ABSTRACT
ZHU, TING. A Surrogate Model-based Framework foslga and Macromodeling of Self-
calibrated Analog Circuits.(Under the directionDof Paul D. Franzon.)
As integrated circuit technologies scale down, gsscvariations become increasingly critical
and lead to large variances in important transiggwameters. As a result, circuit performance
varies significantly, and some circuits may eveih fBhe large process uncertainties have
caused significant performance yield loss. In aoldjtreliability issues such as ageing effects
and environmental condition variations, furthertcitmite to yield reduction and make it more
challenging to create a reliable, robust analogudidesign.

In this work, a new approach to design cost-effectelf-calibrated analog circuits is
proposed. The key idea is to build multiple stdtgscompensating the extreme variations.
Particularly, each state is able to tolerate aifpdaange of variations. Therefore, at run time,
the states can be adaptively selected to competisaten situ variations. In the circuit
implementation, a set of design parameters aretedleand their values for each state are
determined at the design phase. The pre-computetise€an be stored on chip and applied to
on-line calibration.

The new method has several key benefits. Firdtig, a general design method that can be
used for a wide range of analog circuits. Secontlig,able to achieve better trade-offs among
performance, yield, and cost by using multipleesta® hirdly, the new method introduces low
design complexity. The optimal state can be sealeaterording to the variations, and this
would be possible to eliminate the needs for perforce measurement, which is usually

difficult to design and invasive to the circuiturhermore, the new method is able to achieve



high efficiency in calibration using pre-determinexbults stored on chip, and it is able to
compensate the process and temperature variatranganeously.

An associated surrogate model-based macromodelmly design flow is developed.
Surrogate models are able to provide approximatidmeore expensive circuit simulations.
Once the surrogate models are built, they can bd tsexplore the design space. Since the
models are extremely fast to execute, the modedebaesign is simple and computational
inexpensive compared to the design using the aawalbit simulations. Moreover, the
models can be reused for different design objestesed constraints. Therefore, surrogate-
based methods are able to improve the overall ddkagibility and efficiency.

The proposed method for self-calibrated desigremmahstrated on a low noise amplifier
(LNA) design and a phase locked loop (PLL) desifne results show that the proposed
method is remarkably effective to compensate thgeléemperature and process variations.
In the presented cases, the performance yieldgraaly improved and better trade-offs
between cost and yields are derived.

In addition, a new surrogate-based method is pexpds generate accurate and scalable
macromodels for Input/Output (I0) buffer circuitfhe macromodels have shown good
accuracy in capturing the effects of reflectionsl aariations, and their scalability makes

flexible signal integrity analysis possible.
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Chapter 1

| ntroduction

1. 1 Motivation
The effects of variability in nanometer-scale imgggd circuits (ICs) cause significant
performance deviation. It is more challenging teate a reliable and robust design.

Process variations are important variation souescebthey are caused by lack of perfect
control over the fabrication process. Those vamiinclude inter (die-to-die) and intra
(within-die) die variations (Figure 1.1). Processiations that come from different runs, lots,
and wafers are categorized into inter-die variaionhose variations are caused by
fluctuations in length L), width (W), oxide thicknesst{y), flat-band conditions, and etc.
Variations of transistor strengths within the sadie are defined as intra-die variations.
Those variations are caused by Line edge rough@dsk), random dopant fluctuations
(RDFs), and across die length/width variations (AMCACWYV) [1.2-1.6]. Inter-die
variations can show highly correlation whereas somthe intra-die variations (e.g. RDFs,
LER) show completely random behaviors. Processatrans increase the performance

distribution.
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Figure 1. 1 Taxonomy of variations.

In addition to process variations, environmentaliations such as changes in supply
voltage and temperature also have large impactgimmuoit performance. Environmental
variations cause deviations of characteristicseMiaks from their ideal behaviors. Current
through a device is influenced by the supply vdtaifuctuates. Important transistor
parameters threshold voltag€j and carrier mobility ) are dependent on the operating
temperature. Those deviations caused by enviroraheatiations are expected to be worse
with scaled supply voltage, increased power desssand thermal gradients on-chip.

Moreover, aging effects such as Negative Bias Teatpe Instability (NBTI) [1.7-1.8],
Positive Bias Temperature Instability (PBTI) [1.9], Hot Carrier Injection (HCI)
[1.11,1.12], and Time-Dependent Dielectric Breakdo@@DDB) [1.13,1.14] can cause a
change of transistor parameters as a functiomuwé ind threat the desired circuit reliability
for a long-time use.

As a result, the large scale process-voltage-tesyper (PVT) variations make the circuit

performance vary significantly, and some circuitayneven fail to operate. Therefore, the



challenge for designers in leading-edge technotogido develop strategies to increase the
yield, that is to make a large number of high-periog chips per wafer meet all predefined

performance metrics in the presence of signifieaniability.

1.2 State of the Art
Multiple design approaches have been proposeddfobat the impacts of variations on the
circuit performance so that improve the yield. Tdapproaches can be categorized into pre-

silicon robust design and post-silicon tuning.

1.2.1 Pre-silicon Robust Design

The main idea of pre-silicon robust design is tsigie a fixed circuit which reserves
sufficient performance margins to cover the vaviadi Various corner-based design and
statistical design centering method have been tegor

The most popular method is traditional corner-bas#esign. The corners are
representatives of process and environmental \an&{1.16, 1.17]Typical corners include
TT (nominal PMOS and nominal NMOSjF (fast NMOS and fast PMOS), FS (fast NMOS
and slow PMOS), SF (slow NMOS and fast PMOS), agdstow PMOS and slow NMOS).
Traditional corner-based method is to find a dedigat can meet all the performance
requirements at all those corners. Recently perdioce corner-based design methods are
developed. Corner-based design approaches havewidely used, but they suffer from
major limitations. First, as different circuits tgplly show different sensitivities to process

variations, it is not guaranteed that the extremopmance always occurs at one of those



corners. Second, corner models are typically coede inter-die variations only. Third, a
corner-based approach often results in pessimisBalts, because it is unlikely for all
process parameters to reach their worst case vsilnestaneously. As a result, corner-based
optimization often results in significant over-dgsin practical applications.

An alternative method to improve the performanaddyis statistical design optimization.
The objective of statistical design optimization ie predict random performance
distributions and then optimize the circuit withcessary performance margins. One major
method is design centerij).18-1.19]. In this approach, the optimizer aimdihd a design
point that shifts the performance contours in thecess space to align favorably with fixed
distribution probability density function (pdf). héar models are used to approximate the
overall performance feasible region as a convextppé or an ellipsoid. Then the algorithm
tries to find the maximum worst-case distance fthencenter of probability density function
(pdf) to the nearest feasibility boundary or tadfthe maximum yield, i.e. maximum volume
under the probability density function (pdf).

One drawback of this approach is that linear mo@&svex polytope, or ellipsoid) are
inaccurate in modeling circuits in modern procesg®sother drawback is that design-
centering approaches are not IC-specific, and tdaybe very complicated in real circuit
design, and difficult to handle for circuit desigsieAlso this yield-oriented method usually
does not design the circuit at a performance-opipomnt.

In summary, the pre-silicon robust design approscim to design a single fixed circuit

which reserves sufficient margin to compensatepiirdormance degradation. As variations



become more significant in the future, the contimly increasing performance margin can

make it quickly infeasible to achieve an IC dedwgh performance.

1.2.2 Post-silicon Yield Enhancement

An alternative approach is to design a circuit et be tuned adaptively after fabrication.
With appropriate design of tunable part (‘knobssgnsory circuits, meters, and control
scheme, the circuits are capable of self-calibgatire performance, as illustrated in Figure
1.2.

Compared to a fixed robust design, a post-silicerigpmance calibration technology can
provide multiple advantages. First, it can adapyivampensate performance degradation
and keep the circuit in its optimal operating caoiodis. Second, it can reduce the reservation

of the performance margin, and thus decrease sigrdeost.

Control Knobs

e
I
I Méters
L~ I
I
' Control
Microsystem ‘ T Intelligence

A

Figure 1. 2 General architecture of a self-caldxuagystem

In addition, if a post-silicon calibration schengefully integrated on-chip, it is able to

handle the time-dependent degradation effectsagigg effects.



The idea of post-silicon calibration has been pseploand successfully applied to various
applications.

For digital circuit applications, adaptive supplgltage and adaptive body bias are two
widely-used techniques to reduce delay and leakag&tions. The primary ones are
adaptive body biasing (ABB) and adaptive supplytage (ASV). ABB uses the body effect
to modulate the threshold voltages of the transstibereby controlling the leakage and the
performance [1.20]. ASV modulates the power sumolyage (Mig) to ensure better overall
yield. This technique raises the power supply g#téVyy) for slow (low-leakage) dies, and
lower it for fast dies. An on-chip self-VDD-tunirecheme [1.21] is composed of at-speed
memory build-in self-test (BIST), tunable VDD geatar, all-digital phase-locked loop, on-
chip self-tuning controller, and predivider. Theheme can automatically adjust each
manufactured SRAM macro to minimal voltagé,r) required to support a given operating
frequency. Simulation results of a 64 Kb SRAM dasghow that the temperature range
between 25°C and 125°C can be well tolerated. Tha averhead is 24% if the SRAM
capacity is 128Kbit, and it can be reduced to 1%asSRAM capacity increases to 32MKbit.

Recently, post-silicon calibration techniques hbeen used to compensate the impacts of
the variations in analog/RF circuits. Reliabilityy RF circuits is improved by incorporating
fault-tolerant design, to self-calibrate the gamdaS, of the LNA circuit [1.22]. Non-
intrusive current sensing, simple sensing and $igmacess circuits are designed. The design
achieves ultra-fast (<p@) with less than 10% design overhead. Similarl.4&aGHz low
noise amplifier (LNA) with digitally switchable capitance is reported [1.23]. The results

show improvement of the circuit performance acrthgs worst case process conditions.



Another reconfigurable LNA using on-chip peak datet and calibration to measure and
optimize input matching ;$ and gain is presented [1.24]. The results show tha
calibration technique improves the;:®y 5.1 dB and § by 3dB, while not significantly
degrading the noise figure and linearity. Receptiwer-aware tuning and gradient descent-
based methods are used in the calibration of thé Ipdrformance [1.25, 1.26]. Most of
existing methods use iterative approach to achibeefinal results, requiring multiple test
and tune cycles. An alternate test-based perforenaalibration methodology is proposed to
reduce the iteration cost [1.27]. Researchers ats a measurement and control loop to
improve the performance of a ring oscillator in fhr@sence of process variations [1.28].
Similarly, a control loop is designed for a voltagentrolled oscillator (VCO) in order to
improve the performance under large temperaturgatiams [1.29]. Self-calibration is also
applied to improve the power efficiency of the autpransistors [1.30]. Analysis indicates
that process variations and aging effects redueectimversion efficiency. To monitor this
effect, the on-resistance of the output-stage, Wwiscdirectly linked to the efficiency, is
measured periodically. If the on-resistance in@saso much, extra output transistors are
switched on. This system guarantees an optimalbpedance versus power consumption
trade-off over the entire circuit lifetime. Auton@atfrequency calibration and amplitude
control techniques are proposed for calibrating lctuits under variations [1.31].
Additionally, post-silicon calibration is proposéal solve the device mismatches. Analog
circuits with differential pairs are sensitive tevice mismatches. The traditional approach
for reducing random mismatches is to use largecgewowever, this causes large area cost.

To solve this problem, adaptive post-silicon tunimgproach is proposed to reduce the



random device mismatches [1.32]. The method deceegeach device into N number of

fingers and adaptively selects the best matchegfgibased on post-silicon measurements.

1.3 Design Challenges
Previous work has shown that post-silicon selfbration provides opportunities to improve

analog circuit yield. However, it poses some newallelnges.

® Firstly, self-calibrated design increases the des@nplexity and overhead.

The design of tunable components, monitors, antdr@ologics would naturally introduce
complexity and overhead, hereby limits the beneditsadopting the self-calibration idea.
Therefore, how to minimize the cost with performasaperior over traditional design has to
be convinced. Most of the existing self-calibratathlog/RF circuits require performance
monitors. Some techniques are very expensive ieim@ntation and even infeasible to be
realized on chip. Also they need multiple iteraauntil obtain the expected performance. If
the whole scheme is fully integrated on-chip, reittomplex performance measurement nor

sophisticated control algorithms can be used.

® Secondly, general design methods for self-calibratealog/RF circuits currently are
unavailable.
Most of the existing self-calibrated analog/RF dasiare application-specific. Without a

general design method, it takes madhoc work to implement a design.

® Thirdly, general design infrastructures and tootlssklf-calibrated design are



unavailable

Traditional IC analysis and design methodologiesewgrimarily developed for fixed
circuit architectures. These techniques are indapafthandling tunable circuits, due to their
dynamic and configurable nature. A new systemagsigh flow is required to analyze and
optimize the tunable circuits. Previously, somddyi@wvare design optimization was applied
to the tunable analog circuit design [1.33]. Howeuhis optimization does not take the
control and the measurement complexity into comatttn.

Therefore, in order to widely adopt self-calibratitechniques in analog/RF circuits,

generic and cost-effective design methods and flosesl to be extensively developed.

1. 4 Resear ch Contributions
The main contributions of this research include:

1. Proposing a novel design approach for self-calibrated analog/RF circuit (Chapter 2)
A new approach is proposed to design cost-effecteié-calibrated analog/RF circuits.
The key idea is to build multiple operating states compensating the extreme PVT
variations. Particularly, each operating state lde ato tolerate a specified range of
variations so that they can be adaptively seleatedrding to the variations. In the circuit
implementation, a set of tunable components amect® and their values for each state
are determined at the design phase, via the desgpgmization with the performance
constraints and the required variation tolerandee Ppre-computed results can be stored
on-chip and used for on-line calibration. Thus, piheposed circuit can adapt to timesitu

variations with a low iteration cost.



2. Developing a surrogate model-based performance modeling and design framework.
(Chapter 3)
To the author’s knowledge, this is the first wohlatt uses surrogate-based method in self-
calibrated analog/RF circuit design. Surrogate rnwodie.34] are built to provide rapid
approximations of more expensive circuit simulagio@nce the surrogate models are built,
they can be used to explore the design space. Biaagaodels are extremely fast to execute,
therefore, even an exhaustive grid search ovedebign space is simple and computational
inexpensive compared to using the actual circaiugations. Moreover, the models can be
reused for different design objectives and constsaiTherefore, surrogate-based methods
are able to improve the overall design flexibityd efficiency. In this work, an automatic
modeling framework is constructed, enabling intevac modeling with transistor-level
circuit simulations. Popular surrogate models, &gtional model, Kriging model, are
chosen to approximate the circuit performance. Adesampling is applied and the model

is refined until meets the accuracy.

3. Developing self-calibrated designs for important analog/RF circuit blocks. (Chapter
4-6)
With the proposed design approach and surrogatdbfiamework, self-calibrated low
noise amplifier (LNA) and charge pump phase lockeg (CPPLL) circuits are designed.
The circuit designs are accomplished efficientlyd dhe results show remarkable yield
improvement by using the proposed design appro&chaddition, multiple design

considerations are discussed and the new desigoagtpis fully assessed by transistor-
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level Monte Carlo analysis. The surrogate-basedonaadeling method is also applied to

generate accurate and scalable high-speed inpuitclotiffer model.

1.5 Publications
1. Book Chapter

T.Zhu, M.B.Yelten, M.B.Steer, and P.D.Franzon, “dton-aware circuit macromodeling
and design based on surrogate models,” Advancektealligent and Soft Computing,

Springer, in press

2. Journals

T.Zhu, M.B.Steer, P.D.Franzon, “Accurate and sdal#® buffer macromodel based on
surrogate modeling,” IEEE Transactions on CompajeRackaging and Manufacturing
Technology, vol. 1, no. 8, pp. 1240-1249, Aug.2011

M.B.Yelten, T.Zhu, S.Koziel, P.D.Franzon, M.B.Ste&emystifying surrogate modeling
for circuits and systems,” IEEE Circuits and Systdviagazine, accepted

T.Zhu, M.B.Steer, P.D.Franzon, “Surrogate modekbdaself-calibration design for
process and temperature compensation in AnalogiRéits,” to be submitted

T.Zhu, X.Chen, M.B.Steer, P.D.Franzon, “Self-cated PLL design with surrogate

macromodeling and behavioral simulations,” to bensitted

3. Conferences
T. Zhu, M.B.Yelten, M.B.Steer, and P.D.Franzon, pipation of surrogate application of

surrogate modeling in variation-aware macromodedl amcuit design”, in Int. Conf.
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Simulation and Modeling Methodologies, Technologiad Appl., SIMULTECH, July 2011,
pp.502-508.

T. Zhu and P.D.Franzon, “Application of surrogatedaling to generate compact and
PVT-sensitive IBIS models,” in Proc. IEEE 18th Cergnce on Electrical Performance and
Electronic Package System, Portland, OR, Oct. 2009,7-80.

T. Zhu and P.D.Franzon, “An enhanced macromoddingroach for differential output
drivers,” in IEEE Behavioral Modeling and Simulati®Vorkshop, San Jose, CA, Sep. 2009,

pp. 54-59.

1.6 Dissertation Contents
This dissertation is organized as follows: Chaf@eresents an overview of the proposed
self-calibrated design approach and the structitkeosurrogate-based modeling and design
framework. Chapter 3 discusses the surrogate nmgdétichniques and the implementation
of modeling and design flow. Chapter 4 presentdrax6low noise amplifier (LNA) design
using the proposed self-calibrated design approaClinapter 5 demonstrates the design
approach on a charge-pump phase-locked loop (CPRlesjgn. Chapter 6 presents a
surrogate-based macromodel for high-speed inpuiioiuffer. Chapter 7 summarizes the
main contributions of this work and discusses thare work.

Appendix A discusses the setup for interactive rindeprocess and circuit simulation.
Appendix B shows an example of model-based dedigpendix C lists the charge-pump
phase-locked loop (PLL) behavioral models in Verils. Appendix C presents surrogate

model-based IO macromodel with implementation imilgg-A.
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Chapter 2

Proposed Self-calibrated Analog Circuit Design

2.1 Critical Ideas

In the proposed design approach, a set of operataigs are designed to compensate the
performance degradation. In particular, those djpgyatates individually cover a part of the
variations. Figure 2.1 illustrates the key ideareH@e use a two-dimensional exampleand
V,are parametric variations which define the varragspace. For generalization, the variation

parameters are reflected by the lower and uppeandsdi, Viu, Vo andVoy which form a

Feasible
Va4 H Performance V24

Voul|---- ) Region of a Voul---- e
] Design

D : w Dl D2

e ‘
Variation
""“ Tolerance lD3 D4

VZ,L — s ; Reglon V2,L — R i)

l l l l

| | | |

| | | |

ViL Viu V1 Vi Viu V1
(a) Traditional fixed design (b) Proposed self-calibrated design

Figure 2. 1 An intuitive illustration of the desigtrategy.V; andV, are variation parameters with

lower and upper bounds. (a) The box indicates thgation tolerance region. Irregular shape
indicates the feasible region of a fixed robustigle®s,. (b) Multiple irregular shapes indicate the
feasible regions of multiple operating stagg i = 1, 2, 3, 4).

16



box tolerance regiofir. Here we define the feasible region as the regiotihe variation
space where a design can satisfies all the desigstraints. In general, a feasible region is
irregular. As illustrated in Figure 2.1(a), in@wentional robust design, designers would aim
to find an optimal fixed desigDsx which has a sufficient performance margin for dherall
variations [2.1-2.3]. Therefore, in this case, thasible region is expected to overcast the

whole variation region.

In contrast, in the proposed method (Figure 1¢nYltiple operating statd3; (i=1, 2, 3, 4)
are designed, and each of them is able to tolerapecific range of variations. They will

work together to compensate the overall variations.

To design a circuit using the proposed methodwihele tolerance regiofr is divided into
a number of sub-region®r (i = 1...m) and we try to find an optimal operatistate D,
considering both the performance constraints aadéhjuired variation-tolerance. At the end

of the design process, the total operating staiteslatained and their setting are derived.

To implement the circuit, a set of tunable compdsiesre selected to construct the
operating states. At run time, those design pamsmetan be adaptively adjusted to set
different operating states, thereby compensatireg grformance degradation. It is a key
decision to choose the tunable components. Ideally, want to control the tunable
components that act orthogonally on the circuifqremance. However, the very nature of
analog/RF circuits is that many design parametepact multiple performances in a complex
way. In this work, we aim to determine the optirdakign parameters settings at the design

phase, and set them at run time, to reduce cabbrabmplexity.
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Figure 2.2 shows the control scheme designed ®ptbposed self-calibrated circuit. The
operating states and their settings have beenetkat/the design phase. The information can
be stored on chip. In calibration, the optimal @peg state can be selected and the

corresponding tuning components are set to competisavariations.

Variation Sensors Performance
Meters

Characterize in situ L
temperature Monitor in situ circuit
process variations performance

Design Phase 1 Performance

; Calibration
Operating States w/ Memory Control Parameter

- Corresponding Variation _ Settings .
Regions * Select the optimal _} Self-calibrated
- Optimal Tunable Components d Operating States Circuit

Figure 2. 2 Block scheme of the self-calibratiocht@que using the proposed design method

Post-silicon
Self-Calibration

2.2 Design Problem Formulation
The design objective is to obtain operating stategh are able to meet all the performance
constraints as well as the required variation &vlee. Before the design starts, the variation
tolerance for each sub-region is assigned. As #wgd process is a performance-oriented
optimization problem other than a yield-orientedimpzation problem. Designers can focus
on improve the circuit performance.

In analog circuit design, designers have to formeuthe optimization problem that best

represents the objectives of the design in theepiesof multiple conflicting design metrics.
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A standard nonlinear optimization problem in anatoguit design is usually formulated as
[2.4]
Minimize F X)
Subjectto g, X ¥ 0i= 1,2,.1, (2.1)
X OX,, X1
where X is n-dimensional vector of design parameters betwéhe prescribed upper

bound X, and lower boundX, . F(X) represents a vector of m objective functions
f,(X),...,f,. (X) to be optimized. When m is greater than oneands$ for a multi-objective
problem. The optimization is subject to | numbecofistraintg), (X) . Normally, the elements
of g.(X)are handled by inequality constraints or equaliystraints related to the desired
design specifications taking from
0.(X) < specs, or g, (X)=specs, or g. (X)=specs,, a+b+c=I

The estimation of each design, concerning one weraédifferent objective functions and
multiple constraints represent a global, high-dism@mal optimization problem. The aim of
this multi-objective, multi-constraint problem ie tatch up the best relation between the
circuit performance (e.g. gain, noise, matching) etnd the design parameters (e.g. transistor
size, passive components, bias voltages, etc.).

In this work, we consider the optimization undee trariations. Therefore, the objective

function becomeB (X,V), where X is a vector of design parameters, aht a vector of

parametric variations in the interval pf , v, ] -
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An operating state is designed to meet the consdrais well as the required variation
tolerance. The design optimization is defined as,
Minimize F K,V)
Subjectto g X,V ¥ Ojc 12,1, (2.2)
X O[X, Xy ]
where X is a n-dimensional vector of design parameters d&@etwthe prescribed upper

bound X, and lower boundX ;. V is a k-dimensional vector of parametric variatiohs the

operating state design should meet the constramdsr all the variations, the constraints in

Equation 2.2 are defined as
OV OV, Vyl 6(X,V) <0,(i=1,2,..)) (2.3)

In the design optimization process, it needs tanedés the variation-tolerance of each
candidate design. Multiple methods can be usedstinate the variation-tolerance [2.5].

However, there is a trade-off between the estimamruracy and the computational cost.

2.3 Performance M odeling
Optimization of the operating states would neec\valuate multiple design objective and
constraint functions. The consideration of variatitmlerance makes the situation more
complex, especially when a single simulation rucosiputational intensive.

One way to reduce the design cost is to creat®gate models which could accurately
represent the objective and constraints functioiith \@esign parameters and parametric

variations.
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2.3.1 Overview of Surrogate Modeling

In this work, the application of surrogate modelshe proposed self-calibrated analog circuit
design is explored. Here the surrogate is aimegrasent the objective functions and
constraints as closely as possible over the complesign space. The built models are cheap
to simulate and are useful to gain insight intodlaal behavior of the system. Optimization

occurs as a post-processing step following the hmagprocess.

With the built models, the design problem formullés Equation 2.2 becomes as

Minimize FX\V)

Subjectto g X,V ¥ 0ie 1.l ) (2.4)
X

X O[X,, X, ]

where the tildes indicate the surrogate model#h#®icorresponding functions.
Surrogate modeling is a modeling method which aagtihe system behaviors by only

considering the input parameters and the output\bets. The basic problem of the modeling

process is to find the best approximation functfofor an unknown multivariate function

whose valuesf |, = (f (x),...,f (x, ))are known at limited sampling poims={x,...,x}:

f=f+¢ (2.5)
where ¢ is the approximation error which needs to be mingah.
Surrogate models have been widely used in diversiesf where they are used to
approximate some computational expensive referemmggels. Successful applications have

been found in building rockets, injectors, supeisaircrafts physics, robotics, chemistry,
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electronics, automotive and etc. [2.6-2.12]

The accuracy and efficiency of surrogate modelirgpesthds on several key factors
including model template, sampling plan, and megddilation strategy [2.4, 2.13, 2.14]. The
methods and procedures to generate surrogate ma@gisesented in details in Chapter 3. In

the following section, structures of the proposemtiais are discussed.

2.3.2 Proposed M odeling Approaches

Several approaches have been explored to buildbgate models for the performance
parameters with design variables and variation rpatars. Such performance models are
used to speed up a circuit design. In the desigratibns, calls to the transistor-level
simulator are replaced by evaluations of the bpédtformance models. This results in
substantial speedups. Once the performance modelsraated and calibrated, they can
reused for different specifications, design vaeatainges, and variation distributions.
a. Direct Modeling
In this method, a performance macromodel can bairdd by directly approximating circuit
performance parameters (e.g. S-parameter, gairempoonsumption, noise figure, etc.) with
design variablex; (e.g. transistor size, bias voltage, current,) @ed parametric variations
V (e.9.Vin tox Leff) . Figure 2.3 illustrates the direct modeling ayguoh.

As this method is data-driven and black-box in rgtit can be widely applied to almost
any domains and problems. Similar ideas have bsed n circuit analysis and designs [2.15,
2.16]. Chapter 4 discusses the application of mmethod in a low noise amplifier (LNA)

circuit design.
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Design v
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L ——» . Performance Data o
Parametric____,, Simulator Extraction P(Xd ’V)
Variations \_
\Y}

Figure 2. 3 Direct modeling of circuit performaruarameter

b. Indirect performance modeling

In this method, the performance models are obtauedntermediate surrogate models of a
set of behavioral parameters (e.g. transfer functimise function, output impedance, etc.)
and computing performance by either analysis egnator behavioral simulations. The final
performance data are obtained in a post-processig Indirect modeling combines the
physically-based knowledge with the surrogate axpration. Figure 2.4 illustrates the idea
of indirectly modeling. Some related research hesnbdone in knowledge-based Neural
Network model [2.17], and Space Mapping methodsl§R. and surrogate-based 10
macromodeling [2.19]. The indirect performance miodeis applied to complex circuit and

system design, such as a phase locked loop (Ptdyiti

Inputs Outputs
~-- Surrogate Modeling - - — |
Design v
Parameters Intermediate Perf
R, Parameters errormance
~ ———® Transistor-level Behavioral Simulation Data models
Parametric — ! Simulator or Analytical Equations Processing
Variations P()—(d ’\7)
\Y

Figure 2. 4 Indirect modeling of circuit performanuarameter
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Figure 2.5 illustrates a hierarchical modeling ib@aed on indirect performance modeling.
The sub-circuit models can be constructed and usdtle intermediate layer behavioral
models for generating the system-level performantee PVT variations and design

parameters are connected to the system-level paafure via this method.

System-level
Performance
1 Behavioral Simulations
or Analytical Equations

Intermediate layer Block-level Performance
Macromodel

f Surrogate Modeling

Design Statistical process
Parameters parameters (AL, AVth...)

Figure 2. 5 lllustration of hierarchical modeling

c. Comparison
Direct modeling method is purely data-driven methddch does not make any assumptions.
Only input-output behaviors and the black-box dgemneration process are concerned.
Therefore, it can be applied to almost any probl&specially, this method is useful for
systems where the analytical equations are nofujlgtunderstood or known, or when the
available inner simulation code cannot be changednavailable. However, this method
does not include any system specific knowledge,iarsbme cases the computational costs
to create such models are high, e.g. a large nuoihariables.

In contrast, indirect modeling has the advantagereifining the physically-based

characteristics. This method is also quite usefllenvthe system-level simulation is
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extremely computational expensive. However, apptioa of this method are more restricted
since the simplified analytical equations or incéetg behavioral model template could fail

to capture subtle non-linearity.

2.4 M odel-based Design

When performance models are available, it is ptessidexplore the design space with these
cheap-to-run performance models. This could heluitidesigners with better understand of
the design problem. Performance models can algpthel designers to better formulate the
design problems with virtualization, sensitivityadysis, and optimization.

Once the models are constructed, it is possibéxpdore the multidimensional design space
by plotting the model surfaces. It is convenienvitaw the design space by setting different
design parameters and variations. Also it is pdsdib fast estimate the design feasibility
using the models.

Sensitivity Analysis is valuable to identify thdiefent design parameters and the important
variations. When surrogate models are availabis fé@asible to compute the global sensitivity
directly on the models, and get the relations amiegfactors, including the performance
versus the design parameters, the performance svehgu variation parameters, and the
correlation among the design parameter and thati@riparameters.

Performance models are able to support variousnigstion problems [2.4], e.g. global
optimization, multi-objective  optimization, multgbiplinary design optimization,
probabilistic optimization, and etc. Surrogate msda=an be integrated to solve various types

of optimization problems and help to reduce thdlehges in optimization.
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Different types of strategies of surrogate modealdohoptimization are available [2.4].
Figure 2.6 (a) shows the traditional sequentiar@@gh, in which a global surrogate model
are fitted and used as a surrogate of the experfisnations. This method requires high-
fidelity surrogate models and uses a relative largeber of samples to build the models.
Figure 2.6 (b) shows the second method which iresvalidation and optimization in the
loop, to decide the sampling and the model constmuic The models are generated

iteratively, to update the model and maintglie model accuracy. Figure 2.6(c) shows the

Sample Design Space —» Sample Design Space —  Sample Design Space
Build Surrogate Models Build Surrogate Models Build Surrogate Models
v v Y
Validate Models — Validate Models Sample Towards

—— Optimum Guided by
* * Models
Optimization on Models — Optimization on Models

(a) (b) (©
Figure 2. 6 Model-based optimization strategiess@juential approach (b) adaptive model-based

optimization (c) direct sampling guided by mode#[2

method that directly adds new samples towards ptenal design with the guidance of a
surrogate model. As the surrogate model is usedgasde for adaptive sampling, the demand
on model accuracy is reduced. In this work, theisatjal approach as shown in Figure 2.7(a)

is used. Accurate models over the design spacecamstructed and optimization is a
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following step. However, adaptive sampling similarthe method (b) is used to during the

model construction, to get better sampling efficien

2.4 Summary

In this work, a new approach to design cost-effecself-calibrated analog/RF circuits is
proposed. The key idea is to build multiple opetstates for compensating the extreme
PVT variations. Particularly, each operating statierates a specific range of variations.
Therefore, at run time, the operating state caadagtively selected by estimating the on-chip
variations. In the circuit implementation, a setwfable components is selected to construct
the operating states. Their values for each staedarived at the design phase and used
directly for on-line calibration.

Also a surrogate model-based flow is developeddsigh the optimal operating states.
Surrogate modeling is able to predict the desigacspusing a small number of samples.
Once the surrogate models have been built, theybeansed to explore the design space
instead of the actual circuit simulations. Since thodels are extremely fast to execute,
therefore, even an exhaustive grid search oveddiseggn space is simple and computational

inexpensive compared to using the actual circoiugations.
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Chapter 3

Technique Approaches

3.1 Surrogate M odel Construction
In this work, surrogate modeling is used to chan@nt the performance dependency on both
design parameters and variation parameters.
The key steps of surrogate modeling include,
1. Design of sampling plan. The key question irs thiep is how to make efficient
sampling for fitting models, considering the numbésamples is severely limited by the
computational expense of each sample.
2. Numerical simulations at sampled locations. Thmputationally expensive model is
executed for all the values of the input varialsiescified in the sampling plan.
3. Construction of surrogate model. Here welnealecide what surrogate model(s) to use
and how to find the corresponding model parameters.
4. Model validation. This step establishes the joted capabilities of the models and
estimates the generalization error.
Accuracy and efficiency of surrogate modeling dejseron the preceding key steps.

Multiple techniques are available for each stebld®.1 summarizes the popular methods
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for each key step. Good reviews on those techniguesvailable [3.1, 3.2]. As there is no
method that can fit all the modeling problem, thedeling strategies should be carefully

chosen with consideration of nature of the problant computational complexity.

Table 3. 1 Summary of surrogate-modeling strategies

Modeling Steps Purpose Methods

Design of Intelligent strategy to Fractional Factorial design,

experiment select samples in the inputatin Hypercube Sampling (LHS), Orthogonal
(DOE) space Arrays (OA)

a. Popular model template
Polynomial response surfaces, Kriging, Support

Model type selection, Vector Machines (SVM) and Atrtificial Neural
Modeling model parameters Networks (ANN).
Optimization b. Optimization algorithm

Pattern Search (PS), Genetic Algorithm (GA),
Simulated Annealing (SA)

a. Popular validation methods

Split sample, cross-validation and bootstrapping
Estimate the model b. Measurement criteria

accuracy Root Mean Square Error (RMSE), Maximum
Absolution Error (MAE), Root Relative Square
Error (RRSE), Maximum Relative Error(MRE)

Validation

3.1.1 Major Modeling Techniques

a. Sampling

At the beginning of the modeling process, a sntllas initial samples are generated. Latin
Hypercube sampling [3.3k used for this step. Latin Hypercube is a formsuhtified
sampling that generates a more even distributiggacdmeter values in the multidimensional
space. Variables are sampled allowing only one tampeach row and each column. In the

modeling process, if the desired accuracy is rexthred at the end of the modeling with the
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IS

X2

X1
Figure 3. 1 Examples of two-dimensional Latin Hypdre sampling

initial samples available, the adaptive samplisgvoked to select a new set of samples.
Adaptive sampling is an iterative sampling processch analyzes the data from previous
iterations in order to select new samples in tleasithat are more difficult to approximate.
For global surrogate modeling which concerns theuaxy overall the design space,
adaptive sampling method needs to perform a tréfdbedween exploration (filling up the
design space as equally as possible) and exptoitaselecting data points in highly
nonlinear regions). A hybrid method named LOLA-Viooo[3.4] algorithm can be applied.
In this method, exploration is achieved by appratimg a Voronoi diagram of the
previously evaluated data points. The Voronoi seke for each point is then used as an
estimation of the sampling density in that regiblew samples are selected in the largest
Voronoi cells. Exploitation is achieved by estimatithe gradient of the function at each data
point, because the gradient is the best local linpproximation (LOLA) of the model. Then,
the deviation is calculated between the local lireggroximation and the neighboring data

points.
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b. Model Templates
Kriging model is selected considering the modelatélgy, complexity, and portability.
Kriging is a popular and powerful model templates[3and it is an interpolation model so
that it is more suitable to the deterministic ddtan other common alternatives such as
guadratic response surface model. It is also veyidle to capture the strong nonlinear
circuit behaviors [3.6]. Moreover, the model eqoias are able to be implemented in
languages such Verilog-A(MS), so as it can be pbgtamong a lot of circuit simulators.

The numerical expression of Kriging is as followsssume samples™ OR® and the

corresponding responsg® OR" is known for n=1,..., N. Kriging model approximatbese

data in the form

d
y= ZR:,Gr f (x) +ZN:an |‘l exp(-6, \xj<“> - xj\) (3.1)
r=1 n=1 j=

The first part in (3.1) is a regression model whgtbbally approximates the parameter
space, usually monomial is used. The second patstochastic process which creates the
localized deviations so that the Kriging model ¢aake interpolation among N sampling

points. The second part uses Gaussian-like basistifun with vectong:{gl,__gk}T which

allows the width of the basis function to vary fremariable to variable. The factossand 3
can be derived from the data by solving a systetmeér equations.
A Rational polynomial function model has the form

- P(X)

3.2
Q(X) 52

f(X)

x}and Q is non zeroP andQ have no
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common factor of positive degree.
Rational polynomial function model is chosen as $iuerogate model template for its
ability to capture diverse nonlinear behaviors J38implicity of implementation, and

portability among the simulators.

c. Validation

To control the quality, the model is evaluated gsfive-fold cross-validation [3.8]. The
training data are divided into five subsets. Thacheof these subsets is removed in turn, and
the model is fitted with the remained four subséthe removed subset is used to compute a
loss function which measures the error in the maatetiction. Therefore, the surrogate
model is constructed five times, and the generabimaerror estimate is computed by
averaging the five error measures obtained. Thearagdge of cross-validation is that it
provides nearly unbiased estimation of the germatidin error and the corresponding
variance is reduced.

In addition, a linear Reference Model (LRM) measweat [3.9] is applied to avoid the
bumps and ripples in Kriging modeling when dimensidy and data sparsity increase.
LRM penalizes a model proportional to how muchevidtes from a linear fit.

Model error is measured as a root-relative-squen@-éRRSE) which indicates how much

better a fit is over the mean value,

RRSE= Zl(y—_y) (3.3)
D=9

wherey., y.and y are the actual, predicted, and mean actual resp@hses.

34



Maximum Relative Error (MRE) is defined as follows,

MRE (y, ¥ )= ma{%} (3.4)

wherey,, ¥ are the actual and predicted response values. MREsed as an additional

assessment to estimate the error in models.
Various error measurement criteria are availablgoAd review of them is shown in [3.9].
The model accuracy is measured and the optimizatimminues until only negligible

improvements can be made by changing the modehedeas.

3.1.2 Improvement Strategies

Firstly, the system can be decomposed into smialéeks or components, and each modeled
individually. This method is domain specific andnéeds understanding of the system
functionality. Chapter Shows the application of this approach in a PLkuwtr In that case,
the device-level variations and design parametersrdeled into intermediate-level circuit
properties whictare used to build corresponding behavioral modéistware simulated for
the system-level performance. Another partitionhudtis to divide the input space and build
model for each part. The overall surrogate modeh tbonsists of a tessellation of simpler
sub-models. The advantage of this approach isthigamodel for each partition is only as
complex as it needs to be.

Secondly, multiple model templates can be usedt wifferent areas in the design space.

For example, in the case of polynomial models,ealas will be modeled by simple one
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degree polynomials while more nonlinear partitionsl be fitted with higher degree
polynomials. Kriging models are better for highlyntinear areas.

Thirdly, models can be created in the area of @sierNoise from the infeasible region
creates the challenges in performance modelingsolee this problem, feasibility modeling
is to identify the design space of interest, igasible design space [3.10]. Performance
model is constructed with good accuracy and low @lind cost via this strategy. The

modeling strategies are illustrated in Figure 3.2.

Sampled Parameters

Y

Sampled Parameters Feasibility Model

\

Piﬂ?ﬁﬁ?nng ) No Infeasible
casiole ¢ design
* Yes
Performance models
valid in full ranges Performance
Modeling

Y

Performance models only
valid in feasible ranges

(a) (b)
Figure 3. 2 Comparison of modeling methods (a)itiathl performance modeling (b) performance
modeling combined with feasibility.

The feasibility function is defined as

+1 if XOI

fX)= { 1if X0l (5
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whereX is a vector of design parametersndicate all the design inputs that can satisfy al
the constraints.

Support vector machines (SVMs)-based classifidrl[3can be used to build the feasibility
model. Basic problem of modeling is to find a sehygperplanes that can separate the data,

with largest distance to the nearest training gatats of any class.

3.2 Automatic Modeling and Design Flow
Figure 3.3 shows the design flow that has beenldpegd to facilitate the model construction
and the model-based design. Before the proceds,star need to define the design problem,

and identify the input tunable design parametedsvamiation parameters.

Design & Variation | [ Modeling Technique Initial Desian Design Space Design Objectives
Parameters Configuration 9 Partition & Constraints

! ! '

Generate Sampling Points [ Optimization Problem Formulation ]

' Y

y
SPICE 4—[
Transistor-level *
Circuit [

Simulations Construct/ Update Models ] —»[ Model-based Optimization ]4_

Validate Models All Sub-region
f Finished?
Adaptive
Sampling [ Indentify Operating States & Settings]

Reaches
Goals?

Yes
[ Export Surrogate Models ]7 [ Design Validation ]

Modeling Phase Design Phase

'SR

Figure 3. 3 Surrogate-based modeling and desigwn flo
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At the modeling phase, initially a small numbewsamples are selected in the design space.
The circuit simulations are executed at the samplage the sampled data is obtained,
surrogate models are constructed and validatetthelinodels are able to meet the accuracy
requirements, they will be used for design iteragioOtherwise, additional samples will be
taken to improve the accuracy of the approximatidre outcome of the modeling phase will
be the mathematical surrogate model equationsatkegtortable and flexible to use.

At the design phase, the variation space is pamgtil into a number of sub-regions. A set
of design parameters as well as their ranges asmuteons are defined. In addition, we
select a set of variation points to evaluate theatian-tolerance of an operating state. To
design each sub-region, we solve the optimizatiooblpm formulated. The obtained
surrogate models make it possible to use modelebagemization. As a result, the optimal
operating states and their settings are foundlfdhe sub-regions. The settings are saved for
in situ use. We then validate the design and assess ftfierrpance yield by running

transistor-level simulations.

3.2.1 Modeling Tools

In this work, the modeling techniques describedvabare explored using the SUrrogate
MOdeling [3.12, 3.13](SUMO). SUMO is a plug-in bdseadaptive platform that can be
customized flexibly. Many different plug-ins area#lable for each of the different problems.
The toolbox enables a variety of modeling technsgioebe tested conveniently.

SUMO provides several key features and benefifgravides compact scalable surrogated

models can be used for fast design space exploratesign automation, parametric studies,
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optimization, yield improvement, visualization, potyping, and sensitivity analysis. It uses
active learning algorithms for automatic selectmindata points. In addition, the whole
platftorm is a pluggable and extensible framework.can easily integrate custom
implementations for each modeling component (eampling strategies, model types, model
selection criteria, hyperparameter optimizatioroathms, etc.). The intermediate results are
stored for further reference. The profiling framekas able to track modeling progress
includes the modeling cost, min-max values, modeligacy, and etc. Model types rational
model, Kriging model equations can be exported @setl independent of MATLAB. This
makes it possible to use the modeling results ioudi simulators. The tool also provides
algorithms that are able to automatically seleet tiodel type (e.g., ANN, SVM, rational
model, etc.) and model complexity (e.g., numbenaifrons, kernel function, order, etc.).

The major modeling techniques implemented in SUMaIBox are listed in Table 3.2.
Each modeling component can be configured througardgral configuration XML file and
different methods can be easily e added, removeepbay for users’ specific need. The main
part of the configuration and their functions atemsnarized in Figure 3.4. A problem
specific configuration file is also constructiordicating all the inputs and outputs. Detailed

examples are provided in Appendix A. 2.
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Table 3. 2 Modeling techniques implemented in SUM®Ibox [3.12, 3.13]

Modeling Steps

Methods

Design of experiment (DOE)

Fractional Factorial design, Latin Hypercube
Sampling (LHS), Box-Bhenken, etc.

Model types

Rational, Kriging, Support Vector Machines
(SVM) , Artificial Neural Networks (ANN),
Splines, etc.

Hyperparameter optimization algorithm

Pattern Search (PS), Genetic Algorithm (GA),
Simulated Annealing (SA), Particle Swarm
Optimization, etc.

Model selection algorithms

Cross-validation , Leave set, etc.

Sample selection

random, error based, density based,
hybrid, etc.

Sample evaluation methods

local, on a clusteridr gr

Estimate the model accuracy

Root Mean Square Error (RMSE), Maximum
Absolution Error (MAE), Root Relative Square
Error (RRSE), Maximum Relative Error(MRE), eq

Major
Configurations

— InitialDesign: initial sampling generator

—— SampleSelector: adaptive sampling algorithms

—T—— SampleEvaluator: modeling data generator

—— AdaptiveModelBuilder: modeling algorithms

| Output: select output modeled

—— Measure: metric to estimate the model accuracy

Figure 3. 4 Major configuration features for modglin SUMO
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3.2.2 Data Preparation

Figure 5 shows the setup that is able to realieerterations communications between the
circuit simulators and the modeling toolbox. Fig@& shows the setup and the data flow.
Before the modeling starts, the configuration fde modeling toolbox is defined. Based on
the initial sampling strategy, a set of data poistselected from design space. The sampled
inputs, initial circuit netlist, and device modedse composed to be a netlist for circuit
transistor-level SPICE simulations. After the siatidns are finished, the performance data
are extracted from the simulation results. Theadatused for model construction with
SUMO toolbox. Adaptive sampling is evoked if ne@eygs At the end of this procedure, a
surrogate-model expression describing the circyssformance in terms of the design
parameters and the variations are generated. Thelragpression will be used for designing
self-calibrated circuit in the following steps. kodetails about this setup are covered in
Appendix A.

Circuit Netlist Process Tech Files

v 3

Configuration Netlist
Commands Composer SPICE
A Simulator
Xk
v
Inputs SUMO Toolbox SPICE Outputs

- Design of Experiment
- Model Templates
- Model Validation

Performance Model
Exportation

Figure 3. 5 Setup for modeling and circuit simuas.

Performance
Extractor
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3.2.3 M odel-based Design

The developed model-based flow is described inrfei@u6. Before the design starts, several
steps need to be initialized, including design tamsts and variability ranges, design space
partition, set for validation points, and the aabié design parameters. With the built
performance models, the design optimization is ootetl in each sub-region. As a result, the
optimal operating states and their settings aredofor all the sub-regions. If for a sub-
region, no feasible design is found, the desigramaters and/or the design space partition
need to be redefined. An example model-based desgjrown in Appendix B.

Various methods can be used to assess the dedignmddel-based design results can
correlate the real circuit simulations using a datlion set. After the settings of operating
states are obtained, Monte Carlo simulations camskd to validate the self-calibrated design.
Figure 3.7 illustrated a flow for Monte Carlo siratibns. The distributions of the variation
parameters are defined and they are sampled isitin@ations. The corresponding design
parameters are obtained and are used to set thet.cifhe circuit simulations are executed,
the performance data are extracted. With the wobthiinformation, the circuit yield

performance can be evaluated.
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Figure 3. 7 Model-based design validation flow
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Chapter 4

Design Case: Self-calibrated L NA

4.1 Background

A Low noise amplifier (LNA) is typically the firsstage of a classical receiver structure
shown in Figure 4.1[4.1]. The main function of LNg\to provide enough gain to overcome
the noise of subsequent stages while adding ksnitise as possible [4.2]. The sensitivity of
the receiver is mainly dependent on noise figurg)(&hd power gain of the LNA. The noise
figure of the LNA significantly impacts the overalbise performance of the receiver. The
gain of LNA largely suppresses noise contributifsos the subsequent stages in the system.
Meanwhile, LNA plays critical role in the linearitgf the receiver system. It should
accommodate large signals without distortion, anovige input impedance match to the

input source.

Antenna

Analog Front-end Digital Base-band
LNA Mixer
RF RF RF IF
A A » DSP |—»
RF Filter IF Filter

Figure 4. 1 A simplified diagram for the commorusture of a receiver
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Input matching is particular important if a passhileer precedes the LNA as the many
filters are quite sensitive to the quality of tleentination. Additionally, power consumption
is becoming an important consideration in many meegpplications, e.g. cellular handsets,
GPS receivers.

LNA is one of the most challenging blocks to realim a CMOS technology. It requires
both high quality passive (e.g. integrated indugtand active devices (e.g. MOS transistors).
Multiple design performance parameters have toabert into considerations in order to
design a high-performance LNA circuit. The primgmsrformance parameters and general
requirements are summarized [4.2-4.4].

Noise Figure (NF) is the ratio of input signal-toise (SNR) and output SNR. A low noise
figure is expected in a LNA design. Gain is theoraf the output and the input power. Gain
needs to be high enough to minimize subsequene stage, but low enough to keep the
stages linear. For input matching{Sif input comes from an antenna, a switch, orex p
select filter, a 52 match is required. Output matchingASs only required if output goes
off chip. IIP3/IP1dB determine the linearity of th&lA circuit. 1IP3 is input-referred third
intercept point. Extrapolated point where third@rdnter-modulation term equals linear
first-order term. IP1dB is defined as the inputlethat produces an output 1 dB lower than it
should be for linear operation. Unconditional sigbof the circuit is the goal. Unconditional
stability means that with any load present to th&ot of the device, the circuit will not
become unstable. In addition, a low power desigiesred in many applications, e.g. GPS,
cell-phone. Moreover, a circuit has to work propever the process, voltage, temperature

(PVT) variations.
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A LNA design typically involves making trade-offamong directly competing
performance parameters [4.3, 4.4]. A LNA desigres to find the delicate balance among

the performance parameters (Figure 4.2).

Noise Power Gain
Matching 7 Linearity
PVT
tolerance Power

Figure 4. 2 LNA design trade-offs [4.4]

It is difficult to do design choices to achieve sitaneous improvements in two or more
performance parameters. The most recognizable-ttide between LNA gain and noise
figure (NF). Also, low noise figure and good inputitch is almost never simultaneously
obtained without using novel feedback techniquaghHIP3 requires higher current draw,
while lowest possible noise figure is usually agbek at lower current levels. Unconditional

stability will always require a certain gain redoot

4.2 Self-calibrated LNA

The requirements on a LNA design are very stringAntlesign requires low noise figure,
high gain, high linearity, a well-matched input iegance (for interfacing with the precede
filter and the subsequent stage), and low powetceRy, the high frequency performance of

CMOS has been improved significantly, making it@d candidate for RF LNA design.
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However, as CMOS technique migrates to deep submigprocesses, the sensitivity of
circuits towards process, voltage, and temperatar@ations increases and hereby degrades
the LNA circuit performance, making it extremelyffdult to design a high-performance
circuit.

To handle the uncertainties caused by PVT wans, designers usually do over-design of
the circuit to achieve a wide tolerance. Howevkese traditional design methods usually
introduce design overhead and wastes of the peaiocen

Recently, post-silicon calibration techniques gopli@d to enhance the robustness of the
circuit. Reliability of RF circuits is improved kigicorporating fault-tolerant design, which to
self-calibrate the gain and 2f the LNA circuit [4.5]. Similarly, a 2.4 GHz LN#s designed
with digitally switchable capacitance for calibragi frequency and power gain [4.6]. The
results show that the circuit performance is impdvacross the worst case process
conditions and 40% bond-wire variation. Anotherorgdgyurable LNA is presented [4.7],
using on-chip peak detection and calibration tosueaand optimize input matching; &nd
gain. The results show that the calibration tecmaiomproves § by 5.1 dB and & by 3dB
across the process corners, while it does not faigntly degrading the noise figure and
linearity. Power-aware tuning and gradient desbased methods are used in the calibration
of the LNA performance [4.8, 4.9]. Those techniqueed an iterative approach to achieve
the final results and therefore require multiplstseand tune cycles. An alternate test-based
performance calibration methodology is proposecttiuce the iteration cost [4.10].

The previous work has indicated that post-silicatibcation is effective in increasing

performance yield for several LNA designs. Howeudtle has been done to provide
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systematic analysis methods and tools for desigoaligpration circuits. In addition, most of
they employed performance measurement for caldmativhich increases the design
complexity.

In the following sections, the proposed design mwmeéttand surrogate model-based
framework are applied to create a self-calibratdétALdesign. The modeling and design
procedures are discussed in details. The redudts the effectiveness and efficiency of the

proposed methods.

4.2.1 Circuit Topology

A 12 GHz LNA design was implemented in 65 nm CMQ8cpss and the circuit schematic
is shown in Figure 4.3. The LNA employs cascodecstire [4.2] and negativg, cell [4.11]

in the loading. The supply voltage is 1.2 V. Tipedfications of interests are gain, noise
factor (NF), input matchingS;;, and power consumption. The nominal performancg an
design specifications are shown in Table 4.1.

We select two key bias voltages, the input biasagalVy and tail bias voltag®. in the
negativegn, cell (Figure 4.3), as these bias voltages areerhas they provide critical control
over performance of interest [4.2, 4.11] and inti@elless area overhead compared to the use
of digitally switchable capacitors [4.6-4.7].

We set the tunable bias voltaygin the range of 0.58 V to 0.8V and in the range of

0.58 V to 1.0 V, to guarantee that the transistothe right operating regions.
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Figure 4. 3 Simplified schematic of low noise arfipticircuit

Table 4. 1 Nominal circuit performance and speatfans
(center frequency = 12 GHz)

Performance Specification p Nominal
erformance
Gain (dB) > 20 22.46
S;; (dB) <-15 -18.10
NF (dB) <2.8 2.17
Power (mW) <35 25

In this case, we consider transistor thresholdagatvariatiomnAVy, as the main process
variations and assum®/y, varies in the range of £15%; 0. This threshold voltage variation
can be measured by on-chip sensors [4.13, 4.1l4mpé&eature is considered as the
environmental variation in addition to the processiation. In this case, we consider the
temperatureT) in the range of -18C to 80°C. Table 4.2 collects the input parameters for

this case.
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Table 4. 2 Input modeling parameters

Parameter Range
Vg 0.58 V 10 0.8V
Vc 0.58Vtol1l.0V
PAVW Vi o -15% to 15%
TemperatureT) -10°C to 80°C

4.2.2 Design Problem Formulation

As an initial step, the variation space is pamiéd uniformly to 36 sub-regions (Figure 4.4).
This partition requires an operating state at leézlstate to a 5% threshold voltage variation
and 15°C temperature variation. We set that the bias gel¥. andVycan be tuned with a

10 mV step size, which is chosen assuming the ugsnolof voltages provided by the voltage
generator. For each sub-region design, the obgdsito find an optimal operating state so

that the performance deviations are minimized.

Sub-region
80 Validation
65 point

50

o 35

20

-15 -10 -5 0 5 10 15
Avm / V1h,0 (%)

Figure 4. 4 Design space partition.

The performance parameters of interest are inputhimg coefficient &, Gain, noise

figure (NF), and power. The design objective fumetis defined as
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Minimize ®(x) = f,(x), f,(x), f3(x), f, ()|, (4.1)

Sll(x) - Sll_norm

Gain(x)-Gain .

where f,(x) = , F,(x) = ;
l( ) al_norm 2( ) Ga]n_norm
NF (x) = NF .., Power (x) — Power ...,
fa(x) = — f.() = -
N F7 norm POWG[ norm

S om-Gain o NFE L, Power o are the performance responses of the nominal design
at the conditionAV, /V,, , =0, temperature = 27C. x is the vector of design parameters,

which in this case is the vector of bias voltaggandV..

The corner points (Figure 4.4) in each sub-region selected to estimate the variation
tolerance of a candidate design. A design is féadilit can meet performance constraints at
all these validation points. To balance the pertoroe at all the validation points, the
operating state will be optimized to minimize theean value of the objective function
vectord.

The design problem is formulate as follows,

minimize mearP

subjectto NF< 2.8 dB
Gain= 20dB (4.2)
S,<- 15dB
Power < 35 mW

where ® =[®(X, v,), P(X,V,),....» X,v, )].
®(x,v,),i =1,2,3,4is defined in Equation (4.1).

The constraints are,
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NF(x,v,)< 2.8 dB Gain(x,v,) =20 dB
NF<28dB = .NF(x,vz) <2.8dB | Gain> 20 dB — F;ain(x,vz) >20dB
'NF(x,v4) <2.8dB éain(x,v4) >20dB
S,(x,v,)<-15dB Power (x,V,) < 35 mW
Sy< 15dB | 1OV ST oo < 35 mwy o | POV S35 MW
éll(X,V4) <-15dB .Power(x,v4) <35 mw

wherex is the vector of design parametekg,{Vc}. v,,Vv,,V;,V, are the vector of parametric

variations at the validation points.

In general, local and global optimization algorithrvan be employed to find the best
solution. The number of iterations required to ange to the optimum depends on the cost
function contours and the optimization algorithmedis As in this work, models of the
objective and constraint functions would be corited. It is possible to use exhaustive

search to derive the solution without large comomal cost.

4.2.3 Modd Construction

The automatic modeling process discussed in Chapterapplied in this case. Here the
transistor-level circuit simulations were performgsing SpectreRF® [4.15]. DC, AC, and
SP simulations in SpectreRF® were executed for texga¢he performance of interest. A
Linux machine with 3 GHz CPU and 2 GB RAM was us@dsimulation.

In this case, SpectreRF interacts with MATLAB foodeling. In house Ocean scripts

[4.16] and Perl scripts [4.17] were constructe@danect the modeling process with circuit
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simulations. The sampled inputs are executed irctBgfeF® and the performance data are
directly imported to MATLAB for the model constrimn.

The SUMO Toolbox in use is Version 7.0 [4.18]. Bais case, the toolbox is configured
as follows:

Kriging model [4.19] is used for model template.ll&wing general practice, the
correlation function is set to Gaussian, and aalimegression is used. The hyper-parameters
of the models are optimized using a genetic algorif4.20]. The algorithm is well suited to
problems where there is little problem specificonmhation that can be exploited. Such
problems are typically characterized by high norsm-polynomial time complexity, many
local minima, and dependencies between variablesinAial optimized Latin Hypercube
design [4.21] of size 24 is used augmented with dbmer points. Each iteration, new
samples are selected using the adaptive samplgayitaim with combination of LOLA-
Voronoi [4.22] and error-based sampler. As disadisseChapter 3, LOLA-Voronoi is a
highly adaptive sampling algorithm which performgrade-off between exploration (filling
up the design space as equally as possible) arditation (selecting data points in highly
nonlinear regions). Error-based sampling is drilbgrihe evaluation of the model on a dense
grid, and this algorithm selects samples in locetiovhere the model error is estimated to be
the largest. 5-fold cross validation [4.23] is usedsset the model accuracy. In addition to
the training set, a separate data set of 500 sangplkevailable for validation purposes. This
data set is sampled by Latin Hypercube design ahdsed in training the models.

The error function that is minimized is the rodate square error (RRSENd maximum

relative error (MRE) defined as in Equations (33%).
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In this case, we target to achieve an accuracyR8IR< 5%. The model hyper-parameters
are optimized until the best accuracy score isinbth If accuracy requirement is not met,
more samples are added using adaptive samplingithlgo The models were refined with
the additional samples and the modeling iteratie. also set the sampling budget to avoid
excessive iterations when it is difficult to geettargeted accuracy. In some difficult cases,
the input parameter range can be further divideatder to reduce the modeling complexity.

Figure 4.5, Figure 4.6 show slice plots of the Ifideging models for $; and Gain. The
modeling cost and accuracy are summarized in TaBleThe results show that;3$nodeling

dominates the total modeling cost as its respanbeghly nonlinear.

Table 4. 3 LNA performance models accuracy measemeém

Performance| Samples RRSE MRE
Gain 257 3.50% 6.7e-2
S 459 4.39% 7.1e-2
NF 180 3.01% 5.7e-2
Power 102 1.54% 3.33e-3
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Figure 4. 5 Slice plots of Performance respons@ Slices in each plot is for three temperatures
at 80°C, 45 °C, -10°C

Gain (dB)
40 st

P=-15% P=0 P=15%
. Gain (dB) .-

40

Gain (dB).
40 5

3slicesforT

08 0.7 0.8 0.7 08 0.7

Ve 05 06 Vg V© 06 06 Vg Ve 06 06 Vg

Figure 4. 6 Slice plots of Performance respons@.Gaslices in each plot is for three temperatures
at 80°C , 45 °C, -10°C.
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4.3 Design Results

As the tunable bias voltages are discrete varialtesapply grid search on the performance
models and derive the operating states. As Figufe(&) shows the results of the design
before calibration. 13 sub-regions are feasibleguie 4.7 (b) shows that the all of the sub-
regions are feasible by using the self-calibratedigh. The operating states and their
corresponding design parameters for sub-regionsiarenarized in Table 4.4.

The performance responses of before and after dliecaibrated design are shown in
Figure 4.8 and Figure 4.9. For the new design,psormance responses are plotted by
using the obtained optimal operating states. As ihsults shown, the performance
degradation under the variations is fully compesdao that the final circuit is able to meet
the specifications. Figure 4.9(d) show that thevgroconsumption is a bit increased in the
self-calibrated design. This performance can bgraved if we set the objective to find a

power optimal design.

feasible Infeasible
80 80
65 65
50 50
S 35 S 35
= =~
20 20
5 5
-10 -10
-15 <10 -5 0 5 10 15 -15 <10 -5 0 5 10 15
AV / Ving (%) AV / Ving (%)
(a) Before calibration (b) After calibration

Figure 4. 7 Feasible sub-regions in the variasipace (a) (b) before/after self-calibrated design.
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Vv
Table 4. 4 Tuning knob settir{q/gjvolts for the sub-regions

[

-10°C — 8eC

0 1 2 3 4 5 6
S [, ]072 072 [057 [057 [057 [0.57
0.60 | 0.61 | 0.57 | 0.57 | 0.57 | 0.58

, 072 [0.72 [069 [0.66 [0.57 |0.58
0.60 | 0.61 | 0.62 | 0.63 | 0.63 | 0.63

3| 071 [0.70 [0.68 [0.66 [0.60 |0.60

! 0.59 | 0.61 | 0.62 | 0.62 | 0.64 | 0.64
4| 071 [0.62 [068 [0.66 [0.69 [0.60
0.60 | 0.60 | 0.62 | 0.62 | 0.68 | 0.65

5| 0.59 [0.63 [0.68 [0.71 [0.69 |0.65
0.60 | 0.62 | 0.63 | 0.66 | 0.69 | 0.67

< [ ]058 [0.67 [0.70 [0.72 [0.70 [0.65
S 0.63 | 0.65 | 0.66 | 0.69 | 0.71 | 0.66

-10

(b)
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a
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Figure 4. 8 Plots of circuit performance respor{ag¢gb) before/after self-calibrated design S
(c) (d) before/after self-calibrated design NF
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Figure 4. 9 (a)(b) before/after self-calibratediga Gain (c)(d) before/after self-calibrated dasig
power

4.4 Design Validation

The model-based design results are validated msigtr-level Monte Carlo simulations.
AssumeAVy, has a normal distribution withs3=15%, and temperature uniformly distributes
in the range of -10 °C to 80 °C. The circuit penfi@nce is analyzed by running 1000 Monte
Carlo simulations. The results are show in Figur#04 The performance meap)(and
deviation 6) are collected in Table 4.5. Table 4.6 summariresperformance yield. As the
results show, the variations especially the highpterature degrade performance &d NF.
The proposed method improves both in the performanean value and the deviation. The

proposed method greatly improves the circuit penéorce yield from 66.60% to 100%.
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Table 4. 5 LNA performance comparison of nominaige and
self-calibrated design

Performance

Nominal Desig

n | Proposed Desig

()

()

Gain (dB)

1 1
21.93] 1.03 22.62] 0.49

Sy (dB)

-16.89| 2.58 -20.03 1.13

NF (dB)

2.32 0.3

4 2.31 0.27

Power (mW)

24.23 2.14 21.50 3.5

=}

Table 4. 6 LNA performance yield comparison of dadiefore and after self-calibration.
(process variation withina)

Performance . . Yield .
Nominal Design | Proposed Design

Gain 99.8% 100%

Su 66.60% 100%

NF 87.50% 100%

Power 100% 100%

Total 66.60% 100%

4.4 Discussion

4.4.1 Modeling Configurations

It is important to build a high accurate model irder to achieve

meaningful results.

However, the cost to build up an accurate moddligh. In general there is a trade-off

between the accuracy of a surrogate model andefwmurces needed to build it. It is uneasy

to decidea priori an accuracy target. Some general rules are dedtuis®ngineering [4.17].

Multiple validation methods, e.g. a validation setd cross-validation can be applied to

achieve better model accuracy.
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The built surrogate models can be reused, lagyl dreatly help the design efficiency and
reduce the need for robust optimization algorithrirs. the model-based design, the
refinement of everything, e.g. objective, constrainput range, etc., is easy to track and
evaluate. This indicates the benefit of model badesign flow. The computational cost of

building accurate surrogate performance modeldegunstified.

4.4.2 Impacts of Design Constraints

The users should carefully weigh the cost-benefd &ade-offs in setting up the design
objectives and constraints. It is possible to omnthe performance, area, and power by
setting up different single- or multi- objectivesaptimizing each sub-region. With different
setup, the design flow will end up with differeets of operating states.

The variation space partition also impacts theudirdesign. The more regions it partitions,
the smaller variation tolerance is required for heagperating state. In the circuit
implementation, if the operating states are desigméh a small variation tolerance for each
of them, the total number of the operating statesaver the overall variations would be
increase. Also a small variation-tolerance wouldkentghe operating states switch to each
other more often in order to compensate small dlatets in the conditions. In addition, a
small variation-tolerance essentially incurs a neédigh-resolution variation sensors in
order to distinguish the sub-regions.

In addition, the range and resolution of the degigrameters have impacts on the design.

A large range may induce more design cost, e.@, g@wver consumption. High resolution
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introduces more complexities in the circuit implertaion and may have constraints on
improving the circuit performance.

Moreover, the choice of the validation set affetite design accuracy. Generally,
increasing the validation set will be beneficialitgprove the accuracy for the estimation of
the variation tolerance. However, this increasesdisign cost. Fortunately, we use model-
based design method which is insensitive to theease of the validation set since the

performance models are fast to evaluate.

4.4.3 Design Cost and Yield

We quantitatively study how the yield from our pospd self-calibrated design and the
nominal design varying with respect to the différpawer constraint. The yield is obtained
by running 1000 Monte Carlo simulations wheVy, distributes with 8=15%, and
temperature uniformly distributes in the range d *C to 80 °C. We increase the power
constraint from 16 mW to 25 mW with a 1ImW step, ascbrd the yield of both the nominal
design and the self-calibrated design. The resmégpresented in Figure 4.11. As the results
shown, when the power constraint is lower than 20w yield of the nominal design is
extremely low. When the power constraint is incegeom 20 mW to 25 mW, the yield of
the nominal design is gradually increased from 112%64%. In contrast, under the same
power constraint, the self-calibrated design hasiah higher yield than the nominal design.
When the power constraint increases above 20 m&\seti-calibrated design is able to reach
a 100% performance yield. Therefore, the propossigd can derive much better trade-off

between the power constraint and the yield.
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Figure 4. 11 Yield and power trade-offs

We also analyze the ranges of the tuning bias gedt&y; andV. used in the operating
states when the power constraint is set to diftevaiues. The results are collected in Table
4.8. The self-calibrated circuit is able to achiel@0% performance when the power
constraint is above 20mW. When the power constigaibelow 24 mW, the larger the power
constraint is, the larger ranges of the tuning b@tage. This indicates that, when the power
constraint is relaxed, a larger range of tuning altage can be used. However, when the
power constraint is further relaxed, above 24 mw,tuning knobs ranges are limited even if
the power constraint further increases. This shalaa, the tuning knob ranges are

constrained by other performance requirements.
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Table 4. 7 Tuning voltage ranges of the self-catibd LNA under different power constraint

Power
Constraint (mW) Vg Range Ve Range
20 [0.57, 0.67] [0.57, 0.66]
21 [0.57, 0.68] [0.57, 0.66]
22 [0.57, 0.70] [0.57, 0.68]
23 [0.57, 0.70] [0.57, 0.70]
24 [0.57, 0.71] [0.57, 0.71]
25 [0.57, 0.72] [0.57, 0.71]
30 [0.57, 0.72] [0.57, 0.71]
35 [0.57,0.72] [0.57,0.71]

4.5 Summary

The proposed design method is demonstrated onram6lw-noise-amplifier (LNA) circuit

design. The method designs multiple operating stae order to improve the design

performance and make it feasible to adjust theutti@ccording to the in situ variations. A

surrogate-based process is used to construct tdelsnof the performance parameters, which

in this case, are gaingSnoise figure, and power. The constructed modelsised to design

and optimize the operating states. The results gshawthe proposed method largely reduces

performance distribution and improves the circuéld/ under the process and temperature

variations.
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Chapter 5

Design Case: Self-calibrated PLL design

5.1 PLL Background

Phase-locked loops (PLLS) provide timing-relateactions for a variety of applications, such

as frequency synthesizer, clock and data recoa@/microprocessor clock generations.
Figure 5.1 shows a commonly used and effectieoBder charge pump phase locked loop

(CPPLL)[5.1], which consists of a phase and fregyatetector (PFD), a charge pump (CP), a

loop filter (LF), a voltage controlled oscillatorCO), and a divide-by-N diver (D).

CP
" o %;cp VCO
ot —PFD[ "/ Vor fout
K DN / % > %
»| MPFD > R,
/ - KVCO
ﬁ_) i C/ |Gy
= ET LF
fro Divider
/N T

Figure5. 1 Block diagram of d°®rder Charge pump PLL (CPPLL)
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As Figure 5.1 shows, in the forward path, the phdestector produces an output signal
based on the phase difference between the feediadk () and the input reference clock
(fre). The charge-pump (CP) circuit comprises of twataves that are driven by théP and
DN outputs of PFD and injects the charge into the léter (LF). The combination of
charge-pump (CP) and loop filter (LF) plays an gn&tor that generates the average voltage
of UP (or DN) pulse signals. The loop filter (LF) suppressegirequency components and
allows only the slow-varying DC voltage value (Vjcttontrol the voltage controlled
oscillator (VCO) frequency. In the feedback palte vutput frequency signal,; of the VCO
is scaled down by a factd¥ through the divider. Through the control loop, thetput
frequency of the oscillator is adjusted tilt andfy, have an equal frequency.

In the steady state, the oscillator has an outeguency equal to

f,=f, [N (5.1)

out

where f_, and f , are the frequencies of the oscillator and the esfeg, respectively. N is

out
the divider ratio.

The common metrics of PLL systems include lockimnet phase noise (jitter), reference
spurs, and power.

Locking Time of a PLL is the timery) it takes to change from one specific frequency to
another within a given frequency tolerané® [The jump size is normally determined by the
maximum change the PLL will have to accomplish wiogerating in its frequency band.
The locking time of a PLL is important since it ltmthe effective data rate in a system. As
many system use frequency hopping as the meanstiecpdata security, the time spent by a

PLL in achieving frequency lock can not be usedrfansmitting and receiving data [5.2].
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Phase noise and jitter are noise performance p&eesneand they different ways to
characterize a same nature phenomenon. When vipWase-domain, the phase noise is the
ratio of the carrier power to the power found ii-&lz bandwidth at a defined frequency
offset (usually 1 kHz for a frequency synthesiZ&B]. The phase noise is expressed in
dBc/Hz. Jitter is an undesired perturbation or utadety in the timing of the signal
transitions. Jitter can be classified into detaistic jitter and random jitter based on the
involved noise sources. Deterministic jitter is ®aa by effects in a predictable manner, such
as supply noises. Random jitter is caused by ssticharocesses in an unpredictable manner,
such as thermal and flicker noises. Also jitter banclassified into accumulating jitter and
synchronous jitter based on the jitter behavidrlihs [5.4]. Accumulating jitter is exhibited
in autonomous blocks such ¥€0O. Synchronous jitter is exhibited mainly in dgivblocks
such as PFD, CP and Divider. Phase noise is aatsjgecification. When PLL is used for a
local oscillator, low phase noise will give the id@r greater margin for non-linearity of the
baseband signal. On the receiver side, low phasee n® crucial to obtain good receiver
sensitivity, which is the ability of the receives tlemodulate signals in the presence of
interferers. When the PLL is used in clock and datmvery (CDR) circuit, jitter will cause
bit-error-rate.

Reference spurs appears at multiples of the ingference frequency. In general, these
spurs are caused by non-idealities in the PLL comapts such in the PFD and CP, charge
injection and current mismatches in the CP, anlagea current on the VCO control node

(Ver)- The spurious tones have to be suppressed asansanit mode they interfere the users
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in the same or nearby system, and in a receiver $ignificantly reduce the ability to
demodulation.

The PLL bandwidth and damping factor are importlap parameters which would
impact most of the key performances. The bandwitdkds to guarantee loop stability,
achieves a good trade-off between different compten®r the noise performance, and fast

transient response. Damping factor needs to guseagdod stability and low jitter.

5.2 Self-calibrated PLL Design

The design of PLL is a challenging task due todbeflicting requirements of performance
parameters. When consider process-voltage-temper@\T) variations, the design becomes
more sophisticated. The PVT variations cause lapgead in bandwidth and damping factor,

and make it difficult to get a narrow range of Phérformance responses.

The nature frequencw() of a PLL can be approximated by the equation][5.5

W = lep Kyeo (5.2)
2rNC,

While the damping factor§) can be approximated by the equation

_& lep Kyeo [C
<= N N 3.

whereK, ., is the VCO gain| . is the charge pump (CP) curre@i,is the filter capacitorR,

is the compensation resistor in the loop filterd Anis the divider ratio. These parameters are

indicated in Figure 5.1.
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As seen from Equation 5.2, the nature frequangylepends on the charge pump current

I, the VCO gainK,,, and the loop filter capacitan€®. It has been reported that the
VCO gainK,, is highly sensitive to the PVT variation [5.6],datiis would cause deviations
of the nature frequenay,. As Equation 5.3 shows, damping factér) @lso can be impacted
by the uncertainties i, .

To minimize the impact of variations, given a VC@inK,,, the nature frequencsy,
can be set to a desired value by adjusting thegehgump current,, . As seen from
Equation 5.3, the damping factércan be controlled by the charge pump curgntThe
loop filter resistorR, can modulate the damping factrindependently from the nature
frequencyw, .

The proposed self-calibration method is used tevalte the impacts of variations. Figure

5.5 shows the self-calibrated PLL topology with rgfeapump current, tuning. The circuit

is designed in 180 nm technology with a 1.8 V sypplitage. The circuit uses a reference
signal f., of 50 MHz to generate the output frequenigy 1 GHz. The typical divider ratio
is 20. A ring oscillator style PLL For the nomindésign, the natural frequenay, is

optimized based on several considerations. Tollftitfe stability requirement, the natural
frequencyaw, should be smaller than one tenth of the referdremuency [5.5], generally
around one twentieth. However, a small bandwidthuldslow down the settling of PLL.

Also, a ring oscillator style PLL normally need$aeger bandwidth compared to LC PLL in

order to attenuate the noise contributed by thélase. Therefore, in this design, the typical
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natural frequencyy, is 2.2MHz, a little below one twentieth of theeefnce. The damping
factor ¢ is also optimized for the nominal design. Gengradimall damping factor (under

damp) has higher risk to cause ringing in settpngcess, but it is good for low period jitter
for clock generation. Large damping factor (ovemga may cause longer settling time.
However, it is preferred for accurate referencesph@acking. In this design, the optimized

damping factor value is 1.

CP
¢ o %’ lop VCO
ot —PFD[ "] 1 Yo (A~ o
Kprp /é@(
lep
L

fio Divider
/N T

\d

Figureb. 2 Topology of self-calibrated PLL

In this case, the design objective is to contrel\hriation of the PLL nature frequenoy
within 10% of the initial value. We consider tharisistor strength variations as the main
process variations. The transistor strength isrampeter that describes the current and speed
of a transistor. The data for the transistor gjtiems provided by the foundry, and it is in the
range of = 3. A large value of the transistor strength meara the transistor has high

current and high speed. In this case, the tempera&wassumed in the range “&0o 100°C.
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5.3 Model Construction
In this case, we use indirect modeling to map theametric variations and the design
parameters to the system level performance. Thekb&vel circuit properties are extracted
as the intermediate-level circuit properties. Thiodermediate-level models are then used to
characterize the system-level circuit performantee modeling method is accurate as it
considers non-ideal effects in constructing thermediate-level models.

The circuit characterization focus on two blockslttage controlled oscillator and charge

pump circuit.

5.3.1 Voltage Controlled Oscillator

Figure 5.3 shows the schematic of the VCO circliite center frequency of this circuit is
1GHz. The VCO is a four-stage differential ringcidlator. The input voltagé/c; controls
the current though the delay elements, thus detesnihe delay time of each stage and in
turn determines the output oscillation frequentrythis design, pseudo differential structure
is used. This structure has advantages in largelsgying and good rejection of amplitude
coupling from supply/substrate interference [5THe critical concerns of VCO circuits are
the gain of VCO Kvco), which is characterized under the process angéeature variations.
The circuit is simulated in Cadence Virtuoso SpgtrPeriodic Steady-State (PSS) analysis

is to extract the VCO gain. The data are usederd#éveloped modeling flow.
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VDD

Figure5. 3 circuit schematic of voltage controltestillator

5.3.2 Charge Pump

Figure 5.4 shows the schematic of charge pump itirQurrent steering charge pump is
selected for its short switching time. The currsntirrored into charge path and discharge
path. When the pull-up signal is activated, thers@weurrent flows into the loop filter, so that
the output voltage of the loop filter rises, whicdnces a higher oscillation frequency. When

the pull down signal is activated, the current iscdarged, and forces the oscillator
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frequency decrease. Ideally, the pull-up and poWxdcurrents should be exactly equal. This
can be accomplished by introducing feedback inte kiasing scheme with a single
operational amplifier (op-amp) [5.7]. The op-ampses the output voltage and compares it
with the voltage at the drains of the mirror tratmis. The design forces the currents through
both the NMOS and PMOS transistors to be almosttgxaqual, regardless of the output
voltage. The current mirror is configurable sottli@ output current can be used to
compensate the variations of the VCO gain. Thegghpump circuit is simulated in Cadence

Virtuoso Spectre®. Transient simulations are useektract the output current.

VDD

i I

UP-
oo, o j;llillf:;lkum
Vctr G—" 2

oo
i

Figure5. 4 Charge pump circuit with feedback toatige pull-up and pull-down currents.

VSS
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Figure 5.5 shows the loop filter structure in tesign.

Rz
C
N Q

Figure5. 5 Loop filter structure

The impedance of this filter is shown as follows,

SRC, +1

- $’RCC, +5(C,+C))

5.4 Design Results

(5.3)

In this case, the design objective is to contrel ¥ariation of the PLL nature frequenay

within 10% of the initial value. The variation sgats divided into 36 equal sub-regions.

Therefore, an individual operating state needs dwec at least 4 transistor strength

variations and 2% temperature variations. The charge pump currgsis used for design

the operating states. The tuning step isp®Q The results are shown in Figure 5.6.

Whenl ., is tunable in the range of {0A to 13QuA with 10puA steps, the normalizedu,

deviation is reduced from 40% to 10%.
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Figure5. 6 Ring-PLL bandwidth variations (a) norinadl bandwidth of the nominal design (b)
Normalized bandwidth of the self-calibrated design

5.5 Design Validation

The performance in the settling process is the mapbdto a PLL design, especially when the
PLL is used as in the wireless communication. Tmalestrate the settling process of the
PLL, the control voltage of VCO (Vctr) is selectedcause it is a continuous time signal by
nature. At the run time, when a phase mismatch dmtwthe reference signal and the
feedback signal is introduced, a step responseoadur at Vctr. With different bandwidths

and damping factors, the Vctr signal will settléfetently. This characteristic is used to
validate the effectiveness of the self-calibratedigih. However, a long transient simulation
is needed to obtain the settling behavior of PLhisTdifficulty can be addressed by using
Verilog-A behavioral simulations for fast systemakation. The Verilog-A modules are

developed based on the modules in [5.3, 5.8]. Treeacteristics of the circuit blocks are
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mapped into the parameters of the Verilog-A modefe details of the model are presented
in Appendix C.

In the simulations, we find that the large perfoncea deviations of PLL performance
occur under the conditions of slow-transistor spaed high-temperature (SF) as well as the
condition of fast-transistors and low-temperatute)( Those two conditions are chosen as
the worst-case condition for the design validatibransient simulations are executed. Figure
5.7 (a) shows the settling performance of the nahiL design. The waveform of Vctr in
SF, FL, and typical (TT) conditions are shown. T¢edtling time and ringing variations
would be able to tell the differences in the sysfmrformance under those conditions. As
the results show, the nominal PLL design is seresitd the process and the temperature
variations. One thing needs to be noted here asthiee different variation conditions induce
different value of VCO gainKy). Therefore, the final settling voltages understhe
conditions will be different, and this is not theason for the system performance deviations.
Figure 5.10 (b) shows the settling performanceVgf of the self-calibrated PLL design.
Except the voltage swings, the settling processe$dasically proportional. The settling time
information is shown in Table 5.1. This indicatkattthe bandwidth deviations under process
and temperature variations are calibrated in tlpgsed design so that the settling processes
of the PLL will be identical. This test validatelset effectiveness of self-calibration for

improving the PLL system performance across thgelaariations.
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Figure5. 7 Settling of VCO control voltagd/.) under typical (green), slow-transistors high-
temperature (purple) and fast-transistors low-teadpee (blue) conditions
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Table 5.1 Comparison of setting time before aneraftlf-calibrated design.

FL TT SH

Before calibration 712.12 ns 532.66 ns 472.96 ns
After Calibration 532.74 ns 532.66 ns 513.05ns

7
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Chapter 6
Accurateand PVT Scalable | O Buffer

Macromodel Based on Surrogate M odeling

6.1 Introduction

Input/output buffer macromodels are essential carepts for accelerating signal integrity
analysis in high speed system design. The mostlgoppproach to IO modeling is using the
traditional table-based input-output buffer infotioa specification (IBIS) [6.1], which is an
established and widely used standard (ANSI/EIA-B361BIS models are simple, portable,
IP-protected, and fast in simulation. However, tlaxty model the responses of digital
systems in the worst-case process-voltage-temper@®VT) situations, and therefore they
are unable to simulate continuous variations arstiitmble for statistical analysis. In addition,
the look-up-table format has limits in representommplex characteristics dependent on
multiple parameters. As alternatives, parametachkibox models have been developed [6.2],
[6.3]. These are purely mathematical models aed @xtraction needs to fully explore the
circuit dynamics with well-designed system idecafion stimulus. Additionally, they model
voltage and temperature variations using lineaerpulations ([6.3]-[6.5]) and thus are

inaccurate when modeling highly nonlinear responses
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In this chapter, a new type of macromodeling metfodO buffers is introduced [6.6].
The new macromodel, called the surrogate IBIS maasds an equivalent circuit structure
with lumped elements capturing the static and dyoaincuit behaviors. The major advance
is the use of the surrogate modeling methodologgoimstructing accurate response surface
models for each element over a range of PVT paemetso that the macromodel
dynamically adapts to the PVT variations in analy$n this work, an automatic modeling
flow is developed, including adaptive sampling, mlodonstruction, and validation. To
achieve high-fidelity, data from transistor-lev&®ISE circuit simulations are used for fitting
the models, and an accuracy target is defined Hermodeling iterations. The surrogate
buffer macromodels obtained are portable and theybe easily implemented in a variety of

modeling languages, e.g. Verilog-A.

6.2 Overview of M odeling Method

The surrogate IBIS model structure is shown in Rigl,, andl,q represent the nonlinear
output current. Time-variant coefficierg, andKyqsdetermine the partial turn-on of the pull-
up/down networks during switching transitionSyewer and Cgng represent the nonlinear
parasitic capacitance between the output and {hya\suails.

The parameters of the model are impacted by semhicxtor process, supply voltage, and
temperature (PVT) variations. In addition, they aredulated by the terminal voltages. All
of these effects need to be captured by the mddetemts for an accurate and scalable
macromodel. In brief, the structural model templsttewn in Figure 6.1 is developed for a

nominal PVT set, and then the surrogate model desvihe necessary modifications to the
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structural model template for modeling new PVT atads. The structural model template
captures strongly nonlinear behaviors and the gateomodel describes smoothly varying

behaviors that are easily captured by a mathenhatseription.

X= { Vin, Vout‘ Vsupplyv
temperature, = — | Surrogate Modeling
Process, Vpias, €tc. }

l Models Expressions for

Elements
Structural Macromodel Template
’ Package '—OVCC
Pull-up || | —72
Koult) Qé P| A | Coover
Input o— Threshold
& 110
Tri-state @ Pin
Enableo—| Control Pull-
down 1 _72 C
L Kelt) I/
Pac} |—oGND

Figure 6. 1 Structural 10 buffer macromodel temphaith surrogate modeling

6.3 Single-ended Output Buffer
The proposed modeling method was used to devetopaomodel of a single-ended output

buffer circuit designed in 180 nm CMOS process with3 V normal supply voltage (Figure

ZIC'C
B <14 )
OIZE— —I

Figure 6. 2 Simplified schematic of the modeledeiricircuit

6.2).

Control Logic
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The circuit is composed of four stages. In orderctmtain more accurate parasitic
capacitance effects, the post-layout circuit neettisised. The circuit is driven high to obtain
the pull-up current,, and driven low to obtain the pull-down currdpg Time-variant
coefficientsKp, andKyqare extracted for determining the partial turn-éthe pull-up/down
networks during switching transitions. The nonlinparasitic capacitor€yowerand Cyng at
the portVy, are also characterized. For simplification, neitbetput clamps nor pre-driver
effects are modeled in this case. The threshol@gelvariationaVy, in the MOS transistors
are considered as the main process variationsheydare assumed to be within £20% of the
nominal valueVy, The parameteP = AVi/Vinois used to describe the threshold voltage
variation. The supply voltagé; is assumed to fluctuate within £30%tbe nominal supply

(3.3 V) and temperaturd) is set in the range of 0 1®0C. In the modeling process, those

PVT-related parameters are sampled in their rangeg the adaptive sampling technique.
Circuit simulations were performed using HSPICE 208 SP1, and modeling
construction was performed in MATLAB 2009b using tBUMO Toolbox version 7.0. A
Linux machine with 3 GHz CPU and 2 GB RAM was usEge simulation setups for model
characterization are shown in Figure 6.3 and ttimek parameters are listed in Table I. The

automatic modeling flow discussed in Chapter Jgliad, and rational model is selected.

Table 6. 1 Input variables and ranges for surrogaideling
(VCC =3.3 V,P - AVth /VthO)

Model Element Parameters & Ranges
lpu Vou -Vee ~ +cc
Ipd Vpd: Vee ~ +Ncc Vs: 0. NMee ~1.3Vcc
Kou & Kpd time: 0~ 3ns P: -0.2~0.2
and& Cpower Vbias; 'VCC - +2VCC T:0~100C
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Figure 6. 3 Test-benches for extracting model efemega) pull-up currenty, (b) pull-down current
loa (C)rising/falling transition waveforms fd€,, andK,q (d) Output capacitand@yng andCpower

6.3.1 Model Extraction

Figures 6.3 (a) and 6.3 (b) show test setups fasoméng the output current. In extracting the
pull-up current modell,,, the input signal turns on the pull-up network &mehs off the pull-
down network. The paramet®t, is defined as the voltage difference between theep
supply rail and the output, and it ranges fre¥tc to +2Vcc covering the maximum
reflection case. Transient simulations were usedhatdeling to ensure that the responses
correspond to the effects experienced with weakadggat the output of the buffdn each

simulation, we assigned the sampléd, Vs values to the corresponding DC voltage sources.
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The process and temperature parameters were algnthe sampled values. The duration of
the transient simulation was long enough (in tlasecit was 1 ms with 1 ns step size) to
record the stable output curreipt. As we did not sweep the voltage sources, the atspa
from the reactive elements were minimized. Therddsmodel accuracy is RRSE 1%.
Similarly, the pull-down current modd}q was extractedby turning on the pull-down
network and turning off the pull-up networllgg was extracted as a model function of PVT
variations and/pq, WhereV,q is defined as the voltage difference between thiput and the

ground. Figure 6.4 plots the surface of the rationodell,(Vs, Vpu, T, P).

P=-02 P=0 P=02 -1ooec
. m 50 °C
“ 0 °C

I (4)
I, (4)

=)

33 6.6

Vs (V)

6.6 33

33
Vs (V)

0 0 . . 33
233 V) 2283y )

0
2333 Vu (V)

Figure 6. 4 Slice plot of 4D rational function modig (Vs, Vp, temperatureP). 3 slices in each plot
is for three temperatures at 100 °C, 50 °C, 0 °€ A% /Vino

The time-variant transition coefficients,, and Kpq were obtained by using the output
currents [y andlpg), switching output voltage waveforms, and the ZB@¥ algorithm [6.7].
Figure 6.3 (cshows the test fixture used to obtain the switclaagput voltage waveforms.
In this case, four waveforms are used to charaeteéhie switching behaviors [6.8], including

two rising waveforms and two falling waveforms thagre generated witRyag cOnnected to
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different terminal voltage value¥itm = Vccor ground).Ropaq is equal to the characteristic
impedances of the transmission line that would ibeed by the buffer. For each waveform,
a set of time series transient output voltage \s&aare recorded. In this case, a 3 ns interval of
simulation time with 3 ps steps is taken for reaagdthe output voltages. The 2EQ/2UK
algorithm was applied to solvk,, and Kpq [6.7]. A simplified circuit to illustrate the

algorithm is shown in Figure 6.5.

Kpu (t)]pu (I/\\fm] (f))
Vout

Kpd (t)lpd (V\n‘mI ([))

load

l/term

Figure 6. 5 lllustration of 2EQ/2UK algorithm

The switching output voltage waveformdgnmy, and wm, were obtained with differenfierm

values, and the unknown coefficieits, andKyqcould be derived by the equations

Kpu (t)l pu(\/wfm_ (t)) -K pd(t)I po(\/ wfm (t)) =1 out: 0 (61)
Kpu (t)l pu(\/wfm2 (t)) - K pd(t)l pu(\/ wfg (t)) - I out: O (62)

where |, = (Vo =Vierm) ! Rioac- Ipu @nd 1pg are the output current models described in

Section Ill, A. As the effects of PVT variationsveabeen captured iR, 1,4, and the output
waveforms, the&p, andKyqy obtained are able to predict the transition timih@nge due to

the PVT variations. Similarly, another setky, andKyq values were generated by using the
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falling waveforms. The 2EQ/2UK algorithm has adwea# in efficiency. However, its
accuracy can be impacted by large relative loadings

The test setup for extracting the output parasifipacitance is shown in Figure 6.3.(d)
An AC signal is attached to the output ports areithaginary currents in the power and the
ground ports are measured.

The capacitanceSyower andCyng Were derived using

— |:|(IVCC)
= “vee) 6.3
Pover = 21TV, (6:3)
=01 4)
eV (6.4)
21TV,

where(l,..) and(l , ,) are the imaginary parts of the measured currents, the frequency

of the AC source, anilxc is the AC voltage amplitude. In addition, in ordercapture the
effects of output voltage on the capacitance, tlRedifset of the AC sourc®yi,s was swept
from -Vcc to +2Vcec in simulations. In addition, this method can estréhe frequency-
dependent effects as well. This can be done bylatmg a series of frequencies when
setting different bias voltages. For the casedis work, we model the capacitance at the

general operating frequency for simplification.

6.3.2 Model | mplementation

The proposed macromodel can be implemented in &AM but is not limited to this
language. The surrogate model expressions for neldeients are implemented in the form

of analog functions. The pull-up current modiglin List | is shown as an example. The
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main items of the macromodel is developed withrezfee to the Verilog-A version of the
traditional IBIS model [6.9]. As coefficients,,andK,q are derived in the new model, the
complex configuration process in the initial stepso longer needed. The implementation is

shown in Appendix C.

6.3.3 Testing

The testing results of the proposed driver mode, durrogate IBIS model, are compared to
the reference provided by the transistor-level &thon, and to the traditional IBIS model
extracted from SPICE using the S2IBIS3 v1.0 tool($. The accuracy of the macromodels
is quantified by computing the timing error and tm@ximum relative voltage error. The
timing error is defined as the time difference besw the reference and the macromodel
voltage responses measured for crossing half obthput voltage swing. The maximum
relative voltage error is defined as the maximumorerbetween the reference and
macromodel voltage responses divided by the vokageg.

The setup for the test cases is shown in FigurevBgre the driver is connected to a lossy

transmission line with a load resistor.

Input TL Rioad

Figure 6. 6 Test setup for model validation
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The use of transmission line makes reflectionsrg sgong concern. In this circumstance,
the driver's capacitance will have strong impactcomnrelation than when a resistive loading
alone is used.

The testing cases are setup as follows:

1) Case 1 has a 3.3-V ideal constant supply voleagka 0.75-m long lossy transmission
line (RLGC model). Both characteristic impedancetlod transmission line and the
loading resistoRaq are equal to 5@. A 250 MHz square wave was used as a testing
input signal. The input data has the pattern “01@di€h a 0.1-ns rise/fall time and 2-ns
bit-period.

2) Case 2, the same setup as for Case 1 is useft&gaq= 75Q.

3) Case 3, the supply voltage varies from 2.8 8\8andRaq= 75Q.

Figure 6.7 shows the waveforms at the far-end eftthnsmission line. Table 6.2 presents
the maximum time delay errors and the maximum ineatoltage errors. In Cask both
surrogate IBIS and the traditional IBIS models sregood agreement with the transistor-
level model in simulations. In Cas® the surrogate IBIS model matches better than the
traditional IBIS model when reflections are caudgdthe mismatched loading. In Ca3g
when large variations exist in the supply voltaties surrogate IBIS model obtains much
better accuracy both in timing error and relatieétage error than the traditional IBIS model.
The surrogate IBIS model achieves the improved raoyuby capturing the complex output
capacitance characteristics, the effects of th@lgumltage, and gate modulation effects on

the output current [6.11].
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(a) Case 1 responses
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(b) Case 2 responses

1.3 14 15 16 17 1.8 19 2 2.1
time (s) -8
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Figure 6. 7 Responses at the far-end of the trazséomi line: (a) Case 1; (b) Case 2 ; (c) Case &8I
solid line: transistor-model. Grey solid line: tittwhal IBIS Black dash line: proposed surrogatéSB
Black dash-dot line: supply voltage
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Table 6. 2ZComparison of maximum timing error and maximunatige voltage error
(Reference: transistor-level model, bit-time = 2 ns

Max Max Relative
Timing Error Voltage Error

Case 1 Traditional IBIS 62 ps 5.83%
Proposed model 35 ps 3.25%

Case 2 Traditional IBIS 60 ps 10.82%
Proposed model 47 ps 5.63%
Traditional IBIS 128 ps 28.11%

Case 3
Proposed model 79 ps 6.77%

A system design case based on the setup in Figbiie @sed to illustrate the performance
sensitivity analysis using the surrogate IBIS. Wien ato analyze the eye-diagram
performance at the far-end of the transmissionuiméer PVT variations in the driver circuit.
The data pattern for this study is a 1024-bit Ipsgudorandom bit sequence (PRBS) with 2-
ns bit time. The lossy transmission line in thevpes case and a M-loading resistoRcaq
are used. Figure 6.8 shows the responses at thendaof the transmissionline under the

nominal PVT condition\(s = 3.3 V, process parametr= AVy/Vino =0, T =27 °C).

ol transistor ~  macromodel

T T

RIRRI

0.5 1 1.5
time (s)

xlO_7
Figure 6. 8 Output voltage at far end of transroisdine when input 1024 bit-long PRBS (partial).
Grey solid line: transistor, Black dashed line: noagodel.
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In this case, the maximum timing error is 70 p$%3.of the bit-time) and the maximum
relative voltage error is 6.45%.

For the performance analysis, we examined the agithvi) when the eye heig is
equal to 1 V. Under the nominal PVT conditid, is 1.5508 ns in the transistor-level
simulations, and it is 1.5211 ns in the surrogBi& Isimulations. The difference is 0.0297 ns
(1.48% of the bit-time). We also studied sensiivf the eye-widthV to PVT variations.

The effects of the individual variation were testBeésults in Figure 6.8 indicate that eye-
width W is more sensitive to the supply voltage variatiban to temperature and process
variations. In these analyses, the eye-width défiees between the transistor-level and the

macromodel simulation results are within 0.04 % & the bit-time).
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(a) Supply Voltage Vs. Eye-width
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Figure 6. 9 Eye-width changes with respect to (@pby voltage (b) temperature (c) process
variations. Dot: transistor-level model. Circle: eramodel
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6.4 Differential Output Buffer

The proposed method is applied to a differentidfdsucircuit shown inFigure 6.10. It is
designed in 180 nm CMOS process with the suppliagel of 1.8 V. A netlist without layout
parasitics is used. In this circumstance, the #@ircan be modeled as two single-ended
buffers [6.8]. The threshold voltage variatid¥y, and the pull-up resistor variatidfRpy are
considered as the main process variations. ThemeeasPyry = AVi/Vino and Prpy =
ARpy/Rpy describe the variations, and they are within thegeaof -0.2 to 0.2. The supply
voltage Vs is assumed to fluctuate within £30% &fe nominal supply (1.8 V) and

temperatureT) is set in the range of 0 1®0°C.

Figure 6. 10 Simplified schematic of the differahtuffer circuit

The model extraction follows the proposed technsgaeSection 6.3. Since the output pins
Vi andV, are symmetrical, we usé, to generate the data. In this case, pull-down wutp
current is extracted to model the output nonlirearent. During the extraction, the current
flowing through the pull-up resistd®y is excluded. Besides, as only pull-down network is
switching, one set of rising and falling output wéarms is used for obtaining the transition

factor. The output capacitance is characterizeA®ysimulations as described in Section 6.3.
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The obtained surrogate model equations are impleeden Verilog-A. Figure 6.11 shows
the setup for model assessment. A 75-cm differetraasmission line is used for test. The
differential-mode impedance of the transmissiore lis 80 Q, and the common-mode
impedance is 3R. The loading resistofRqaqare 40Q. 0.25-pF capacitorS, represent the
package impedance. The input data is a 2048-bg fmseudorandom bit sequence (PRBS)

with 0.5-ns bit-time.

Figure 6. 11 Test setup for the differential buffecromodel

The testing results of the macromodel and the istorslevel simulations are compared.
Figure 6.12 shows the output responses at thenfds ef the transmission line. The results
show that the proposed surrogate-based macromoliglves good accuracy. The maximum
timing error is 21 ps (4.20 % of the bit-time) ahed maximum relative voltage error is 6.5%.
Further tests were done by simulating the macromodeéer different PVT variations. 20
sets of PVT variations were selected. The simutatiesults show that the proposed
macromodel is able to predict the responses aayrahder different PVT conditions. The
worst-case maximum timing error is 28 ps (5.6%tipie), and the worst- case maximum

relative voltage error is 6.8%. The proposed maoael for the differential buffer achieves
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Figure 6. 12 Output respons¥s, andV,,at the far ends of the transmission line with 2048ong
PRBS (partial) input data. Grey solid line: tratmisBlack dashed line: macromodel.

good accuracy. However, when post-layout parasitiects are included in the modeling,
non-ideal differential characteristics have to basidered.

In addition, the model is accurate for slow supgyiations. However, without including
additional parasitic effects, the model is insuéfic to be used in power supply noise

analysis.

6.5 Summary

A new method to generate a scalable macromodehfotO buffer was proposed. The
modeling method applies surrogate modeling teclgie$oto characterize physically-based
elements over the continuous process-voltage-teatyrer variations. An automatic flow is
developed to efficiently handle the surrogate miodebrocess, including adaptive sampling,
model construction and validation. The generatedehexpressions are portable and easy to
be implemented in a variety of languages. The pmegdapproach is demonstrated on both

single-ended and differential output buffer cirsuiThe macromodels obtained show good
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accuracy in capturing the effects of reflectionsl aariations, and their scalability makes

flexible design analysis possible.
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Chapter 7

Conclusions and Future Wor k

7.1 Summary of Research and Contributions
This dissertation proposed a novel design apprdactself-calibrated analog circuit. The
new method aims to create multiple operating stédescompensating the performance
degradation caused by the process, voltage, angetature (PVT) variations. Each of the
operating states is capable of compensating afgpe&inge of variations so that the whole
circuit is robust across the overall variations. r&lamportant, at run time, the operating
states can be selected by characterizinginh&tu variations. Chapter 2 discusses the key
ideas of the new design approach and formulatesdédsgn problem. The new design
approach takes both the performance constraints ted variation tolerance into
consideration in the design optimization. The resscn be used at run time. In addition, the
new design approach is able to compensate temperata process variations at the same
time.

Surrogate modeling is used to construct the perdoca models with design parameters
and parametric variations. Such performance maakelsused to speed up circuit design. In
the design iterations, calls to the transistordsumulation are replaced by the evaluations of

constructed performance models. This greatly speedde design process. Also once the
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performance models are created and calibrated, dheyreused with different performance
specifications, design variable ranges, and vanatistributions. Chapter 2 discusses the
methods for constructing performance models. Dineatleling is data-driven and black-box
in nature, and thus it can be widely applied toadimany domains and problems. Indirect
modeling combines the physically-based knowledgh thie surrogate modeling techniques.

The main surrogate modeling procedures and techaigue discussed in Chapter 3,
including initial and adaptive sampling, Kriging cafRational model template, and model
validation. Also some strategies are presentedntprave the modeling accuracy and
efficiency. In addition, this chapter presents tleveloped automatic modeling and design
flow. In this framework, SUMO toolbox is used topéxe the modeling techniques.
Optimization is executed on the built models.

The proposed design approach and the surrogate [4nasied design framework are
applied to two design cases. In Chapter 4, a sdilbrated LNA circuit is designed in 65 nm
process. The design problem is formulated to minénthe performance deviation while
meeting the performance constraints on g&ip,noise figure (NF), and power. Process and
temperature variations are considered. Two biasget are selected to design the operating
states. In this case, direct modeling is used fagmate the performance responses from
the transistor-level SPICE simulations. Kriging rabs selected as the model template. The
built models are accurate with RRSE < 5%. The desgalidated in transistor-level Monte
Carlo simulations. The results show that the pentorce yield increases from 66.6 % to

100% using the proposed design method.
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In Chapter 5, a self-calibrated phase locked Id®lpL] circuit is presented. The design
objective is to minimize the bandwidth deviationden the impacts of process and
temperature variations. The charge pump curreohdsen as the design parameters for the
operating states. Models of the charge pump cuaedtthe voltage controlled oscillator gain
are constructed. The design results show thatahdwidth variation is reduced from 40% to
10% using the proposed design method. Performahteeodeveloped circuit is simulated
using behavioral models. The results show thatstystem performance is improved after
self-calibrated design at the worst-case procedgeamperature variations.

The surrogate model-based method is applied to lolevaccurate and scalable
macromodels for Input/Output (I0) buffers. The destare discussed in Chapter 6. This
method characterizes the physically-based modemesies with adaptive multivariate
surrogate modeling techniques in order to achiagé fdelity and PVT scalability. Both
single-ended and differential output buffer circexamples demonstrate that the proposed
modeling method offers good accuracy and flexildalability to facilitate signal integrity
analysis.

In summary, this work proposes a new method togaesbst-effective self-calibration
analog circuit. A surrogate model-based modeling dasign framework is developed to
improve the design efficiency and flexibility. Thdeveloped design methods and framework
have been successfully applied to the importauditblocks, a low noise amplifier (LNA)
and a phase locked loop (PLL). The results show tha circuit performance vyield is

improved remarkably via the proposed design. Initend the surrogate model-based
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method is applied to develop high-speed IO macrahadth high-fidelity and good

flexibilities.

7.2 Future Work

The variation sensors are important to the selbcated design. Recently, new type
variations sensors are developed, with better acgurimmunity from the variations, low
cost, and capabilities of distinguishing differéyyppes of process variations [7.1-7.3]. These
developments are very helpful to the proposed desigthod. In the future work, the design
cost and efficiency of the self-calibrated circaén be evaluated together with variation
sensors’ performance as welliasitu calibration algorithms.

The performance modeling mainly considers the m®aariations in this work. In the
next step, the time-dependent effects, such agfferte, can be incorporated into the
performance modeling procedure so that the buildehcan be integrated for analyzing the
impacts of the aging effects on the self-calibratiecuits.

As shown in this work, model-based design opensodppities to improve the design
efficiency. It is important to control the cost miodeling and guarantee the model accuracy
good for the design. This is especially importamtthe high-dimension problem. Direct
modeling can be improved by screening the inpuaupaters and focusing on the area of
interest. Indirect modeling can be applied in tbenplex system design with integration of
more physically based model blocks and functions.

Performance models can support multiple type desigtimization. In analog and RF

circuits, trade-offs of multiple performance paraens are complex. Multi-objective, such as
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Pareto optimization can be used to formulate tregaeobjectives. Research has been done
for the Pareto optimization in supporting circuiesegn with variability [7.4]. The
combination of surrogate models and Pareto optitoizawill be very helpful in developing

the proposed self-calibrated analog circuit design.
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Appendix A. Automatic Modeling Setup

A.1 Overview

Figure A.1 shows the setup for the modeling toal #re circuit simulations. The setup is

able to automatically realize the modeling itenasiovith circuit simulations in the loop.

Input
parameters Netlist
> »| Composer >

(Perl Script)
Cadence
Modeling Tool MATLAB Spectre

Configuration Output Simulator simulations
results D?t?.
< < Acquisition |
Perl Script

Figure A. 1 Setup for modeling tool and circuit siations

A.2 SUMO Toolbox Setup

The modeling techniques are configured, includingial sampling, adaptive sampling,
model template, validation methods. Each modelmmmonent can be configured through a
central configuration XML file and different meth®dan be easily added, removed or replay
for the specific need. The input parameters anguiytarameters are defined in a problem
specific XML file. Examples are shown as follows.pfoblem specific configuration XML
file example is shown in List A.2.1. In this desighe inputs are the design parameters and

parametric variation. The outputs are the perfolcegrarameters.
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List A.2.2 show the central configuration XML filén this example, the main modeling
techniques are configured. Initial sample method.asin Hypercube with corner points.
Adaptive sampling method is active and set to LOV&vonoi, Kriging model is used as the
model template and genetic algorithm is used tanmop¢ the model hyper-parameters. The
error measurement method is 5-fold cross validatidth RRSE expected to be less 5%. The

simulator is set as MATLAB.

List A.2.1 Problem specific configuration for SUM@olbox

<?xml version="1.0" encoding="1S0-8859-1" ?>
<Simulator>
<Name>Ina</Name>
<Description>
A low noise amplifier example

</Description>

<InputParameters>

<I-- The design parameters -->

<Parameter name="vgi" type="real" minim um="0.57"
maximum="0.83"/>

<Parameter name="vcompi" type="real" mi nimum="0.57"
maximum="1"/>

<!l-- The variation parameters -->

<Parameter name="temp" type="real" mini mum="-10"
maximum="80"/>

<Parameter name="deltavth" type="real" minimum="-0.15"
maximum="0.15"/>

</InputParameters>

<!-- The output parameters -->
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<OutputParameters>
<Parameter name="S11" type="real"/>
<Parameter name="Av" type="real"/>
<Parameter name="NF" type="real"/>
<Parameter name="power" type="real"/>

</OutputParameters>

<Implementation>
<Executables>
<Executable platform="matlab" batch
batchSize="1">dolnapn</Executable>

="true"

</Executables>
</Implementation>

</Simulator>

List A.2.2 Central configuration for SUMO toolbox

<?xml version="1.0" encoding="1S0-8859-1" ?>

<ToolboxConfiguration version="7.0">

<Plan>
<!-- Default components, these should norma lly not be
changed unless you know what you are doing -->
<ContextConfig>default</ContextConfig>
<SUMO>default</SUMO>
<LevelPlot>default</LevelPlot>
del -->

<!l-- This is the problem we are going to mo

<Simulator>Ina </Simulator>

108



<!I-- Runs can given a custom name by using th

e name attribute,

a repeat attribute is also possible to repeat a run multiple

times. -->

<Run name="" repeat="1">
<!-- Enties listed here override those defined

<InitialDesign>IhdWithCornerPoints</InitialDe

<SampleSelector> lola-voronoi</SampleSelector

<!l-- How is the simulator implemented (i.e., where

data come from)-->

<SampleEvaluator>matlab</SampleEvaluator>

<l-- The AdaptiveModelBuilder specifies the mo

hyperparameter optimization -->

on plan level-->
sign>

>

does the

del type and the

<AdaptiveModelBuilder>kriginggenetic</AdaptiveModel Builder>

<!I-- How the quality of a model is evaluated i
one or more Measures. -->

<Measure type="CrossValidation" target="0.05"

s determined by

errorFcn="rootRelativeSquareError" use="on" />

<l--Define the input parameters and ranges-->
<Inputs>
<Input name="vgi" type="real" minim
maximum="0.83"/>
<Input name="vcompi" type="real" m
maximum="1"/>
<Input name="temp" type="real" minimum="-10
<Input name="deltavth" type="real"

maximum="0.15"/>

um="0.57"

inimum="0.57"

" maximum="80"/>

minimum="-0.15"
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</Inputs>
<!--Define the output parameters -->
<Outputs>
<Output name="power">
</Output>
<Output name="Av">
</Output>
<Output name="NF">
</Output>
<Output name="power">
</Output>
</Outputs>
</Run>

</Plan>

A.3Tool Interfaces

A.3. 1 MATLAB simulator

This part is set up for the interface between tloeeling tool and the circuit simulator. The
sampling points generated in the modeling tooligpet into the MATLAB simulator. The
performance responses are collect and put at tipeioof the simulator. The data will be

ported back to the modeling tool. List A.3.1 shdhes main script for an LNA example.

List A.3.1 MATLAB simulator example

% function dolna.m gets the inputs parameters, invo kes the

% simulations, and obtains the performance response s for modeling.

function result = dolna(params);
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vgi=params(:,1);
vcompi=params(:,2);
temper=params(:,3);

deltavth=params(:,4);

disp(sprintf("***** start new simulation *****"));

% call the simulations

[S11,Av,NF,power] =simu_lna_sp(vgi,vcompi,temper,de ltavth);
inputs=[vgi,vcompi,temper,deltavth];

outputs=[S11,Av,NF,power];

result = [inputs outputs];

A.3. 2 Netlist composer and data acquisition

Circuit netlist is a description of parts and coetians in a circuit that can be recognized and
executed by this circuit simulator. The netlist gm®er is responsible to integrate the
sampling points into the circuit netlist and prepat for simulator. In this example,
SpectreRF® is used as the circuit simulator. An @dceacript is used to execute the
SpectreRF® simulations. Here a Perl script is congtd to automatically invoke the ocean
script and monitor the simulation process. When #imulations are finished, the
performance data are read out from the data fiteigged by the simulator. These results are
put back to the MATLAB simulator and then usedtfor modeling. An example is shown in

List A.3.2. shows a ocean script for simulating LiNA.

List A.3.2 An ocean script example for LNA simutats

simulator( 'spectre )
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design( ".Inetlist/netlist")

resultsDir( "./")

analysis(‘dc ?saveOppoint t )

analysis('tran ?stop "2n" ?errpreset "moderate” )
analysis(‘ac ?start "11.9e9" ?stop "12.1€9" ?step
analysis(‘sp ?ports list("/PORTQ" "/PORT2") ?start
"12.1e9" ?step "0.1e9" ?donoise "yes" ?oprobe "/P

"/PORTO" )

desVar( "Arf* 100u )
desVar( "CAL"0 )
desVar( "frf* 12G )

desVar(  "lin" 160.000000u )
desVar( "vgi" 0.589132)
desVar( "vcompi" 0.605219)
desVar( "deltavth" 0)

envOption (‘analysisOrder list("tran

ac""dc""s
option (‘tnom "25")

temp(30)

save( i "/10/10/13/11/vDD_2.5" "/10/10/13/11/VDD"
run()

selectResult( 'tran )

selectResult( 'dcOp )

power_hb = (1.2 * average(i("/I0/I0/I3/I1/VDD" ?res
ochPrint(?output "./power.txt" power_hb)

Av = dB20(VF("/Vout"))

ocnPrint(?output "./Av.txt" Av)

selectResult(‘'sp)

S11 = dB20(aaSP(1 1))

ocnPrint(?output "./S11.txt" S11)

NF = dB10O(NF())

ocnPrint(?output "./NF.txt" NF)

exit

"0.1e9" )
"11.9e9" ?stop
ORT2" ?iprobe

p")

ult "tran-tran™)))
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Appendix B Model-based Design

This section shows an example using model-baseidrdesript. The model-based script is
used to design the self-calibrated low noise armeplifLNA) circuit in Chapter 4. The
variation space is divided into 36 sub-regions.elch sub-region, the LNA circuit is
optimized using the performance modals S;, NF, and Power. The results are the design

parameter settings for the operating states.

List B.1 Model-based design script

% execute model-based design

% main body

clear

clc

% define process and temperature variations, region
global check_points;

global X_min;

global X_max;

global X_delta;

global Y_min;

global Y_max;

global Y_delta;

global reg_X;

global reg_Y;
X_min=-10,X_max=80,X_delta=1.5;
Y_min=-0.15,Y_max=0.15,Y_delta=0.005;

% define performance specifications
global S11_spec;S11_spec=-15;
global Av_spec; Av_spec=20;

global NF_spec; NF_spec=2.8;
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global Power_spec; Power_spec=0.035;

% define avaiable knobs
global vg_ava;

global vcomp_ava,;

vg_ava=0.57:0.01:0.83;
vcomp_ava=0.57:0.01:1.0;
|_ava=160;

% define nominal conditions
margin_ratio = 0.05;

global temp_norm;

temp_norm=30;

% define validation points as 2*2 corner points

check_points=2;

% define sub-region number
reg_X=6; reg_Y=6;

% **** Part |. check nominal design status *****
% define cell for recording design information
subdesign_norm=cell(reg_X);
subdesign_new=cell(reg_X);
plotsubdesign_norm=cell(reg_X);
plotsubdesign_new=cell(reg_X);

% count the infeasible region;

num_infeasible_norm=0;

% initialize sub-region design variable
flag_new=0;

feasibledesign_new=0;
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xknob_sub_final=[]; xknob_sub_final=0;

% ***** Checking nominal design *****
for regx = 1lireg_ X %
forregy = 1lireg_ Y
disp(sprintf(' ### check nominal sub-region
###\n', regx, regy)
%record feability information, flag=0 for i
flag=1
%for feasible design, NaN if no knobs works
[flag_norm,feasibledesign_norm]=searchknob_feasible
y,vg_norm,vcomp_norm,lin_norm,check_points)
% record the number of infeasible region
if flag_norm==
num_infeasible_norm = num_infeasible_norm+
end
subdesign_norm{regx,regy}.flag=flag_norm;
subdesign_norm{regx,regy}.design=feasiblede
end
end
disp(sprintf(' ### complete checking original subde

% record nominal design results
delete ('./design_norm.mat’);

save ('./design_norm.mat','subdesign_norm);

% **** Part Il. Do a new design *****
% if new design is neeeded
new_excute=0;
if num_infeasible_norm ==
disp(sprintf(' ### nominal design robust, comple
\n));

X =%i, Y = %i

nfeasible design;

(regx,reg

sign_norm;

signs ###\n"));

te design ###
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else
new_excute=1;
end % end if

% **** excute new design *****
if new_excute==1
disp(sprintf(' ### new design is needed ### \n") );
for regx=1:reg_X
for regy=1:reg_Y

disp(sprintf(' ### new design for sub-region X = %i, Y = %i ###
\n', regx, regy))
[flag_new,feasibledesign_new,xknob_sub_final]=searc hknob_optima

I(regx,regy,vg_ava,vcomp_ava,lin_ava,check_points)
subdesign_new{regx,regy}.flag=flag_new;
subdesign_new{regx,regy}.design=feasibledesign _new;
% record the final knobs for this subregion

subdesign_new{regx,regy}.xknob_final=xknob_sub_fina ;
end
end
delete ('./design_new.mat');
save ('./design_new.mat','subdesign_new");

end

disp(sprintf(' ### new design is finished ### \n")) X
% find all the feasible knobs

% function searchknob_feasible.m

function [flag,feasibledesign] = searchknob_feasib le

(regx,regy,vg_norm,vcomp_norm,lin_norm,check_points )
%define array to restore values

0S11=[];%S11
gAvV=[];%Av
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gNF=[];%NF
gpower=[];%power
0S11=0;gAv=0;gNF=0;gpower=0;

%global performance specifications
global S11_spec;

global NF_spec;

global Av_spec;

global Power_spec;% add power specs
global reg_X; global reg_Y;

%global check points;% check point in sub-design
global X_min;

global X_max;

global X_delta;

global Y_min;

global Y_max;

global Y_delta;

global margin_ratio;

xknob=[0 0];

%define design variables
x1=lin_norm;
X2=vg_norm,;

X3=vcomp_norm;

%define break loop variables, flag for nominal set
flag = O;

%record the number of designs

feasible_num=0;

checking
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% obtain the feasible knobs
for k=1:length(x3)
for j=1:length(x2)
% loop all checking pionts
fv=0;0S11=0;gAv=0;gNF=0;
disp(sprintf('knobs x1=%d, x2=%d\n",x2( ),x3(Kk)));
for checkx = 0:check_points-1 % run che cking points
for checky = 0:check_points-1
%calculate checking points axis
X_sample=(X_max-X_min)*((regx-
1)+checkx/(check_points-1))/reg_ X+X_min
Y_sample=(Y_max-Y_min)*((regy-
1)+checky/(check_points-1))/reg_Y+Y_min

%add the margin_ratio calculation at the boundary p oints
if (X_sample>X_min)&(X_sample< X_max)
if checkx==

X_sample=X_sample+(-1)*(X_max -
X_min)/reg_X*margin_ratio;
end
if checkx==check_points-1
X_sample=X_sample+(+1)*(X_max-
X_min)/reg_X*margin_ratio;
end
end
if (Y_sample>Y_min)&(Y_sample<Y_max )
if checky==
Y_sample=Y_sample+(-1)*(Y_max
Y_min)/reg_Y*margin_ratio;
end

if checky==check_points-1
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Y_sample=Y_sample+(+1)*(Y_max-
Y_min)/reg_Y*margin_ratio;
end
end
gS1ll(checkx+1,checky+1)=S11 817(x2(j),x3(k),X sampl e,Y_sample);
gAv(checkx+1,checky+1)=Av_817(x2(j),x3(k),X_sample, Y_sample);
gNF(checkx+1,checky+1)=NF_817(x2(j),x3(k),X_sample, Y_sample);
gPower(checkx+1,checky+1)=power_817(x2(j),x3(k),X_s ample,Y_sampl
e);
end

end

if(gS11<=S11 spec)&(gAv>=Av_spec)&(gNF<=NF_spec)&(g Power<=Power_spec)
flag=1,;
feasible_num=feasible_num-+1;
feasibledesign(feasible _num).xknob=[x 2(),x3(K)]; %
feasibledesign(feasible_num).Av=gAv;
feasibledesign(feasible_num).NF=gNF;
feasibledesign(feasible_num).S11=gS11
feasibledesign(feasible_num).power=gp ower;

end
end

end

% if all the designs are invalid
if flag==

disp(sprintf(@@ @ Fail: no knob setting works f or regx %f regy
%f @@@', regx, regy))

feasibledesign=NaN;

end

% obtain the optimal designs
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% function searchknob_optimal.m

function [flag,feasibledesign,xknob_final] =
searchknob_optimal(regx,regy,vg_ava,vcomp_ava,lin_a va,check_points)
%define array to restore values
0S11=[];%S11

gAv=[];%Av

gNF=[];%NF

gPower=[];%power

gperform_norm=[J;

gperform_spec=[];

xknob_max_all=[];
xknob_max_feasible=[];

gS11=0;gAv=0;gNF=0; gperform_norm=0;gperform_spec=0 ;

%initialize
avgperform_min_all=Inf;
avgperform_min_feasible=Inf;
xknob_min_all=0;

xknob_min_feasible=0;

%global flat_spec;
global S11_spec;
global NF_spec;
global Av_spec;
global Power_spec;

global reg_X; global reg_Y;

%global check_points;% check point in sub-design
global X_min;

global X_max;

global X_delta;

global Y_min;
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global Y_max;
global Y_delta;

global margin_ratio;

%vector to store the results
xknob=[0 0];

%define design variables
x1=lin_ava;
X2=vQg_ava,

x3=vcomp_ava;

% flag for nominal set checking

flag = O;

%record the number of points

feasible_num=0;

%record the design objective norm value
avgperform_norm=0;

avgperform_spec=0;

% obtain the feasible knobs
for k=1:length(x3) % vcomp loop
for j=1:length(x2) % vg loop
% loop all checking pionts
fv=0;9S11=0;gAv=0;gNF=0;gPower=0;
for checkx = 0:check_points-1 % run checking points
for checky = 0:check_points-1
%calculate checking points axis
X_sample=(X_max-X_min)*((regx-
1)+checkx/(check_points-1))/reg_X+X_min;
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Y_sample=(Y_max-Y_min)*((regy-

1)+checky/(check_points-1))/reg_Y+Y_min;

% add the margin_ratio calculation at the boundary

% points.
if (X_sample>X_min)&(X_sample<X_max
if checkx==
X_sample=X_sample+(-1)*(X_max-

X_min)/reg_X*margin_ratio; % multiple ratio,

check_point=0 or check_point=1
end
if checkx==check_points-1
X_sample=X_sample+(+1)*(X_max-
X_min)/reg_X*margin_ratio;
end
end
if (Y_sample>Y_min)&(Y_sample<Y_ma
if checky==
Y_sample=Y_sample+(-1)*(Y_max-
Y_min)/reg_Y*margin_ratio;
end
if checky==check_points-1
Y_sample=Y_sample+(+1)*(Y_max-
Y_min)/reg_Y*margin_ratio;
end

end

9S11(checkx+1,checky+1)=S11(x2(j),x3(k),X_sample,Y_
gAv(checkx+1,checky+1)=Av(x2(j),x3(k),X_sample,Y_sa
gNF(checkx+1,checky+1)=NF(x2(j),x3(k),X_sample,Y_sa

sample);
mple);

mple);
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gPower(checkx+1,checky+1)=power(x2(j),x3(k),X_sampl
gperform_norm(checkx+1,checky+1)=perform_norm(x2(j)
_sample);
gperform_spec(checkx+1,checky+1)=perform_spec (x2(j
X _sample,Y_sample);

end

end
% obtain the mean value
avgperform_norm=sum(gperform_norm())/4;

avgperform_spec=sum(gperform_spec())/4;

% check the feasibility

if(gS11<=S11_ spec)&(gAv>=Av_spec)&(gNF<=NF_spec)&(g

<=Power_spec)
flag=1,;
feasible_num=feasible_num+1;
feasibledesign(feasible _num).xknob=[x
feasibledesign(feasible _num).Av=gAv;
feasibledesign(feasible _num).NF=gNF;
feasibledesign(feasible_num).S11=gS11

feasibledesign(feasible _num).power=gP

feasibledesign(feasible_num).perform_norm=gperform_
disp(sprintf(@ @@ Pass: one knob setting works for

regy %f @@@', regx, regy))

if avgperform_norm < avgperform_min_f
avgperform_min_feasible=avgperfor
xknob_min_feasible=[x2(j),x3(k)];

end

e,Y_sample);
X3(K),X_sample,Y

):x3(Kk),

Power
2(j).x3(K)I;
ower;%
norm;
regx %f
easible
m_norm;
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end % end feasible check

% go through all design parameters, record the opti

design
else
if avgperform_norm < avgperform_min_al
avgperform_min_all=avgperform_norm
xknob_min_all=[x2(j),x3(k)];
end
end
end
end

% find at least one feasible design
if flag==1
disp(sprintf(@@@ Pass: find knob setting works
%f @@Q@', regx, regy))
xknob_final=xknob_min_feasible
% if no feasible design is found
else
disp(sprintf(@@ @ Fail: no knob setting works f
%f @@@', regx, regy))
feasibledesign=NaN; % all the designs are inval
xknob_final=xknob_min_all % display the final k
feasible design

end

mal

for regx %f regy

or regx %f regy

id

nobs when no
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Appendix C PLL Verilog-A Behavioral Model

The Verlog-A models for the major building blockstiee PLL are listed. These models are

used for behavioral simulations to get the PLItliset performance [5.8].

List C.1 PFD/CP behavioral model

I/ Verilog-A model for PFD/CP with synchronous jitt er.
‘include "disciplines.h”
module PLL_PFD_CP(out, refclk, fbclk, vup, vdn);
input refclk, fbclk;
output out, vup, vdn;
electrical refclk, fbclk, out, vup, vdn;
parameter real lout=Ilcp; // output current from the built surrogate
model
parameter real Imis=0; //omit the mismatch current
parameter real Vtrans= 0 from [-10:10]; // voltage above which the
[ftransition is
parameter integer dir=1 from [-1:1] exclude 0; // d ir=1 for positive
edge // trigger
parameter real tt=20p from (0O:inf);
parameter real td=0 from (0:inf);
parameter real jitter=0 from [0:td/5); // edge-to-e dge jitter
parameter real ttol=1p from (0:td/5); // recommend ttol << jitter
parameter real delay=delay_param;
parameter real Vhi=Vhi_param;
integer up, down, seed, fdbg;
real dt, next;
analog begin
@(initial_step) begin
seed = 716;
end
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@ (cross(V(refclk) - Vtrans, dir, ttol)) beg
up =1;

if (down == 1) next=$abstime+delay;

dt = jitter*$dist_normal(seed,0,1);

end
@(cross(V(fbclk) - Vtrans, dir, ttol)) begi
down = 1;

if (up == 1) next=%abstime+delay;

dt = jitter*$dist_normal(seed,0,1);

end

@ (timer(next)) begin

up =0;

down = 0;

end

I(out) <+ transition(lout*(-up*(1+Imis)+dow

dt, tt);//add Imismatch

V(vup) <+ transition(Vhi*up, td + dt, tt);

V(vdn) <+ transition(Vhi*down, td + dt, tt)
end

endmodule

n*(1-Imis)), td +

List C.2 VCO behavioral model
I/ Verilog-A model for VCO.
“include "disciplines.h"
‘include "constants.h"
module PLL_VCO(vco_clk_ph_0, Vcontrol);
input Vcontrol,
output vco_clk_ph_0;
electrical Vcontrol, vco_clk_ph_0;
parameter real Vmin=0;

parameter real Vmax=Vmin+1 from (Vmin:inf);
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parameter real Fmin=1M from (0O:inf); // minimum out
parameter real Fmax=2*Fmin from (Fmin:inf); // maxi
frequency

parameter real Vhi=1; // high output voltage
parameter real VIo=0; // low output voltage
parameter real tt=0.01/Fmax from (0:inf); // output

parameter real jitter=0 from [0:0.25/Fmax); // peri

parameter outStart=10.020163u from (1/Fmin:inf); //
periods parameter real ttol=1u/Fmax from (0:1/Fmax)
tolerance

real freq, phase, dT, prev, curPeriod, diffPeriod,
integer n, seed, fp, ficc;

integer samplestar,foutsample,finsample,fphase; //

real sampleperiod=sampleperiod_param; // sampling
real amp=amp_param;// vco output amplifier

real vdc=vdc_param;// vco output DC voltage

analog begin
@(initial_step) begin
seed = -561,;
fp = $fopen("periods.m");
ficc = $fopen(“jcc.m");
finsample=$fopen(“insample.m");//for re

foutsample=$fopen("outsample.m");//for

fphase=%$fopen("phase.m");//for recordin

put frequency
mum output

transition time

od jitter
(produces //white
accumulating jitter)

start saving

:// time

prevPeriod;

triger the
periodic //sampling,use
timer function

period

cording output to
VCO

recording input
to vco

g phase at vco

output
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end

/I compute the freq from the input voltage
freq = (V(Vcontrol) - Vmin)*(Fmax - Fmin) / (Vmax -

// bound the frequency (this is optional)
if (freq > Fmax) freq = Fmax;
if (freq < Fmin) freq = Fmin;

/l add the phase noise
freq = freq/(1 + dT*freq);

I/l phase is the integral of the freq modulo 2p
phase = 2*"M_PI*idtmod(freq, 0.0, 1.0, -0.5);

I/l update jitter twice per period
Il "M_SQRT2=sqrt(K), K=2 jitter updates/period

@(cross(phase + "M_PI/2, +1, ttol) or cross(phase -
ttol)) begin
dT = "M_SQRT2%jitter*$dist_normal(seed,
n = (phase >=-"M_PI/2) && (phase < 'M_
if(n == 1) begin
if($abstime >= outStart) begin
curPeriod = $abstime - prev;
diffPeriod = curPeriod - prevPe
$fstrobe(fp, "%0.10e", curPerio
$fstrobe(fjcc, "%0.10e", diffPe
end
prev = $abstime;
prevPeriod = curPeriod,;

end

Vmin) + Fmin;

"M_PI/2, +1,

0, 1),
PI/2);

riod;
d);
riod);
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end
V(vco_clk_ph_0) <+ amp*cos(phase)+vdc;

I/l period sampling
@ (timer(outStart,sampleperiod))begin
$fstrobe(foutsample,"%0.10e",V(vco_clk_ph_0));
$fstrobe(finsample,"%0.10e",V(Vcontrol));
$fstrobe(fphase,"%0.10e", phase);
end
end

endmodule

List C.2 Divider behavioral model

/I Verilog-A model of frequency divider.

‘include "disciplines.h"

module PLL_MDIV(clkfb, clkvco);

output clkfb; // output

input clkvco; // input (edge triggered)

electrical clkfb, clkvco;

parameter integer ratio=ration_param from [2:inf);
parameter real Vhi=Vhi_param; // output voltage in
parameter real Vlo=Vlo_param; // output voltage in
parameter real Vth=(Vhi+VI0)/2; // threshold voltag
parameter integer dir=1 from [-1:1] exclude O;

parameter real tt=tt_param from (0:inf); // transit

parameter real td=td_param from (0:inf); // average

/I divide ratio
high state
low state

e at input

ion time of
output //signal

delay from input
to

I/l output

parameter real jitter=0 from [0:td/5); // edge-to-e

dge jitter
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parameter real ttol=1p from (0:td/5); // time toler
ttol << jitter
integer count, n, seed;

real dt;

analog begin

@(initial_step) seed =-311;

@ (cross(V(clkvco) - Vth, dir, ttol)) begin
count = count + 1; // count input trans
if (count >= ratio)

count = 0;

n = (2*count >= ratio);

dt = jitter*$dist_normal(seed,0
end

V(clkfb) <+ transition(n ? Vhi : Vlo, td+dt

end

endmodule

ance, recommend

itions
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Appendix D Surrogate-based | O Behavioral M odel

The pull-up current modéy),, is shown as an example.

D.1 Verilog-A implementation of the surrogate modgulation Ju(vs,vpu,temp, deltavth)

/llmplementation of pull up current model Ipu. All the inputs are
//normalized to -1 to 1. Functions for other model components are
//defined in the same way.

/lInput variables and their ranges are defined in T ABLE |

analog function real lpu;
input  vsi, vpui, tempi, deltavthi;
real vsi, vpui, tempi, deltavthi;
begin

Vpu = (vpui - 1.65) / 4.95;
Vs =(vsi- 3.30)/9.90e-01;
deltavth = (deltavthi - 0) / 2.00e-01,
temp =(tempi - 50) / 50;

Ipu = -2.983745e-02 - 4.983961e-02*Vpu + 1.382028e- 01
*pow(Vpu,2)
- 2.673657e-01 *pow(Vpu,3)+ 2.732403e-03*temp +5.92 8865e-
03*pow(Vpu,l)*temp -1.184873e-02*Vs-1.805515e-01
*pow(Vpu,2)*temp + 1.877605e+04 *pow(Vpu,9)- 5.6462 72e-02
*Vpu*Vs - 7.271323e-02 *pow(Vpu,3)*temp+ 1.641660e- 03*deltavth
+..

end

endfunction
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C. 2 Verilog-A implementation of the proposed macro

module BUFFER_OUTPUT (PU_ref, PD_ref, Pad, In_D);

input In_D; //input data signal con
outpu

electrical In_D;

inout Pad; // output from buffer
inout PU_ref, PD_ref ; // pull-up and p
references

electrical Pad, PU_ref, PD_ref;

branch (PU_ref, Pad) pu;

branch (Pad, PD_ref) pd;

parameter real temp, deltavth, Vsupply;// PVT va

parameter real Vth_R, Vth_F; // input threshol

model.

trolling buffer

ull-down

riables, temp =
[ltemperature

d voltages for

/Irising/falling edge

real DC_threshold=(Vth_R+Vth_F) /2; //in
during DC analysis parameter real max_time=3e-9;
interval

I-----

//- Define the analog functions for the surrogate m

the //format is the same as List | shows.

Analog function real Ipu () // pullup current
Analog function real Ipd () // pulldown current
Analog function real Kr1() // rising transition fa
=GND

put threshold

/I maximum time

ctor with Vterm
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Analog function real Kr2() //rising transition fac
=VCC

Analog function real Kf1() // falling transition f
Vterm=VCC

Analog function real Kf2() // falling transition f
Vterm=GND

Analog function real c_comp_power () // capacitance
and power

Analog function real c_comp_down () // capacitance
and gnd

/- Initialize logic state variables and transition

/[-1f In_D > DC_threshold, state is high, else sta

/I- When state is high kpu = Kr1() at max_time; Whe
kpu= //Kf2() at max_time.

/I- When state is low kpd = Kf1() at max_time; When
kpd = //IKr2() at max_time.

analog begin

@ (initial_step) begin

Vsupply = V(PU_ref)-V(PD_ref); // instant supply

if (V(In_D) > DC_threshold) // high state
PU_State = 1; PD_State = -1,
else Il low state
PU_State = -1; PD_State = 1,
if (PU_State == 1)

kpu = Kr1(Vsupply, temp, deltavth, max_time);

else

kpu = Kf2(Vsupply, temp, deltavth, max_time);

if (PD_State == 1)

kpd = Kf1(Vsupply, temp, deltavth, max_time);

tor with Vterm

actor with

actor with

between output

between output

factors
te is low.

n state is low

state is high
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else
kpd = Kr2(Vsupply, temp, deltavth, max_time);

end // end of initial_step

//- Detect the threshold crossings in In_D.

/l- When current state is high, if In_D < Vth_F, th e buffer goes to
low

/[- When current state is low, if In_D > Vth_R,t he buffer goes to
high.

/I- When the threshold crossing happens, the event_ time is recorded.

@(cross(V(In_D)-DC_threshold, 0, 100p, 100m)
or cross(V(In_D)-Vth_R, 0, 100p, 100m)
or cross(V(In_D)-Vth_F, 0, 100p, 100m))

begin
if (PU_State > 0) & (PD_State < 0)) begin // curre nt state
/l'is high
if (V(In_D) < Vth_F) begin
PU_State =-2; PD_State = 2; // goestolow
Tpu_event = $abstime; Tpd_event = $abstime;
end
else if (PU_State < 0) & (PD_State > 0)) begin // current
/Istate is
Illow

if (V(In_D) > Vth_R) begin
PU_State = 2; PD_State =-2; // goes to high
Tpu_event = $abstime; Tpd_event = $abstime;
end
end
$discontinuity(1);
end // end of threshold_crossing



/- Define the simultaneous analog equations to fin
/Iscaling coefficients kpu. The same is done for kp
/- If the pull-up network is tuning off, kpu=kf2()

/- If the pull-up network is off, kpu=krl() at O.

//- If the pull-up network is on, kpu=kf2() at 0.

/I- 1f the pull-up network is tuning on, kpu=krl()

Vsupply=V(PU_ref)-V(PD_ref); // instant supply volt
case (PU_State)
-2 . begin // PU is turning off
event_time=$abstime - Tpu_event;

if (event_time >=max_time)

kpu = Kf2(Vsupply, temp, deltavth, max_time);

else
kpu = Kf2(Vsupply, temp, deltavth, event
end
-1 : begin // PU is off
kpu= Kr1(Vsupply, temp, delatvth, 0);
end
1: begin // PUis on
kpu = Kf2(Vsupply, temp, delatvth, 0);
end
2 : begin // PU is tuning on
event_time=$abstime - Tpu_event;

if (event_time >=3e-9)

kpu = Kr1(Vsupply, temp, deltavth, 3e-09);

else

kpu = Kr1(Vsupply, temp, deltavth, event_time);

end
default:begin
kpu = 0.0;

d the appropriate
d.

at event_time.

at event_time.

_time);
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end
endcase

/[- Obtain the instantaneous current and capacitanc

/[- Use analog expressions to calculate the output

Ipu=Ilpu(V(PU_ref)-V(PD_ref), V(pu), temp, deltavth)
current

Ipd=Ipu(V(PU_ref)-V(PD_ref),V(pu), temp, deltavth);
c_comp_power=c_comp_power( V(PU_ref) - V(PD_ref), V
temp, deltavth); // instant capaciatance
¢_comp_gnd=c_comp_gnd( V(PU_ref) - V(PD_ref),V(Pad)
temp, deltavth);

I(pu) <+ -kpu*Ipu + c_comp_power*ddt(V(pu)); // ins
current

I(pd) <+ kpd*lpd + ¢c_comp_gnd*ddt(V(pd));

endmodule

; I/ instant

(Pad) - V(PD_ref),

- V(PD_ref),

tant output
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