27 May 2014

4. How a Chip is Made. http://apcmag.com/picture-gallery-how-a-chip-is-made.htm (2009). Accessed
on 25 may 2014

5. Design of Experiments - Taguchi Experiments. http://www.qualitytrainingportal.com/resources/doe/
taguchi_concepts.htm (2012). Accessed on 28 May 2014

6. Anderson, H.L.: Metropolis, Monte Carlo, and the MANIAC. Los Alamos Science (LAUR-86-2600), 96–107 (1986). Ac-
cessed on 26 May 2014

7. Ang, K.C.M., Chia, M.Y.W., Li, D.P.M.: A Process Compensation Technique for Integrated VCO. In: Digest of Papers IEEE
Radio Frequency Integrated Circuits (RFIC) Symposium, pp. 591–594 (2004). DOI 10.1109/RFIC.2004.1320690

8. Babanova, S., Artyushkova, K., Ulyanova, Y., Singhal, S., Atanassov, P.: Design of experiments and principal compo-
nent analysis asapproaches for enhancing performance of gas-diffusional air-breathing bilirubin oxidase cathode. Jour-
nal of Power Sources 245, 389–397 (2014). DOI http://dx.doi.org/10.1016/j.jpowsour.2013.06.031. URL http://www.
sciencedirect.com/science/article/pii/S0378775313010288

9. Banerjee, S., Mathew, J., Mohanty, S.P., Pradhan, D.K., Ciesielski, M.J.: A Variation-Aware Taylor Expansion Diagram-Based
Approach for Nano-CMOS Register-Transfer Level Leakage Optimization. Journal of Low Power Electronics 7(4), 471–481
(2011)

10. Banerjee, S., Mathew, J., Pradhan, D., Mohanty, S.P., Ciesielski, M.: Variation-Aware TED-Based Approach for Nano-CMOS
RTL Leakage Optimization. In: Proceedings of the 24th International Conference on VLSI Design (VLSID), pp. 304–309
(2011). DOI 10.1109/VLSID.2011.40

11. Blaauw, D., Chopra, K., Srivastava, A., Scheffer, L.: Statistical Timing Analysis: From Basic Principles to State of the Art.
IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 27(4), 589–607 (2008). DOI 10.1109/
TCAD.2007.907047

12. Bowman, K.A., Tokunaga, C., Tschanz, J.W., Karnik, T., De, V.K.: Adaptive and Resilient Circuits for Dynamic Variation
Tolerance. IEEE Design Test 30(6), 8–17 (2013). DOI 10.1109/MDAT.2013.2267958

13. Bowman, K.A., Tschanz, J.W., Lu, S.L., Aseron, P.A., Khellah, M.M., Raychowdhury, A., Geuskens, B.M., Tokunaga, C.,
Wilkerson, C.B., Karnik, T., De, V.K.: A 45 nm Resilient Microprocessor Core for Dynamic Variation Tolerance. IEEE
Journal of Solid-State Circuits 46(1), 194–208 (2011). DOI 10.1109/JSSC.2010.2089657

14. Bukhori, M.F., Brown, A.R., Roy, S., Asenov, A.: Simulation of Statistical Aspects of Reliability in Nano CMOS Transistors.
In: Proceedings of the IEEE International Integrated Reliability Workshop, pp. 82–85 (2009). DOI 10.1109/IRWS.2009.
5383028

15. Chae, K., Lee, C.H., Mukhopadhyay, S.: Timing Error Prevention Using Elastic Clocking. In: Proceedings of the IEEE
International Conference on IC Design Technology (ICICDT), pp. 1–4 (2011). DOI 10.1109/ICICDT.2011.5783192

16. Chae, K., Mukhopadhyay, S., Lee, C.H., Laskar, J.: A Dynamic Timing Control Technique Utilizing Time Borrowing and
Clock Stretching. In: Proceedings of the IEEE Custom Integrated Circuits Conference (CICC), pp. 1–4 (2010). DOI 10.1109/
CICC.2010.5617392

17. Chen, Y., Wang, Y., Xie, Y., Takach, A.: Parametric Yield-Driven Resource Binding in High-Level Synthesis with Multi-
Vth/Vdd Library and Device Sizing. Journal of Electrical and Computer Engineering 2012 (2012). DOI http://dx.doi.org/10.
1155/2012/105250

18. Chen, Y., Xie, Y., Wang, Y., Takach, A.: Parametric Yield Driven Resource Binding in Behavioral Synthesis With Multi-
Vth/Vdd Library. In: Proceedings of the 15th Asia and South Pacific Design Automation Conference (ASP-DAC), pp. 781–786
(2010). DOI 10.1109/ASPDAC.2010.5419783

19. Cui, S., Weile, D.S.: Application of A Parallel Particle Swarm Optimization Scheme To The Design of Electromagnetic
Absorbers. IEEE Transactions on Antennas and Propagation 53(11), 3616–3624 (2005). DOI 10.1109/TAP.2005.858866

20. De, V.: Keynote: Variation-Tolerant Adaptive and Resilient Designs in Nanoscale CMOS. In: Asynchronous Circuits and
Systems (ASYNC), 2013 IEEE 19th International Symposium on, pp. xv–xv (2013). DOI 10.1109/ASYNC.2013.35

21. Doorn, T.S., ter Maten, E.J.W., Croon, J.A., Di Bucchianico, A., Wittich, O.: Importance Sampling Monte Carlo Simulations
for Accurate Estimation of SRAM Yield. In: Proceedings of the European Solid-State Circuits Conference, pp. 230–233
(2008). DOI 10.1109/ESSCIRC.2008.4681834

22. Fang, K.T., Li, R., Sudjianto, A.: Design and Modeling for Computer Experiments. Chapman and Hall/CRC, 23-25 Blades
Court, London SW15 2NU, UK (2006)

23. Forzan, C., Pandini, D.: Statistical Static Timing Analysis: A Survey. Integration, the {VLSI} Journal 42(3), 409–435 (2009).
DOI http://dx.doi.org/10.1016/j.vlsi.2008.10.002. URL http://www.sciencedirect.com/science/article/
pii/S0167926008000564

24. Garg, S., Marculescu, D.: System-Level Leakage Variability Mitigation for MPSoC Platforms Using Body-Bias Islands. IEEE
Transactions on Very Large Scale Integration (VLSI) Systems 20(12), 2289–2301 (2012). DOI 10.1109/TVLSI.2011.2171512

25. Garitselov, O.: Metamodeling-Based Fast Optimization of Nanoscale AMS-SoCs. Ph.D. thesis, Department of Computer
Science and Engineering, University of North Texas, Denton (2012)

26. Garitselov, O., Mohanty, S.P., Kougianos, E.: A Comparative Study of Metamodels for Fast and Accurate Simulation of Nano-
CMOS Circuits. IEEE Transactions on Semiconductor Manufacturing 25(1), 26–36 (2012). DOI 10.1109/TSM.2011.2173957



92

27. Garitselov, O., Mohanty, S.P., Kougianos, E., Zheng, G.: Particle Swarm Optimization over Non-Polynomial Metamodels for
Fast Process Variation Resilient Design of Nano-CMOS PLL. In: Proceedings of the ACM Great Lakes Symposium on VLSI,
pp. 255–258 (2012)

28. Ghai, D.: Variability Aware Low-Power Techniques for Nanoscale Mixed-Signal Circuits. Ph.D. thesis, University of North
Texas, Denton (2009)

29. Ghai, D., Mohanty, S.P., Kougianos, E.: A Process and Supply Variation Tolerant Nano-CMOS Low Voltage, High Speed,
A/D Converter for System-on-Chip. In: Proceedings of the 18th ACM Great Lakes Symposium on VLSI, pp. 47–52 (2008)

30. Ghai, D., Mohanty, S.P., Kougianos, E.: Parasitic Aware Process Variation Tolerant Voltage Controlled Oscillator (VCO)
Design. In: Proceedings of the 9th International Symposium on Quality of Electronic Design, pp. 330–333 (2008)

31. Ghai, D., Mohanty, S.P., Kougianos, E.: Design of Parasitic and Process-Variation Aware Nano-CMOS RF Circuits: A VCO
Case Study. IEEE Trans. VLSI Syst. 17(9), 1339–1342 (2009)

32. Ghai, D., Mohanty, S.P., Kougianos, E.: Unified P4 (Power-Performance-Process-Parasitic) Fast Optimization of a Nano-
CMOS VCO. In: Proceedings of the 19th ACM Great Lakes Symposium on VLSI, pp. 303–308 (2009)

33. Ghai, D., Mohanty, S.P., Kougianos, E.: Variability-Aware Optimization of nano-CMOS Active Pixel Sensors using Design
and Analysis of Monte Carlo Experiments. In: Proceedings of the 10th International Symposium on Quality of Electronic
Design, pp. 172–178 (2009)

34. Ghai, D., Mohanty, S.P., Kougianos, E.: A Variability Tolerant System-on-Chip Ready Nano-CMOS Analog-to-Digital Con-
verter (ADC). Taylor & Francis International Journal of Electronics (IJE) 97(4), 421–440 (2010)

35. Ghai, D., Mohanty, S.P., Kougianos, E., Patra, P.: A PVT Aware Accurate Statistical Logic Library For High-κ Metal-gate
nano-CMOS. In: Proceedings of the 10th International Symposium on Quality of Electronic Design, pp. 47–54 (2009)

36. Gupta, V., Anis, M.: Statistical Design of the 6T SRAM Bit Cell. IEEE Transactions on Circuits and Systems I: Regular
Papers 57(1), 93–104 (2010). DOI 10.1109/TCSI.2009.2016633

37. Jung, J., Kim, T.: Timing Variation-Aware High-Level Synthesis. In: Proceedings of the IEEE/ACM International Conference
on Computer-Aided Design, pp. 424–428 (2007). DOI 10.1109/ICCAD.2007.4397302

38. Jung, J., Kim, T.: Timing Variation-Aware High Level Synthesis: Current Results and Research Challenges. In: Proceedings
of the IEEE Asia Pacific Conference on Circuits and Systems, pp. 1004–1007 (2008). DOI 10.1109/APCCAS.2008.4746194

39. Jung, J., Kim, T.: Scheduling and Resource Binding Algorithm Considering Timing Variation. IEEE Transactions on Very
Large Scale Integration (VLSI) Systems 19(2), 205–216 (2011). DOI 10.1109/TVLSI.2009.2031676

40. Kalos, M.H., Whitlock, P.A.: Monte Carlo Methods. Wiley (2008). URL http://books.google.com/books?id=
b8Xb4rBkygUC

41. Keramat, M., Kielbasa, R.: Latin Hypercube Sampling Monte Carlo Estimation of Average Quality Index for Integrated
Circuits 14(1/2), 131–142 (1997). DOI 10.1007/978-1-4615-6101-9 11. URL http://dx.doi.org/10.1007/
978-1-4615-6101-9_11

42. Khan, A., Mohanty, S.P., Kougianos, E.: Statistical Process Variation Analysis of a Graphene FET based LC-VCO for WLAN
Applications. In: Proceedings of the 15th IEEE International Symposium on Quality Electronic Design, pp. 569–574 (2014)

43. Kocher, M., Rappitsch, G.: Statistical methods for the determination of process corners. In: Proceedings of the International
Symposium on Quality Electronic Design, pp. 133–137 (2002). DOI 10.1109/ISQED.2002.996713

44. Kougianos, E., Mohanty, S.P.: Impact of Gate-Oxide Tunneling on Mixed-Signal Design and Simulation of A Nano-CMOS
VCO. Microelectronics Journal 40(1), 95–103 (2009)

45. Mahalingam, V., Ranganathan, N., Hyman Jr., R.: Dynamic clock stretching for variation compensation in vlsi circuit design.
ACM Journal on Emerging Technologies in Computing Systems (JETC) 8(3), 16:1–16:13 (2012). DOI 10.1145/2287696.
2287699. URL http://doi.acm.org/10.1145/2287696.2287699

46. Mascagni, M.: Monte Carlo Methods: Early History and The Basics. http://www.cs.fsu.edu/˜mascagni/MC_
Basics.pdf (2011). Accessed on 11 June 2014

47. Mizuno, T., Okamura, J., Toriumi, A.: Experimental Study of Threshold Voltage Fluctuation Due to Statistical Variation of
Channel Dopant Number in MOSFETs. IEEE Transactions on Electron Devices 41(11), 2216–2221 (1994)

48. Mohanty, S.P.: Unified Challenges in Nano-CMOS High-Level Synthesis. In: Proceedings of the 22nd International Confer-
ence on VLSI Design, pp. 531–531 (2009)

49. Mohanty, S.P.: DfX for Nanoelectronic Embedded Systems. In: Keynote Address, International Conference on Control,
Automation, Robotics and Embedded System (2013). Accessed on 25 May 2014

50. Mohanty, S.P., Gomathisankaran, M., Kougianos, E.: Variability-Aware Architecture Level Optimization Techniques
for Robust Nanoscale Chip Design. Computers & Electrical Engineering 40(1), 168–193 (2014). DOI http://dx.
doi.org/10.1016/j.compeleceng.2013.11.026. URL http://www.sciencedirect.com/science/article/pii/
S004579061300308X. 40th-year commemorative issue

51. Mohanty, S.P., Kougianos, E.: Impact of Gate Leakage on Mixed Signal Design and Simulation of Nano-CMOS Circuits. In:
Proceedings of the 13th NASA Symposium on VLSI Design, vol. paper # 2.4, 6 pages (2007)

52. Mohanty, S.P., Kougianos, E.: Simultaneous Power Fluctuation and Average Power Minimization during Nano-CMOS Be-
havioral Synthesis. In: Proceedings of the 20th International Conference on VLSI Design, pp. 577–582 (2007)

53. Mohanty, S.P., Kougianos, E.: Incorporating Manufacturing Process Variation Awareness in Fast Design Optimization of
Nanoscale CMOS VCOs. IEEE Transactions on Semiconductor Manufacturing 27(1), 22–31 (2014). DOI 10.1109/TSM.
2013.2291112

54. Mohanty, S.P., Ranganathan, N., Kougianos, E., Patra, P.: Low-Power High-Level Synthesis for Nanoscale CMOS Circuits.
Springer (2008)

55. Mohanty, S.P., Singh, J., Kougianos, E., Pradhan, D.K.: Statistical DOE-ILP based Power-Performance-Process (P3) Opti-
mization of nano-CMOS SRAM. Integration 45(1), 33–45 (2012)



93

56. Montgomery, D.C.: Design and Analysis of Experiments. John Wiley & Sons (2008). URL http://books.google.
com/books?id=kMMJAm5bD34C

57. Mostafa, H., Anis, M., Elmasry, M.: Adaptive Body Bias for Reducing the Impacts of NBTI and Process Variations on 6T
SRAM Cells. IEEE Transactions on Circuits and Systems I: Regular Papers 58(12), 2859–2871 (2011). DOI 10.1109/TCSI.
2011.2158708

58. Mukherjee, V., Mohanty, S.P., Kougianos, E.: A Dual Dielectric Approach For Performance Aware Gate Tunneling Reduction
In Combinational Circuits. In: Proceedings of the IEEE International Conference on Computer Design: VLSI in Computers
and Processors, pp. 431–436 (2005). DOI 10.1109/ICCD.2005.5

59. Mukhopadhyay, S., Kim, K., Mahmoodi, H., Roy, K.: Design of a Process Variation Tolerant Self-Repairing SRAM for Yield
Enhancement in Nanoscaled CMOS. IEEE Journal of Solid-State Circuits 42(6), 1370–1382 (2007). DOI 10.1109/JSSC.
2007.897161

60. Nassif, S.R.: Modeling and analysis of manufacturing variations. In: Proceedings of the IEEE Conference on Custom Inte-
grated Circuits, pp. 223–228 (2001)

61. Okobiah, O.: Exploring Process-Variation Tolerant Design of Nanoscale Sense Amplifier Circuits. Master’s thesis, Department
of Computer Science and Engineering, University of North Texas, Denton, TX (2010)

62. Okobiah, O., Mohanty, S.P., Kougianos, E., Poolakkaparambil, M.: Towards Robust Nano-CMOS Sense Amplifier Design:
A Dual-Threshold Versus Dual-Oxide Perspective. In: Proceedings of the 21st ACM Great Lakes Symposium on VLSI, pp.
145–150 (2011)

63. Orshansky, M., Chen, J.C., Hu, C.: A Statistical Performance Simulation Methodology For VLSI Circuits. In: Proceedings of
the Design Automation Conference, pp. 402–407 (1998)

64. Orshansky, M., Nassif, S., Boning, D.: Design for Manufacturability and Statistical Design: A Constructive Approach. Inte-
grated Circuits and Systems. Springer (2007). URL http://books.google.com/books?id=sZ-NPuM-ScYC

65. Palermo, G., Silvano, C., Zaccaria, V.: Variability-Aware Robust Design Space Exploration of Chip Multiprocessor Ar-
chitectures. In: Proceedings of the Asia and South Pacific Design Automation Conference, pp. 323–328 (2009). DOI
10.1109/ASPDAC.2009.4796501

66. Pengelly, J.: Monte Carlo Methods. Tech. rep., Department Of Computer Science, University Of Otago, Dunedin, New
Zealand (2002). Accessed on 26 May 2014

67. Poli, R.: Analysis of the Publications on the Applications of Particle Swarm Optimisation. Journal of Artificial Evolution and
Applications 2008(685175), 10 pages (2008). DOI 10.1155/2008/685175

68. Qazi, M., Tikekar, M., Dolecek, L., Shah, D., Chandrakasan, A.: Loop Flattening & Spherical Sampling: Highly Efficient
Model Reduction Techniques for SRAM Yield Analysis. In: Proceedings of the Design, Automation Test in Europe Confer-
ence Exhibition, pp. 801–806 (2010)

69. Rappitsch, G., Seebacher, E., Kocher, M., Stadlober, E.: SPICE Modeling of Process Variation Using Location Depth Corner
Models. IEEE Transactions on Semiconductor Manufacturing 17(2), 201–213 (2004). DOI 10.1109/TSM.2004.826940

70. Reid, D., Millar, C., Roy, G., Roy, S., Asenov, A.: Analysis of Threshold Voltage Distribution Due To Random Dopants: A
100000-Sample 3-D Simulation Study. IEEE Transactions on Electron Devices 56(10), 2255–2263 (2009). DOI 10.1109/
TED.2009.2027973

71. Resnick, S.I.: Extreme Values, Regular Variation and Point Processes. Springer-Verlag, New York (1987)
72. Roy, R.K.: A Primer on the Taguchi Method, second edn. Society of Manufacturing Engineers (2010). URL http://

books.google.com/books?id=k5VBsRZfzQsC
73. Sakurai, T.: Low Power Digital Circuit Design. In: Proceeding of the 34th European Solid-State Device Research Conference,

pp. 11–18 (2004). DOI 10.1109/ESSDER.2004.1356476
74. Sarivisetti, G.: Design and Optimization of Components in a 45 nm CMOS Phase Locked Loop. Master’s thesis, Department

of Computer Science and Egnineering, University of North Texas, Denton, TX, USA (2006)
75. Seo, J.H., Im, C.H., Heo, C.G., kwang Kim, J., Jung, H.K., Lee, C.G.: Multimodal Function Optimization Based on Particle

Swarm Optimization. IEEE Transactions on Magnetics 42(4), 1095–1098 (2006). DOI 10.1109/TMAG.2006.871568
76. Shi, X., Yeo, K.S., Ma, J.G., Do, A.V., Li, E.: Scalable Model of On-Wafer Interconnects for High-Speed CMOS ICs. IEEE

Transactions on Advanced Packaging 29(4), 770–776 (2006). DOI 10.1109/TADVP.2006.884781
77. Singh, J., Mathew, J., Mohanty, S.P., Pradhan, D.K.: Statistical Analysis of Steady State Leakage Currents in Nano-CMOS

Devices. In: Proceedings of the 25th IEEE Norchip Conference (NORCHIP), pp. 1–4 (2007)
78. Singhee, A., Rutenbar, R.A.: Statistical Blockade: A Novel Method for Very Fast Monte Carlo Simulation of Rare Circuit

Events, and its Application. In: Proceedings of the Design, Automation Test in Europe Conference Exhibition, pp. 1–6
(2007). DOI 10.1109/DATE.2007.364490

79. Singhee, A., Rutenbar, R.A.: Statistical Blockade: Very Fast Statistical Simulation and Modeling of Rare Circuit Events and
Its Application to Memory Design. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 28(8),
1176–1189 (2009). DOI 10.1109/TCAD.2009.2020721

80. Singhee, A., Wang, J., Calhoun, B.H., Rutenbar, R.A.: Recursive Statistical Blockade: An Enhanced Technique for Rare Event
Simulation with Application to SRAM Circuit Design. In: Proceedings of the International Conference on VLSI Design, pp.
131–136 (2008)

81. Sun, L., Mathew, J., Pradhan, D.K., Mohanty, S.P.: Algorithms for Rare Event Analysis in nano-CMOS Circuits Us-
ing Statistical Blockade. In: Proceedings of the International SoC Design Conference, pp. 162–165 (2010). DOI
10.1109/SOCDC.2010.5682948

82. Sun, L., Mathew, J., Pradhan, D.K., Mohanty, S.P.: Enhanced Statistical Blockade Approaches for Fast Robustness Estimation
and Compensation of Nano-CMOS Circuits. Special Issue on Power, Parasitics, and Process-Variation (P3) Awareness in
Mixed-Signal Design, ASP Journal of Low Power Electronics 8(3), 261–269 (2012)



94

83. Tanguay, L.F., Sawan, M.: Process Variation Tolerant LC-VCO Dedicated to Ultra-Low Power Biomedical RF Circuits. In:
Proceedings of the 9th International Conference on Solid-State and Integrated-Circuit Technology, pp. 1585–1588 (2008).
DOI 10.1109/ICSICT.2008.4734869

84. Thakral, G.: Process-Voltage-Temperature Aware Nanoscale Circuit Optimization. Ph.D. thesis, Department of Computer
Science and Engineering, University of North Texas, Denton (2010)

85. Thakral, G., Mohanty, S., Ghai, D., Pradhan, D.: P3 (Power-Performance-Process) Optimization of nano-CMOS SRAM using
Statistical DOE-ILP. In: Proceedings of the 11th International Symposium on Quality Electronic Design (ISQED), pp. 176–
183 (2010). DOI 10.1109/ISQED.2010.5450470

86. Tschanz, J.W., Kao, J.T., Narendra, S.G., Nair, R., Antoniadis, D.A., Chandrakasan, A.P., De, V.: Adaptive Body Bias for
Reducing Impacts of Die-to-Die and Within-Die Parameter Variations On Microprocessor Frequency and Leakage. IEEE
Journal of Solid-State Circuits 37(11), 1396–1402 (2002). DOI 10.1109/JSSC.2002.803949

87. Wang, F., Chen, Y., Nicopoulos, C., Wu, X., Xie, Y., Vijaykrishnan, N.: Variation-Aware Task and Communication Mapping
for MPSoC Architecture. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 30(2), 295–307
(2011). DOI 10.1109/TCAD.2010.2077830

88. Wang, F., Wu, X., Xie, Y.: Variability-Driven Module Selection With Joint Design Time Optimization and Post-Silicon Tuning.
In: Proceedings of the Asia and South Pacific Design Automation Conference, pp. 2–9 (2008). DOI 10.1109/ASPDAC.2008.
4483963

89. Wyss, G.D., Jorgensen, K.H.: A User’s Guide to LHS: Sandia’s Latin Hypercube Sampling Software. Tech. rep., Risk As-
sessment and Systems Modeling Department, Sandia National Laboratories, PO Box 5800, Albuquerque, NM 87185-0747
(1998). Accessed on 16 June 2014

90. Xie, Y., Chen, Y.: Statistical High-Level Synthesis under Process Variability. IEEE Design Test of Computers 26(4), 78–87
(2009). DOI 10.1109/MDT.2009.85

91. Zhao, W., Cao, Y.: New Generation of Predictive Technology Model for sub-45 nm Design Exploration. In: Proceedings of
the International Symposium on Quality Electronic Design, pp. 585–590 (2006)

92. Zhao, X., Tolbert, J., Liu, C., Mukhopadhyay, S., Lim, S.K.: Variation-Aware Clock Network Design Methodology For
Ultra-Low Voltage (ULV) Circuits. In: Proceedings of the International Symposium on Low Power Electronics and Design
(ISLPED), pp. 9–14 (2011). DOI 10.1109/ISLPED.2011.5993615

93. Zhao, X., Tolbert, J., Mukhopadhyay, S., Lim, S.K.: Variation-Aware Clock Network Design Methodology for Ultralow Volt-
age (ULV) Circuits. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 31(8), 1222–1234
(2012). DOI 10.1109/TCAD.2012.2190825



Chapter 12
Metamodel-Based Fast AMS-SoC Design Methodologies

1 Introduction

The design of various components of analog/mixed-signal system-on-a-chip (AMS-SoC) is quite complex and

time intensive, specifically at the optimization and physical design stages [49, 83, 16, 23, 14, 59]. The parasitics

present in the physical designs of AMS-SoC components which influence the circuits characteristics have

significant impact on the numerical simulations. In order to reduce the design effort, design cycle, non-recurrent

(NRE) cost, and overall the chip cost, fast and accurate AMS-SoC design optimization flow are needed. The

design engineers can resort to various alternatives including the following: (1) Reduction of complexity of

models (e.g. fast SPICE models, look-up tables) used in the circuit simulations. (2) Reduction of the simulation

time by using fast numerical solvers. (3) Reduction of the design optimization time. (4) Reduction of the

number of layout steps. The fast SPICE models, look-up tables (LUTs), reduced order models, macromodels,

etc. speed up the simulation process. Macromodels are widely used in circuit simulations and verifications

in the framework of EDA tools. Fast numerical solvers such as parallel solvers can speed up the simulation

and design exploration as discussed in the Chapter on Mixed-Signal Circuit and System Simulation. Use of

algorithms which can iterate faster and converge faster is always useful for speeding up the design process.

The reduction of manual layout steps which are particularly used for mixed-signal and analog components

and time consuming can speedup the design effort. Metamodel or surrogate (which is essentially model of a

model i.e. mathematical model of a SPICE model) are used to perform design exploration either outside the

EDA tools or high-levels of abstractions in the EDA tools to significantly speed up the design exploration of

AMS-SoC components. This Chapter discusses a selected metamodel, metamodeling techniques, metamodel

assisted analysis techniques, and metamodel assisted design flows.

2 Metamodels: An Overview

In this Section, various aspects of metamodel has been presented. The concept of metamodel has been intro-

duced. The various different types of metamodels are briefly discussed. The important features of metamodels

for accurate and efficient representation of the circuits or systems are discussed. Various technique used for

error or accuracy analysis of metamodels is also presented.

2.1 Metamodel: Concept

A high-level idea of metamodel and metamodeling is depicted in Fig. 1 [45, 18, 80, 90, 32, 69, 68]. The

schematic or layout of an integrated circuit is represented as a SPICE netlist or SPICE model. The SPICE

netlist/model of the integrated circuit can be simulated and design exploration can be performed on it using

an analog simulator or SPICE. This can be time consuming and computational intensive depending on the

size and complexity of the integrated circuit. The SPICE netlist when simulated at the sample points of de-

23
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