
ABSTRACT 

ZHU, TING. A Surrogate Model-based Framework for Design and Macromodeling of Self-
calibrated Analog Circuits.(Under the direction of Dr. Paul D. Franzon.) 
 

As integrated circuit technologies scale down, process variations become increasingly critical 

and lead to large variances in important transistor parameters. As a result, circuit performance 

varies significantly, and some circuits may even fail. The large process uncertainties have 

caused significant performance yield loss. In addition, reliability issues such as ageing effects 

and environmental condition variations, further contribute to yield reduction and make it more 

challenging to create a reliable, robust analog circuit design. 

In this work, a new approach to design cost-effective self-calibrated analog circuits is 

proposed. The key idea is to build multiple states for compensating the extreme variations. 

Particularly, each state is able to tolerate a specified range of variations. Therefore, at run time, 

the states can be adaptively selected to compensate the in situ variations. In the circuit 

implementation, a set of design parameters are selected and their values for each state are 

determined at the design phase. The pre-computed results can be stored on chip and applied to 

on-line calibration.  

The new method has several key benefits. Firstly, it is a general design method that can be 

used for a wide range of analog circuits. Secondly, it is able to achieve better trade-offs among 

performance, yield, and cost by using multiple states. Thirdly, the new method introduces low 

design complexity. The optimal state can be selected according to the variations, and this 

would be possible to eliminate the needs for performance measurement, which is usually 

difficult to design and invasive to the circuit.  Furthermore, the new method is able to achieve 



high efficiency in calibration using pre-determined results stored on chip, and it is able to 

compensate the process and temperature variations simultaneously.  

An associated surrogate model-based macromodeling and design flow is developed. 

Surrogate models are able to provide approximations of more expensive circuit simulations. 

Once the surrogate models are built, they can be used to explore the design space. Since the 

models are extremely fast to execute, the model-based design is simple and computational 

inexpensive compared to the design using the actual circuit simulations. Moreover, the 

models can be reused for different design objectives and constraints. Therefore, surrogate-

based methods are able to improve the overall design flexibility and efficiency.  

The proposed method for self-calibrated design is demonstrated on a low noise amplifier 

(LNA) design and a phase locked loop (PLL) design. The results show that the proposed 

method is remarkably effective to compensate the large temperature and process variations. 

In the presented cases, the performance yields are greatly improved and better trade-offs 

between cost and yields are derived.  

In addition, a new surrogate-based method is proposed to generate accurate and scalable 

macromodels for Input/Output (IO) buffer circuits. The macromodels have shown good 

accuracy in capturing the effects of reflections and variations, and their scalability makes 

flexible signal integrity analysis possible.  
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Chapter 1   

Introduction 

 

1. 1 Motivation  

The effects of variability in nanometer-scale integrated circuits (ICs) cause significant 

performance deviation. It is more challenging to create a reliable and robust design.   

Process variations are important variation sources and they are caused by lack of perfect 

control over the fabrication process. Those variations include inter (die-to-die) and intra 

(within-die) die variations (Figure 1.1).  Process variations that come from different runs, lots, 

and wafers are categorized into inter-die variations. Those variations are caused by 

fluctuations in length (L), width (W), oxide thickness (tox), flat-band conditions, and etc. 

Variations of transistor strengths within the same die are defined as intra-die variations. 

Those variations are caused by Line edge roughness (LER), random dopant fluctuations 

(RDFs), and across die length/width variations (ACLV/ACWV) [1.2-1.6]. Inter-die 

variations can show highly correlation whereas some of the intra-die variations (e.g. RDFs, 

LER) show completely random behaviors. Process variations increase the performance 

distribution.  
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Figure 1. 1 Taxonomy of variations. 

In addition to process variations, environmental variations such as changes in supply 

voltage and temperature also have large impacts on circuit performance. Environmental 

variations cause deviations of characteristics of devices from their ideal behaviors. Current 

through a device is influenced by the supply voltage fluctuates. Important transistor 

parameters threshold voltage (Vth) and carrier mobility (µ) are dependent on the operating 

temperature. Those deviations caused by environmental variations are expected to be worse 

with scaled supply voltage, increased power densities and thermal gradients on-chip.  

Moreover, aging effects such as Negative Bias Temperature Instability (NBTI) [1.7-1.8], 

Positive Bias Temperature Instability (PBTI) [1.9,1.10], Hot Carrier Injection (HCI) 

[1.11,1.12], and Time-Dependent Dielectric Breakdown (TDDB) [1.13,1.14] can cause a 

change of transistor parameters as a function of time and threat the desired circuit reliability 

for a long-time use. 

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

performance vary significantly, and some circuits may even fail to operate. Therefore, the 
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challenge for designers in leading-edge technologies is to develop strategies to increase the 

yield, that is to make a large number of high-performing chips per wafer meet all predefined 

performance metrics in the presence of significant variability.  

 

1.2 State of the Art  

Multiple design approaches have been proposed for combat the impacts of variations on the 

circuit performance so that improve the yield. Those approaches 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 to design a fixed circuit which reserves 

sufficient performance margins to cover the variations. Various corner-based design and 

statistical design centering method have been reported.  

The most popular method is traditional corner-based design. The corners are 

representatives of process and environmental variations [1.16, 1.17]. Typical corners include 

TT (nominal PMOS and nominal NMOS), FF (fast NMOS and fast PMOS), FS (fast NMOS 

and slow PMOS), SF (slow NMOS and fast PMOS), and SS (slow PMOS and slow NMOS). 

Traditional corner-based method is to find a design that can meet all the performance 

requirements at all those corners.  Recently performance corner-based design methods are 

developed. Corner-based design approaches have been widely used, but they suffer from 

major limitations. First, as different circuits typically show different sensitivities to process 

variations, it is not guaranteed that the extreme performance always occurs at one of those 
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corners. Second, corner models are typically created for inter-die variations only. Third, a 

corner-based approach often results in pessimistic results, because it is unlikely for all 

process parameters to reach their worst case values simultaneously. As a result, corner-based 

optimization often results in significant over-design in practical applications.  

An alternative method to improve the performance yield is statistical design optimization. 

The objective of statistical design optimization is to predict random performance 

distributions and then optimize the circuit with necessary performance margins. One major 

method is design centering [1.18-1.19]. In this approach, the optimizer aims to find a design 

point that shifts the performance contours in the process space to align favorably with fixed 

distribution probability density function (pdf). Linear models are used to approximate the 

overall performance feasible region as a convex polytope or an ellipsoid. Then the algorithm 

tries to find the maximum worst-case distance from the center of probability density function 

(pdf) to the nearest feasibility boundary or to find the maximum yield, i.e. maximum volume 

under the probability density function (pdf).  

One drawback of this approach is that linear models (convex polytope, or ellipsoid) are 

inaccurate in modeling circuits in modern processes. Another drawback is that design-

centering approaches are not IC-specific, and they can be very complicated in real circuit 

design, and difficult to handle for circuit designers. Also this yield-oriented method usually 

does not design the circuit at a performance-optimal point.  

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

which reserves sufficient margin to compensate the performance degradation. As variations 
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become more significant in the future, the continuously increasing performance margin can 

make it quickly infeasible to achieve an IC design high performance.  

1.2.2 Post-silicon Yield Enhancement  

An alternative approach is to design a circuit that can be tuned adaptively after fabrication. 

With appropriate design of tunable part (‘knobs’), sensory circuits, meters, and control 

scheme, the circuits are capable of self-calibrating the performance, as illustrated in Figure 

1.2. 

Compared to a fixed robust design, a post-silicon performance calibration technology can 

provide multiple advantages. First, it can adaptively compensate performance degradation 

and keep the circuit in its optimal operating conditions. Second, it can reduce the reservation 

of the performance margin, and thus decrease the design cost.  

 

Figure 1. 2 General architecture of a self-calibrated system 
 

 

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

handle the time-dependent degradation effects, e.g. aging effects. 
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The idea of post-silicon calibration has been proposed and successfully applied to various 

applications.  

For digital circuit applications, adaptive supply voltage and adaptive body bias are two 

widely-used techniques to reduce delay and leakage variations. The primary ones are 

adaptive body biasing (ABB) and adaptive supply voltage (ASV). ABB uses the body effect 

to modulate the threshold voltages of the transistors, thereby controlling the leakage and the 

performance [1.20]. ASV modulates the power supply voltage (Vdd) to ensure better overall 

yield. This technique raises the power supply voltage (Vdd) for slow (low-leakage) dies, and 

lower it for fast dies. An on-chip self-VDD-tuning scheme [1.21] is composed of at-speed 

memory build-in self-test (BIST), tunable VDD generator, all-digital phase-locked loop, on-

chip self-tuning controller, and predivider. The scheme can automatically adjust each 

manufactured SRAM macro to minimal voltage (Vminf) required to support a given operating 

frequency. Simulation results of a 64 Kb SRAM design show that the temperature range 

between 25ºC and 125ºC can be well tolerated. The area overhead is 24% if the SRAM 

capacity is 128Kbit, and it can be reduced to 1% as the SRAM capacity increases to 32MKbit.  

Recently, post-silicon calibration techniques have been used to compensate the impacts of 

the variations in analog/RF circuits. Reliability of RF circuits is improved by incorporating 

fault-tolerant design, to self-calibrate the gain and S22 of the LNA circuit [1.22]. Non-

intrusive current sensing, simple sensing and signal process circuits are designed. The design 

achieves ultra-fast (<50µs) with less than 10% design overhead. Similarly, a 2.4 GHz low 

noise amplifier (LNA) with digitally switchable capacitance is reported [1.23]. The results 

show improvement of the circuit performance across the worst case process conditions. 
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Another reconfigurable LNA using on-chip peak detection and calibration to measure and 

optimize input matching S11 and gain is presented [1.24]. The results show that the 

calibration technique improves the S11 by 5.1 dB and S21 by 3dB, while not significantly 

degrading the noise figure and linearity. Recently power-aware tuning and gradient descent-

based methods are used in the calibration of the LNA performance [1.25, 1.26]. Most of 

existing methods use iterative approach to achieve the final results, requiring multiple test 

and tune cycles. An alternate test-based performance calibration methodology is proposed to 

reduce the iteration cost [1.27]. Researchers also use a measurement and control loop to 

improve the performance of a ring oscillator in the presence of process variations [1.28]. 

Similarly, a control loop is designed for a voltage controlled oscillator (VCO) in order to 

improve the performance under large temperature variations [1.29]. Self-calibration is also 

applied to improve the power efficiency of the output transistors [1.30]. Analysis indicates 

that process variations and aging effects reduce the conversion efficiency. To monitor this 

effect, the on-resistance of the output-stage, which is directly linked to the efficiency, is 

measured periodically. If the on-resistance increases too much, extra output transistors are 

switched on. This system guarantees an optimal performance versus power consumption 

trade-off over the entire circuit lifetime. Automatic frequency calibration and amplitude 

control techniques are proposed for calibrating PLL circuits under variations [1.31].  

Additionally, post-silicon calibration is proposed to solve the device mismatches. Analog 

circuits with differential pairs are sensitive to device mismatches. The traditional approach 

for reducing random mismatches is to use large device. However, this causes large area cost. 

To solve this problem, adaptive post-silicon tuning approach is proposed to reduce the 
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random device mismatches [1.32]. The method decomposes each device into N number of 

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

 

1.3 Design Challenges  

Previous work has shown that post-silicon self-calibration provides opportunities to improve 

analog circuit yield. However, it poses some new challenges.  

� Firstly, self-calibrated design increases the design complexity and overhead.  

The design of tunable components, monitors, and control logics would naturally introduce 

complexity and overhead, hereby limits the benefits of adopting the self-calibration idea. 

Therefore, how to minimize the cost with performance superior over traditional design has to 

be convinced. Most of the existing self-calibrated analog/RF circuits require performance 

monitors. Some techniques are very expensive in implementation and even infeasible to be 

realized on chip.  Also they need multiple iterations until obtain the expected performance. If 

the whole scheme is fully integrated on-chip, neither complex performance measurement nor 

sophisticated control algorithms can be used.  

� Secondly, general design methods for self-calibrated analog/RF circuits currently are 

unavailable. 

Most of the existing self-calibrated analog/RF designs are application-specific. Without a 

general design method, it takes much ad hoc work to implement a design.  

� Thirdly, general design infrastructures and tools for self-calibrated design are 
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unavailable  

Traditional IC analysis and design methodologies were primarily developed for fixed 

circuit architectures. These techniques are incapable of handling tunable circuits, due to their 

dynamic and configurable nature. A new systematic design flow is required to analyze and 

optimize the tunable circuits. Previously, some yield-aware design optimization was applied 

to the tunable analog circuit design [1.33]. However, this optimization does not take the 

control and the measurement complexity into consideration.   

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

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

 

1. 4 Research 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-effective self-calibrated analog/RF circuits. 

The key idea is to build multiple operating states for compensating the extreme PVT 

variations. Particularly, each operating state is able to tolerate a specified range of 

variations so that they can be adaptively selected according to the variations. In the circuit 

implementation, a set of tunable components are selected and their values for each state 

are determined at the design phase, via the design optimization with the performance 

constraints and the required variation tolerance. The pre-computed results can be stored 

on-chip and used for on-line calibration. Thus, the proposed circuit can adapt to the in situ 

variations with a low iteration cost.  
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2. Developing a surrogate model-based performance modeling and design framework.  

(Chapter 3)  

To the author’s knowledge, this is the first work that uses surrogate-based method in self-

calibrated analog/RF circuit design. Surrogate models [1.34] are built to provide rapid 

approximations of more expensive circuit simulations. Once the surrogate models are built, 

they can be used to explore the design space. Since the models are extremely fast to execute, 

therefore, even an exhaustive grid search over the design space is simple and computational 

inexpensive compared to using the actual circuit simulations. Moreover, the models can be 

reused for different design objectives and constraints. Therefore, surrogate-based methods 

are able to improve the overall design flexibility and efficiency. In this work, an automatic 

modeling framework is constructed, enabling interactive modeling with transistor-level 

circuit simulations. Popular surrogate models, e.g. Rational model, Kriging model, are 

chosen to approximate the circuit performance. Adaptive sampling 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 surrogate-based framework, self-calibrated low 

noise amplifier (LNA) and charge pump phase locked loop (CPPLL) circuits are designed. 

The circuit designs are accomplished efficiently, and the results show remarkable yield 

improvement by using the proposed design approach. In addition, multiple design 

considerations are discussed and the new design approach is fully assessed by transistor-
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level Monte Carlo analysis. The surrogate-based macromodeling method is also applied to 

generate accurate and scalable high-speed input/output buffer model.  
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for circuits and systems,” IEEE Circuits and Systems Magazine, accepted 

T.Zhu, M.B.Steer, P.D.Franzon, “Surrogate model-based self-calibration design for 

process and temperature compensation in Analog/RF circuits,” to be submitted 

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

macromodeling and behavioral simulations,” to be submitted 

3. Conferences 

T. Zhu, M.B.Yelten, M.B.Steer, and P.D.Franzon, “Application of surrogate application of 

surrogate modeling in variation-aware macromodel and circuit design”, in Int. Conf. 
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Simulation and Modeling Methodologies, Technologies and Appl., SIMULTECH, July 2011, 

pp.502-508.  

T. Zhu and P.D.Franzon, “Application of surrogate modeling to generate compact and 

PVT-sensitive IBIS models,” in Proc. IEEE 18th Conference on Electrical Performance and 

Electronic Package System, Portland, OR, Oct. 2009, pp.77–80. 

T. Zhu and P.D.Franzon, “An enhanced macromodeling approach for differential output 

drivers,” in IEEE Behavioral Modeling and Simulation Workshop, San Jose, CA, Sep. 2009, 

pp. 54–59. 

 

1.6 Dissertation Contents  

This dissertation is organized as follows: Chapter 2 presents an overview of the proposed 

self-calibrated design approach and the structure of the surrogate-based modeling and design 

framework. Chapter 3 discusses the surrogate modeling techniques and the implementation 

of modeling and design flow. Chapter 4 presents a 65nm low noise amplifier (LNA) design 

using the proposed self-calibrated design approach.  Chapter 5 demonstrates the design 

approach on a charge-pump phase-locked loop (CPPLL) design. Chapter 6 presents a 

surrogate-based macromodel for high-speed input/output buffer. Chapter 7 summarizes the 

main contributions of this work and discusses the future work.  

Appendix A discusses the setup for interactive modeling process and circuit simulation. 

Appendix B shows an example of model-based design. Appendix C lists the charge-pump 

phase-locked loop (PLL) behavioral models in Verilog-A. Appendix C presents surrogate 

model-based IO macromodel with implementation in Verilog-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 operating states are designed to compensate the 

performance degradation. In particular, those operating states individually cover a part of the 

variations. Figure 2.1 illustrates the key idea. Here we use a two-dimensional example. V1 and 

V2 are parametric variations which define the variation space. For generalization, the variation 

parameters are reflected by the lower and upper bounds V1L, V1U , V2L, and V2U which form a  

fixD
fixD 1D

4D

2D

3D

 
  (a)  Traditional fixed design                            (b) Proposed self-calibrated design 

Figure 2. 1 An intuitive illustration of the design strategy. V1 and V2 are variation parameters with 
lower and upper bounds. (a) The box indicates the variation tolerance region. Irregular shape 
indicates the feasible region of a fixed robust design Dfix. (b) Multiple irregular shapes indicate the 
feasible regions of multiple operating states Di ( i = 1, 2, 3, 4). 
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box tolerance region Tr.  Here we define the feasible region as the region in the variation 

space where a design can satisfies all the design constraints. In general, a feasible region is 

irregular.  As illustrated in Figure 2.1(a), in a conventional robust design, designers would aim 

to find an optimal fixed design Dfix which has a sufficient performance margin for the overall 

variations [2.1-2.3]. Therefore, in this case, the feasible region is expected to overcast the 

whole variation region.  

In contrast, in the proposed method (Figure 1(b)), multiple operating states Di ( i=1, 2, 3, 4) 

are designed, and each of them is able to tolerate a specific range of variations. They will 

work together to compensate the overall variations.  

To design a circuit using the proposed method, the whole tolerance region Tr is divided into 

a number of sub-regions Trj (i = 1…m) and we try to find an optimal operating state Di, 

considering both the performance constraints and the required variation-tolerance. At the end 

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

To implement the circuit, a set of tunable components are selected to construct the 

operating states. At run time, those design parameters can be adaptively adjusted to set 

different operating states, thereby compensating the performance degradation. It is a key 

decision to choose the tunable components. Ideally, we want to control the tunable 

components that act orthogonally on the circuit performance. However, the very nature of 

analog/RF circuits is that many design parameters impact multiple performances in a complex 

way. In this work, we aim to determine the optimal design parameters settings at the design 

phase, and set them at run time, to reduce calibration complexity.  
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Figure 2.2 shows the control scheme designed for the proposed self-calibrated circuit. The 

operating states and their settings have been derived at the design phase. The information can 

be stored on chip. In calibration, the optimal operating state can be selected and the 

corresponding tuning components are set to compensate the variations.  

Design Phase

Characterize in situ 

temperature, 

process variations

Control

Select the optimal 

Operating States 

Variation Sensors

Self-calibrated 

Circuit

Performance

Calibration

Post-silicon 

Self-Calibration

Memory 
Parameter 

Settings

Performance 

Meters

Monitor in situ circuit 

performance

Operating States w/   

- Corresponding Variation 
   Regions

- Optimal Tunable Components

 

Figure 2. 2 Block scheme of the self-calibration technique using the proposed design method 
  

 2.2 Design Problem Formulation   

The design objective is to obtain operating states which are able to meet all the performance 

constraints as well as the required variation tolerance.  Before the design starts, the variation 

tolerance for each sub-region is assigned. As the design process is a performance-oriented 

optimization problem other than a yield-oriented optimization problem. Designers can focus 

on improve the circuit performance. 

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

represents the objectives of the design in the presence of multiple conflicting design metrics. 
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A standard nonlinear optimization problem in analog circuit design is usually formulated as 

[2.4] 

L U

Minimize     ( )

Subject to     ( ) 0, ( 1,2,..., )

  [ , ]   

i

F

 g i l≤ =

∈

      
X

X

X X X

                                    (2.1) 

where X  is n-dimensional vector of design parameters between the prescribed upper 

bound L X and lower bound U X .  ( )F X  represents a vector of m objective functions 

1 m( ),..., ( )f fX X  to be optimized. When m is greater than one, it stands for a multi-objective 

problem. The optimization is subject to l number of constraints ( )ig X . Normally, the elements 

of i ( )g X are handled by inequality constraints or equality constraints related to the desired  

design specifications taking from  

( )a ag specs≤X  or ( )b bg specs≥X  or ( )c cg specs=X , a b c l+ + =  

The estimation of each design, concerning one or several different objective functions and 

multiple constraints represent a global, high-dimensional optimization problem. The aim of 

this multi-objective, multi-constraint problem is to catch up the best relation between the 

circuit performance (e.g. gain, noise, matching etc.) and the design parameters (e.g. transistor 

size, passive components, bias voltages, etc.).  

In this work, we consider the optimization under the variations. Therefore, the objective 

function becomes ( )F X, V , where X  is a vector of design parameters, and V is a vector of 

parametric variations in the interval of 
Lj Uj[ , ]V V .  
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An operating state is designed to meet the constraints as well as the required variation 

tolerance.  The design optimization is defined as,  

 

L U

Minimize      ( ) 

Subject to       ( ) 0, ( 1,2,..., )  

  [ , ]   

i

F

g i l≤ =

∈

      
X,V

X, V

X X X

                          (2.2)    

where X is a n-dimensional vector of design parameters between the prescribed upper 

bound L X and lower bound U X . V  is a k-dimensional vector of parametric variations. As the 

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

Equation 2.2 are defined as  

Lj Uj[V ,V ]:  ( ) 0, ( 1,2,..., )ig i l∀ ∈ ≤ =V X, V                            (2.3) 

In the design optimization process, it needs to estimates the variation-tolerance of each 

candidate design. Multiple methods can be used to estimate the variation-tolerance [2.5]. 

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

 

2.3 Performance Modeling  

Optimization of the operating states would need to evaluate multiple design objective and 

constraint functions. The consideration of variation tolerance makes the situation more 

complex, especially when a single simulation run is computational intensive.  

One way to reduce the design cost is to create surrogate models which could accurately 

represent the objective and constraints functions with design parameters and parametric 

variations.  
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2.3.1 Overview of Surrogate Modeling 

In this work, the application of surrogate models in the proposed self-calibrated analog circuit 

design is explored. Here the surrogate is aimed to present the objective functions and 

constraints as closely as possible over the complete design space. The built models are cheap 

to simulate and are useful to gain insight into the global behavior of the system. Optimization 

occurs as a post-processing step following the modeling process.  

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

X

i
X

L U

Minimize        ( )

Subject to       ( ) 0, ( 1,..., )  

  [ , ]   

F

g i l≤ =

∈

      

X, V

X, V

X X X

ɶ

ɶ                                  (2.4) 

where the tildes indicate the surrogate models for the corresponding functions. 

Surrogate modeling is a modeling method which captures the system behaviors by only 

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

process is to find the best approximation function f̂  for an unknown multivariate function 

whose values 1| ( ( ),..., ( ))X nf f x f x= are known at limited sampling points
1 n{ ,..., }X x x= : 

                     ˆf f ε= +                                                              (2.5) 

where ε  is the approximation error which needs to be minimized.                        

Surrogate models have been widely used in diverse fields where they are used to 

approximate some computational expensive reference models. Successful applications have 

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

The accuracy and efficiency of surrogate modeling depends on several key factors 

including model template, sampling plan, and model validation strategy [2.4, 2.13, 2.14]. The 

methods and procedures to generate surrogate models are presented in details in Chapter 3. In 

the following section, structures of the proposed models are discussed.  

2.3.2 Proposed Modeling Approaches 

Several approaches have been explored to build surrogate models for the performance 

parameters with design variables and variation parameters. Such performance models are 

used to speed up a circuit design. In the design iterations, calls to the transistor-level 

simulator are replaced by evaluations of the built performance models. This results in 

substantial speedups. Once the performance models are created and calibrated, they can 

reused for different specifications, design variable ranges, and variation distributions.  

a. Direct Modeling  

In this method, a performance macromodel can be obtained by directly approximating circuit 

performance parameters (e.g. S-parameter, gain, power consumption, noise figure, etc.) with 

design variables dx
�

 (e.g. transistor size, bias voltage, current, etc.) and parametric variations 

v
�

 (e.g. Vth, tox, Leff) . Figure 2.3 illustrates the direct modeling approach.  

As this method is data-driven and black-box in nature, it can be widely applied to almost 

any domains and problems. Similar ideas have been used in circuit analysis and designs [2.15, 

2.16]. Chapter 4 discusses the application of this method in a low noise amplifier (LNA) 

circuit design.  
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dx
�

v
�

( , )dP x v
� �

 
Figure 2. 3 Direct modeling of circuit performance parameter 

b. Indirect performance modeling  

In this method, the performance models are obtained via intermediate surrogate models of a 

set of behavioral parameters (e.g. transfer function, noise function, output impedance, etc.) 

and computing performance by either analysis equations or behavioral simulations. The final 

performance data are obtained in a post-processing step. Indirect modeling combines the 

physically-based knowledge with the surrogate approximation. Figure 2.4 illustrates the idea 

of indirectly modeling. Some related research has been done in knowledge-based Neural 

Network model [2.17], and Space Mapping methods [2.18], and surrogate-based IO 

macromodeling [2.19]. The indirect performance modeling is applied to complex circuit and 

system design, such as a phase locked loop (PLL) circuit.  

dx
�

v
�

( , )dP x v
� �

 

Figure 2. 4 Indirect modeling of circuit performance parameter 
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Figure 2.5 illustrates a hierarchical modeling idea based on indirect performance modeling. 

The sub-circuit models can be constructed and used in the intermediate layer behavioral 

models for generating the system-level performance. The PVT variations and design 

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

 

Behavioral Simulations 

or Analytical Equations

Surrogate Modeling

System-level 

Performance

Block-level Performance

Statistical process 

parameters (∆L, ∆Vth...)

Design 

Parameters

Intermediate layer

Macromodel

 

Figure 2. 5  Illustration of hierarchical modeling 

c. Comparison  

Direct modeling method is purely data-driven method which does not make any assumptions. 

Only input-output behaviors and the black-box data generation process are concerned. 

Therefore, it can be applied to almost any problem. Especially, this method is useful for 

systems where the analytical equations are not yet fully understood or known, or when the 

available inner simulation code cannot be changed or unavailable. However, this method 

does not include any system specific knowledge, and in some cases the computational costs 

to create such models are high, e.g. a large number of variables.  

In contrast, indirect modeling has the advantage of retaining the physically-based 

characteristics. This method is also quite useful when the system-level simulation is 
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extremely computational expensive. However, applications of this method are more restricted 

since the simplified analytical equations or incomplete behavioral model template could fail 

to capture subtle non-linearity.  

 

 2.4 Model-based Design 

When performance models are available, it is possible to explore the design space with these 

cheap-to-run performance models. This could help circuit designers with better understand of 

the design problem. Performance models can also help the designers to better formulate the 

design problems with virtualization, sensitivity analysis, and optimization.  

Once the models are constructed, it is possible to explore the multidimensional design space 

by plotting the model surfaces. It is convenient to view the design space by setting different 

design parameters and variations. Also it is possible to fast estimate the design feasibility 

using the models.  

Sensitivity Analysis is valuable to identify the efficient design parameters and the important 

variations. When surrogate models are available, it is feasible to compute the global sensitivity 

directly on the models, and get the relations among the factors, including the performance 

versus the design parameters, the performance versus the variation parameters, and the 

correlation among the design parameter and the variation parameters.  

Performance models are able to support various optimization problems [2.4], e.g. global 

optimization, multi-objective optimization, multidisciplinary design optimization, 

probabilistic optimization, and etc. Surrogate models can be integrated to solve various types 

of optimization problems and help to reduce the challenges in optimization.  
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Different types of strategies of surrogate model-based optimization are available [2.4]. 

Figure 2.6 (a) shows the traditional sequential approach, in which a global surrogate model 

are fitted and used as a surrogate of the expensive functions. This method requires high-

fidelity surrogate models and uses a relative large number of samples to build the models. 

Figure 2.6 (b) shows the second method which involves validation and optimization in the 

loop, to decide the sampling and the model construction. The models are generated 

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

 

Sample Design Space 

Build Surrogate Models

Validate Models

Optimization on Models

Sample Design Space 

Build Surrogate Models

Validate Models

Optimization on Models

Sample Design Space 

Build Surrogate Models

Sample Towards 

Optimum Guided by 

Models

(a) (b) (c)  

Figure 2. 6 Model-based optimization strategies (a) sequential approach (b) adaptive model-based 
optimization (c) direct sampling guided by model [2.4] 
 

method that directly adds new samples towards the optimal design with the guidance of a 

surrogate model. As the surrogate model is used as a guide for adaptive sampling, the demand 

on model accuracy is reduced. In this work, the sequential approach as shown in Figure 2.7(a) 

is used. Accurate models over the design space are constructed and optimization is a 
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following step. However, adaptive sampling similar to the method (b) is used to during the 

model construction, to get better sampling efficiency.   

 

 2.4 Summary   

In this work, a new approach to design cost-effective self-calibrated analog/RF circuits is 

proposed. The key idea is to build multiple operating states for compensating the extreme 

PVT variations. Particularly, each operating state tolerates a specific range of variations. 

Therefore, at run time, the operating state can be adaptively selected by estimating the on-chip 

variations. In the circuit implementation, a set of tunable components is selected to construct 

the operating states. Their values for each state are derived at the design phase and used 

directly for on-line calibration.  

Also a surrogate model-based flow is developed to design the optimal operating states. 

Surrogate modeling is able to predict the design space using a small number of samples. 

Once the surrogate models have been built, they can be used to explore the design space 

instead of the actual circuit simulations. Since the models are extremely fast to execute, 

therefore, even an exhaustive grid search over the design space is simple and computational 

inexpensive compared to using the actual circuit simulations.  
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Chapter 3   

Technique Approaches 

  

3.1 Surrogate Model Construction 

In this work, surrogate modeling is used to characterize 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 in this step is how to make efficient 

sampling for fitting models, considering the number of samples is severely limited by the 

computational expense of each sample.  

2. Numerical simulations at sampled locations. The computationally expensive model is 

executed for all the values of the input variables specified in the sampling plan. 

    3. Construction of surrogate model. Here we need to decide what surrogate model(s) to use 

and how to find the corresponding model parameters.  

4. Model validation. This step establishes the predictive capabilities of the models and 

estimates the generalization error.  

Accuracy and efficiency of surrogate modeling depends on the preceding key steps. 

Multiple techniques are available for each step. Table 3.1 summarizes the popular methods 
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for each key step. Good reviews on those techniques are available [3.1, 3.2].  As there is no 

method that can fit all the modeling problem, the modeling strategies should be carefully 

chosen with consideration of nature of the problems and computational complexity.  

Table 3. 1 Summary of surrogate-modeling strategies 
 

Modeling Steps Purpose Methods 

Design of 
experiment 
(DOE) 

Intelligent strategy to 
select samples in the input 
space 

Fractional Factorial design,  
Latin Hypercube Sampling (LHS), Orthogonal 
Arrays (OA) 
a. Popular model template  
Polynomial response surfaces, Kriging, Support 
Vector Machines (SVM) and Artificial Neural 
Networks (ANN). Modeling  

Model type selection, 
model parameters 
Optimization b. Optimization algorithm 

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

Validation 
Estimate the model 
accuracy 

a. Popular validation methods 
Split sample, cross-validation and bootstrapping 
b. Measurement criteria  
Root Mean Square Error (RMSE), Maximum 
Absolution Error (MAE), Root Relative Square 
Error (RRSE), Maximum Relative Error(MRE)  

 

3.1.1 Major Modeling Techniques 

a. Sampling  

At the beginning of the modeling process, a small set of initial samples are generated. Latin 

Hypercube sampling [3.3] is used for this step. Latin Hypercube is a form of stratified 

sampling that generates a more even distribution of parameter values in the multidimensional 

space. Variables are sampled allowing only one sample in each row and each column. In the 

modeling process, if the desired accuracy is not reached at the end of the modeling with the 
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Figure 3. 1 Examples of two-dimensional Latin Hypercube sampling 

 initial samples available, the adaptive sampling is evoked to select a new set of samples. 

Adaptive sampling is an iterative sampling process which analyzes the data from previous 

iterations in order to select new samples in the areas that are more difficult to approximate. 

For global surrogate modeling which concerns the accuracy overall the design space, 

adaptive sampling method needs to perform a trade-off between exploration (filling up the 

design space as equally as possible) and exploitation (selecting data points in highly 

nonlinear regions). A hybrid method named LOLA-Voronoi [3.4] algorithm can be applied. 

In this method, exploration is achieved by approximating a Voronoi diagram of the 

previously evaluated data points. The Voronoi cell size for each point is then used as an 

estimation of the sampling density in that region. New samples are selected in the largest 

Voronoi cells. Exploitation is achieved by estimating the gradient of the function at each data 

point, because the gradient is the best local linear approximation (LOLA) of the model. Then, 

the deviation is calculated between the local linear approximation and the neighboring data 

points.  
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b. Model Templates 

Kriging model is selected considering the model capability, complexity, and portability. 

Kriging is a popular and powerful model template [3.5] and it is an interpolation model so 

that it is more suitable to the deterministic data than other common alternatives such as 

quadratic response surface model. It is also very flexible to capture the strong nonlinear 

circuit behaviors [3.6]. Moreover, the model equations are able to be implemented in 

languages such Verilog-A(MS), so as it can be portable among a lot of circuit simulators.  

The numerical expression of Kriging is as follows. Assume samples ( )n dx R∈  and the 

corresponding responses ( )n qy R∈  is known for n=1,…, N. Kriging model approximates these 

data in the form 

( )

1 1 1

( ) exp( )
dR N

n
r r n j j j

r n j

y f x x xβ α θ
= = =

= + − −∑ ∑ ∏                            (3.1) 

The first part in (3.1) is a regression model which globally approximates the parameter 

space, usually monomial is used.  The second part is a stochastic process which creates the 

localized deviations so that the Kriging model can make interpolation among N sampling 

points. The second part uses Gaussian-like basis function with vector { }1,...

T

kθ θ θ=  which 

allows the width of the basis function to vary from variable to variable. The factors α and β 

can be derived from the data by solving a system of linear equations.  

A Rational polynomial function model has the form  

                   ( )
( )

( )

P X
f X

Q X
=                                                        (3.2) 

where P and Q are polynomial functions in
1{ ,..., }nX x x= and Q is non zero. P and Q have no 
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common factor of positive degree.  

Rational polynomial function model is chosen as the surrogate model template for its 

ability to capture diverse nonlinear behaviors [3.7], simplicity of implementation, and 

portability among the simulators. 

c. Validation  

To control the quality, the model is evaluated using five-fold cross-validation [3.8]. The 

training data are divided into five subsets. Then each of these subsets is removed in turn, and 

the model is fitted with the remained four subsets.  The removed subset is used to compute a 

loss function which measures the error in the model prediction. Therefore, the surrogate 

model is constructed five times, and the generalization error estimate is computed by 

averaging the five error measures obtained. The advantage of cross-validation is that it 

provides nearly unbiased estimation of the generalization error and the corresponding 

variance is reduced.  

In addition, a linear Reference Model (LRM) measurement [3.9] is applied to avoid the 

bumps and ripples in Kriging modeling when dimensionality and data sparsity increase. 

LRM penalizes a model proportional to how much it deviates from a linear fit. 

Model error is measured as a root-relative-square-error (RRSE) which indicates how much 

better a fit is over the mean value,  

2
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2

1

( )
RRSE

( )

n

i ii
n

ii

y y

y y
=

=

−
=

−
∑

∑

ɶ

ɶ

                                              (3.3) 

where iy , iyɶ and yɶ are the actual, predicted, and mean actual response values.  
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Maximum Relative Error (MRE) is defined as follows,  

  
-

MRE ( , )= max i i
i i

i

y y
y y

y

 
  
 

ɶ
ɶ                                             (3.4) 

where iy , iyɶ are the actual and predicted response values. MRE is used as an additional 

assessment to estimate the error in models.  

Various error measurement criteria are available. A good review of them is shown in [3.9]. 

The model accuracy is measured and the optimization continues until only negligible 

improvements can be made by changing the model parameters.  

3.1.2 Improvement Strategies 

Firstly, the system can be decomposed into smaller blocks or components, and each modeled 

individually. This method is domain specific and it needs understanding of the system 

functionality. Chapter 5 shows the application of this approach in a PLL circuit. In that case, 

the device-level variations and design parameters are modeled into intermediate-level circuit 

properties which are used to build corresponding behavioral models which are simulated  for 

the system-level performance. Another partition method is to divide the input space and build 

model for each part. The overall surrogate model then consists of a tessellation of simpler 

sub-models. The advantage of this approach is that the model for each partition is only as 

complex as it needs to be.    

Secondly, multiple model templates can be used to fit different areas in the design space. 

For example, in the case of polynomial models, plateaus will be modeled by simple one 
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degree polynomials while more nonlinear partitions will be fitted with higher degree 

polynomials. Kriging models are better for highly nonlinear areas.  

Thirdly, models can be created in the area of interest. Noise from the infeasible region 

creates the challenges in performance modeling. To solve this problem, feasibility modeling 

is to identify the design space of interest, i.e. feasible design space [3.10]. Performance 

model is constructed with good accuracy and low modeling cost via this strategy. The 

modeling strategies are illustrated in Figure 3.2.  

 
Figure 3. 2 Comparison of modeling methods (a) traditional performance modeling (b) performance 

modeling combined with feasibility. 
 

The feasibility function is defined as  

1  if   

- 1  if   

X I
f(X)=

X  I

+ ∈
 ∉

                                               (3.5) 
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where X is a vector of design parameters, I indicate all the design inputs that can satisfy all 

the constraints.   

Support vector machines (SVMs)-based classifier [3.11] can be used to build the feasibility 

model. Basic problem of modeling is to find a set of hyperplanes that can separate the data, 

with largest distance to the nearest training data points of any class.  

 

3.2 Automatic Modeling and Design Flow 

Figure 3.3 shows the design flow that has been developed to facilitate the model construction 

and the model-based design. Before the process starts, we need to define the design problem, 

and identify the input tunable design parameters and variation parameters.  

 

Figure 3. 3 Surrogate-based modeling and design flow   
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At the modeling phase, initially a small number of samples are selected in the design space. 

The circuit simulations are executed at the samples. Once the sampled data is obtained, 

surrogate models are constructed and validated. If the models are able to meet the accuracy 

requirements, they will be used for design iterations. Otherwise, additional samples will be 

taken to improve the accuracy of the approximation. The outcome of the modeling phase will 

be the mathematical surrogate model equations that are portable and flexible to use.  

At the design phase, the variation space is partitioned into a number of sub-regions. A set 

of design parameters as well as their ranges and resolutions are defined.  In addition, we 

select a set of variation points to evaluate the variation-tolerance of an operating state. To 

design each sub-region, we solve the optimization problem formulated. The obtained 

surrogate models make it possible to use model-based optimization. As a result, the optimal 

operating states and their settings are found for all the sub-regions. The settings are saved for 

in situ use. We then validate the design and assess the performance yield by running 

transistor-level simulations. 

3.2.1 Modeling Tools 

In this work, the modeling techniques described above are explored using the SUrrogate 

MOdeling [3.12, 3.13](SUMO). SUMO is a plug-in based, adaptive platform that can be 

customized flexibly. Many different plug-ins are available for each of the different problems. 

The toolbox enables a variety of modeling techniques to be tested conveniently.  

SUMO provides several key features and benefits. It provides compact scalable surrogated 

models can be used for fast design space exploration, design automation, parametric studies, 
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optimization, yield improvement, visualization, prototyping, and sensitivity analysis. It uses 

active learning algorithms for automatic selection of data points. In addition, the whole 

platform is a pluggable and extensible framework. It can easily integrate custom 

implementations for each modeling component (e.g., sampling strategies, model types, model 

selection criteria, hyperparameter optimization algorithms, etc.). The intermediate results are 

stored for further reference. The profiling framework is able to track modeling progress 

includes the modeling cost, min-max values, model accuracy, and etc. Model types rational 

model, Kriging model equations can be exported and used independent of MATLAB. This 

makes it possible to use the modeling results in circuit simulators. The tool also provides 

algorithms that are able to automatically select the model type (e.g., ANN, SVM, rational 

model, etc.) and model complexity (e.g., number of neurons, kernel function, order, etc.).  

The major modeling techniques implemented in SUMO Toolbox are listed in Table 3.2. 

Each modeling component can be configured through a central configuration XML file and 

different methods can be easily e added, removed or replay for users’ specific need. The main 

part of the configuration and their functions are summarized in Figure 3.4.  A problem 

specific configuration file is also construction indicating all the inputs and outputs.  Detailed 

examples are provided in Appendix A. 2.  
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Table 3. 2 Modeling techniques implemented in SUMO Toolbox [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-out set, etc.  

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

Sample evaluation methods local, on a cluster or grid 

Estimate the model accuracy 
Root Mean Square Error (RMSE), Maximum 
Absolution Error (MAE), Root Relative Square 
Error (RRSE), Maximum Relative Error(MRE), etc. 

 

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

Figure 5 shows the setup that is able to realize the interations communications between the 

circuit simulators and the modeling toolbox. Figure 3.5 shows the setup and the data flow. 

Before the modeling starts, the configuration file for modeling toolbox is defined. Based on 

the initial sampling strategy, a set of data points is selected from design space. The sampled 

inputs, initial circuit netlist, and device models are composed to be a netlist for circuit 

transistor-level SPICE simulations. After the simulations are finished, the performance data 

are extracted from the simulation results.  The data is used for model construction with 

SUMO toolbox. Adaptive sampling is evoked if necessary. At the end of this procedure, a 

surrogate-model expression describing the circuit’s performance in terms of the design 

parameters and the variations are generated. The model expression will be used for designing 

self-calibrated circuit in the following steps.  More details about this setup are covered in 

Appendix A.  

 
 

Figure 3. 5 Setup for modeling and circuit simulations.  
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3.2.3 Model-based Design  

The developed model-based flow is described in Figure 3.6. Before the design starts, several 

steps need to be initialized, including design constraints and variability ranges, design space 

partition, set for validation points, and the available design parameters. With the built 

performance models, the design optimization is conducted in each sub-region. As a result, the 

optimal operating states and their settings are found for all the sub-regions. If for a sub-

region, no feasible design is found, the design parameters and/or the design space partition 

need to be redefined. An example model-based design is shown in Appendix B.  

Various methods can be used to assess the design. The model-based design results can 

correlate the real circuit simulations using a validation set. After the settings of operating 

states are obtained, Monte Carlo simulations can be used to validate the self-calibrated design. 

Figure 3.7 illustrated a flow for Monte Carlo simulations. The distributions of the variation 

parameters are defined and they are sampled in the simulations.  The corresponding design 

parameters are obtained and are used to set the circuit. The circuit simulations are executed, 

the performance data are extracted.  With the obtained information, the circuit yield 

performance can be evaluated.   
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Figure 3. 6 Diagram of model-based design algorithm 
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Figure 3. 7 Model-based design validation flow 
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Chapter 4    

Design Case: Self-calibrated LNA  

 

4.1 Background 

A Low noise amplifier (LNA) is typically the first stage of a classical receiver structure 

shown in Figure 4.1[4.1]. The main function of LNA is to provide enough gain to overcome 

the noise of subsequent stages while adding as little noise as possible [4.2]. The sensitivity of 

the receiver is mainly dependent on noise figure (NF) and power gain of the LNA. The noise 

figure of the LNA significantly impacts the overall noise performance of the receiver. The 

gain of LNA largely suppresses noise contributions from the subsequent stages in the system. 

Meanwhile, LNA plays critical role in the linearity of the receiver system. It should 

accommodate large signals without distortion, and provide input impedance match to the 

input source. 

 

 

Figure 4. 1 A simplified diagram for the common structure of a receiver 
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Input matching is particular important if a passive filter precedes the LNA as the many 

filters are quite sensitive to the quality of the termination. Additionally, power consumption 

is becoming an important consideration in many recent applications, e.g. cellular handsets, 

GPS receivers. 

LNA is one of the most challenging blocks to realize in a CMOS technology. It requires 

both high quality passive (e.g. integrated inductors) and active devices (e.g. MOS transistors). 

Multiple design performance parameters have to be taken into considerations in order to 

design a high-performance LNA circuit. The primary performance parameters and general 

requirements are summarized [4.2-4.4].  

Noise Figure (NF) is the ratio of input signal-to-noise (SNR) and output SNR. A low noise 

figure is expected in a LNA design. Gain is the ratio of the output and the input power. Gain 

needs to be high enough to minimize subsequent stage noise, but low enough to keep the 

stages linear.  For input matching (S11), if input comes from an antenna, a switch, or a pre-

select filter, a 50-Ω match is required. Output matching (S22) is only required if output goes 

off chip. IIP3/IP1dB determine the linearity of the LNA circuit. IIP3 is input-referred third 

intercept point. Extrapolated point where third-order inter-modulation term equals linear 

first-order term. IP1dB is defined as the input level that produces an output 1 dB lower than it 

should be for linear operation. Unconditional stability of the circuit is the goal. Unconditional 

stability means that with any load present to the output of the device, the circuit will not 

become unstable. In addition, a low power design is desired in many applications, e.g. GPS, 

cell-phone. Moreover, a circuit has to work properly over the process, voltage, temperature 

(PVT) variations. 
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A LNA design typically involves making trade-offs among directly competing 

performance parameters [4.3, 4.4]. A LNA designer has to find the delicate balance among 

the performance parameters (Figure 4.2). 

  

Noise Power Gain

Linearity

Power
PVT 

tolerance

Matching

 

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

It is difficult to do design choices to achieve simultaneous improvements in two or more 

performance parameters. The most recognizable trade-off is between LNA gain and noise 

figure (NF). Also, low noise figure and good input match is almost never simultaneously 

obtained without using novel feedback techniques. High IIP3 requires higher current draw, 

while lowest possible noise figure is usually achieved at lower current levels. Unconditional 

stability will always require a certain gain reduction.  

 

4.2 Self-calibrated LNA   

The requirements on a LNA design are very stringent. A design requires low noise figure, 

high gain, high linearity, a well-matched input impedance (for interfacing with the precede 

filter and the subsequent stage), and low power. Recently, the high frequency performance of 

CMOS has been improved significantly, making it a good candidate for RF LNA design. 
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However, as CMOS technique migrates to deep submicron processes, the sensitivity of 

circuits towards process, voltage, and temperature variations increases and hereby degrades 

the LNA circuit performance, making it extremely difficult to design a high-performance 

circuit.  

    To handle the uncertainties caused by PVT variations, designers usually do over-design of 

the circuit to achieve a wide tolerance. However, these traditional design methods usually 

introduce design overhead and wastes of the performance.  

Recently, post-silicon calibration techniques are applied to enhance the robustness of the 

circuit. Reliability of RF circuits is improved by incorporating fault-tolerant design, which to 

self-calibrate the gain and S22 of the LNA circuit [4.5]. Similarly, a 2.4 GHz LNA is designed 

with digitally switchable capacitance for calibrating frequency and power gain [4.6]. The 

results show that the circuit performance is improved across the worst case process 

conditions and 40% bond-wire variation. Another reconfigurable LNA is presented [4.7], 

using on-chip peak detection and calibration to measure and optimize input matching S11 and 

gain. The results show that the calibration technique improves S11 by 5.1 dB and S21 by 3dB 

across the process corners, while it does not significantly degrading the noise figure and 

linearity. Power-aware tuning and gradient descent-based methods are used in the calibration 

of the LNA performance [4.8, 4.9]. Those techniques used an iterative approach to achieve 

the final results and therefore require multiple tests and tune cycles. An alternate test-based 

performance calibration methodology is proposed to reduce the iteration cost [4.10].  

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

performance yield for several LNA designs. However, little has been done to provide 
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systematic analysis methods and tools for designing calibration circuits. In addition, most of 

they employed performance measurement for calibration which increases the design 

complexity.   

In the following sections, the proposed design method and surrogate model-based 

framework are applied to create a self-calibrated LNA design.  The modeling and design 

procedures are discussed in details.  The results show the effectiveness and efficiency of the 

proposed methods.  

4.2.1 Circuit Topology 

A 12 GHz LNA design was implemented in 65 nm CMOS process and the circuit schematic 

is shown in Figure 4.3. The LNA employs cascode structure [4.2] and negative gm cell [4.11] 

in the loading. The supply voltage is 1.2 V.  The specifications of interests are gain, noise 

factor (NF), input matching S11, and power consumption. The nominal performance and 

design specifications are shown in Table 4.1.  

We select two key bias voltages, the input bias voltage Vg and tail bias voltage Vc in the 

negative gm cell (Figure 4.3), as these bias voltages are chosen as they provide critical control 

over performance of interest [4.2, 4.11] and introduce less area overhead compared to the use 

of digitally switchable capacitors [4.6-4.7]. 

We set the tunable bias voltage Vg in the range of 0.58 V to 0.8V and Vc in the range of 

0.58 V to 1.0 V, to guarantee that the transistors in the right operating regions.  
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Figure 4. 3 Simplified schematic of low noise amplifier circuit 
 

 
Table 4. 1 Nominal circuit performance and specifications 

(center frequency = 12 GHz) 
 

Performance Specification 
Nominal 

Performance 
Gain  (dB) ≥ 20 22.46 

S11 (dB) ≤ - 15 -18.10 
NF (dB) ≤ 2.8 2.17 

Power (mW) ≤ 35 25 
 

 

In this case, we consider transistor threshold voltage variation ∆Vth as the main process 

variations and assume ∆Vth varies in the range of ±15% Vth,0. This threshold voltage variation 

can be measured by on-chip sensors [4.13, 4.14]. Temperature is considered as the 

environmental variation in addition to the process variation. In this case, we consider the 

temperature (T) in the range of -10 oC to 80 oC. 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 to 0.8V 
Vc 0.58 V to 1.0 V 

P(∆V th/V th_0) -15% to 15% 
Temperature (T) -10 oC to 80 oC 

 

4.2.2 Design Problem Formulation  

As an initial step, the variation space is partitioned uniformly to 36 sub-regions (Figure 4.4). 

This partition requires an operating state at least tolerate to a 5% threshold voltage variation 

and 15 oC temperature variation. We set that the bias voltages Vc and Vg can be tuned with a 

10 mV step size, which is chosen assuming the resolution of voltages provided by the voltage 

generator. For each sub-region design, the objective is to find an optimal operating state so 

that the performance deviations are minimized. 

 

Figure 4. 4  Design space partition. 
 

The performance parameters of interest are input matching coefficient S11, Gain, noise 

figure (NF), and power. The design objective function is defined as  
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11_normS , _normGain , _normNF , _normPower are the performance responses of the nominal design 

at the condition _ 0/ 0th thV V∆ = , temperature = 27 oC. x  is the vector of design parameters, 

which in this case is the vector of bias voltages Vg and Vc.   

The corner points (Figure 4.4) in each sub-region are selected to estimate the variation 

tolerance of a candidate design. A design is feasible if it can meet performance constraints at 

all these validation points. To balance the performance at all the validation points, the 

operating state will be optimized to minimize the mean value of the objective function 

vectorΦΦΦΦ .  

The design problem is formulate as follows,  

 

minimize    mean                                             

subject to    2.8 dB

                    20 dB

                   15 dB

                   35 mW

≤
≥

≤ −
≤

11

NF

Gain

S

Power

ΦΦΦΦ

                    (4.2) 

where [ ( , ), ( , ),..., ( , )]= Φ Φ Φ1 2 4x v x v x vΦΦΦΦ .  

1, 2,3, 4( , ),i i =Φ x v is defined in Equation (4.1). 

The constraints are,   
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wherex is the vector of design parameters {Vg, Vc}. 1v , 2v , 3v , 4v  are the vector of parametric 

variations at the validation points. 

In general, local and global optimization algorithms can be employed to find the best 

solution. The number of iterations required to converge to the optimum depends on the cost 

function contours and the optimization algorithm used. As in this work, models of the 

objective and constraint functions would be constructed. It is possible to use exhaustive 

search to derive the solution without large computational cost.  

4.2.3 Model Construction  

The automatic modeling process discussed in Chapter 3 is applied in this case. Here the 

transistor-level circuit simulations were performed using SpectreRF® [4.15]. DC, AC, and 

SP simulations in SpectreRF® were executed for exacting the performance of interest. A 

Linux machine with 3 GHz CPU and 2 GB RAM was used for simulation.  

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

[4.16] and Perl scripts [4.17] were constructed to connect the modeling process with circuit 
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simulations. The sampled inputs are executed in SpectreRF® and the performance data are 

directly imported to MATLAB for the model construction.  

The SUMO Toolbox in use is Version 7.0 [4.18]. For this case, the toolbox is configured 

as follows:  

Kriging model [4.19] is used for model template. Following general practice, the 

correlation function is set to Gaussian, and a linear regression is used. The hyper-parameters 

of the models are optimized using a genetic algorithm [4.20]. The algorithm is well suited to 

problems where there is little problem specific information that can be exploited. Such 

problems are typically characterized by high noise, non-polynomial time complexity, many 

local minima, and dependencies between variables. An initial optimized Latin Hypercube 

design [4.21] of size 24 is used augmented with the corner points. Each iteration, new 

samples are selected using the adaptive sampling algorithm with combination of LOLA-

Voronoi [4.22] and error-based sampler. As discussed in Chapter 3, LOLA-Voronoi is a 

highly adaptive sampling algorithm which performs a trade-off between exploration (filling 

up the design space as equally as possible) and exploitation (selecting data points in highly 

nonlinear regions). Error-based sampling is driven by the evaluation of the model on a dense 

grid, and this algorithm selects samples in locations where the model error is estimated to be 

the largest. 5-fold cross validation [4.23] is used to asset the model accuracy.  In addition to 

the training set, a separate data set of 500 samples is available for validation purposes. This 

data set is sampled by Latin Hypercube design and not used in training the models.   

The error function that is minimized is the root relative square error (RRSE) and maximum 

relative error (MRE) defined as in Equations (3.3) (3.4).  
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In this case, we target to achieve an accuracy of RRSE < 5%. The model hyper-parameters 

are optimized until the best accuracy score is obtained. If accuracy requirement is not met, 

more samples are added using adaptive sampling algorithm.  The models were refined with 

the additional samples and the modeling iteration. We also set the sampling budget to avoid 

excessive iterations when it is difficult to get the targeted accuracy. In some difficult cases, 

the input parameter range can be further divided in order to reduce the modeling complexity.  

Figure 4.5, Figure 4.6 show slice plots of the final Kriging models for S11 and Gain.  The 

modeling cost and accuracy are summarized in Table 4.3. The results show that S11 modeling 

dominates the total modeling cost as its response is highly nonlinear. 

 
Table 4. 3 LNA performance models accuracy measurement 

 
Performance Samples RRSE MRE 

Gain 257 3.50% 6.7e-2 
S11 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 response S11. 3 slices in each plot is for three temperatures 
at 80°C , 45 °C, -10°C 
 

 

 
Figure 4. 6 Slice plots of Performance response Gain. 3 slices 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 variables, we apply grid search on the performance 

models and derive the operating states. As Figure 4.7 (a) shows the results of the design 

before calibration. 13 sub-regions are feasible.  Figure 4.7 (b) shows that the all of the sub-

regions are feasible by using the self-calibrated design. The operating states and their 

corresponding design parameters for sub-regions are summarized in Table 4.4.  

The performance responses of before and after the self-calibrated design are shown in 

Figure 4.8 and Figure 4.9. For the new design, the performance responses are plotted by 

using the obtained optimal operating states. As the results shown, the performance 

degradation under the variations is fully compensated so that the final circuit is able to meet 

the specifications.  Figure 4.9(d) show that the power consumption is a bit increased in the 

self-calibrated design.  This performance can be improved if we set the objective to find a 

power optimal design.  

 

              (a) Before calibration                           (b) After calibration  

Figure 4. 7  Feasible sub-regions in the variation space (a) (b) before/after self-calibrated design. 
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Table 4. 4 Tuning knob setting g

c

V

V

 
 
 

volts for the sub-regions 

 
 -10 oC                                 →                       80 oC 

 1 2 3 4 5 6 

1 
0.72 
0.60 

0.72 
0.61 

0.57 
0.57 

0.57 
0.57 

0.57 
0.57 

0.57 
0.58 

2 
0.72 
0.60 

0.72 
0.61 

0.69 
0.62 

0.66 
0.63 

0.57 
0.63 

0.58 
0.63 

3 
0.71 
0.59 

0.70 
0.61 

0.68 
0.62 

0.66 
0.62 

0.60 
0.64 

0.60 
0.64 

4 
0.71 
0.60 

0.62 
0.60 

0.68 
0.62 

0.66 
0.62 

0.69 
0.68 

0.60 
0.65 

5 
0.59 
0.60 

0.63 
0.62 

0.68 
0.63 

0.71 
0.66 

0.69 
0.69 

0.65 
0.67 

0.
15

   
   

   
   

   
   

  ←
   

   
  

   
   

  -
0.

15
   

   
   

   
   

   
  

   
   

  

6 
0.58 
0.63 

0.67 
0.65 

0.70 
0.66 

0.72 
0.69 

0.70 
0.71 

0.65 
0.66 

 

  

 

   

Figure 4. 8 Plots of circuit performance responses (a) (b) before/after self-calibrated design S11 

(c) (d) before/after self-calibrated design NF 

 (a)  (b)  

(c)  (d)  
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Figure 4. 9  (a)(b) before/after self-calibrated design Gain (c)(d) before/after self-calibrated design 
power 
 
 

4.4 Design Validation  

The model-based design results are validated by transistor-level Monte Carlo simulations. 

Assume ∆Vth has a normal distribution with 3σ =15%, and temperature uniformly distributes 

in the range of -10 °C to 80 °C. The circuit performance is analyzed by running 1000 Monte 

Carlo simulations. The results are show in Figure 4.10. The performance mean (µ) and 

deviation (σ) are collected in Table 4.5. Table 4.6 summarizes the performance yield. As the 

results show, the variations especially the high temperature degrade performance S11 and NF. 

The proposed method improves both in the performance mean value and the deviation. The 

proposed method greatly improves the circuit performance yield from 66.60% to 100%. 

(a)  (b)  

(c)  (d)  
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Figure 4. 10 Distributions of the performance metrics (a)(b) before/after self-calibrated design S11 

(c)(d) before /after self-calibrated design NF (e)(f) before/after self-calibrated design Gain 
(g)(h) before/after self-calibrated design power. 

(a)  (b)  

(c)  (d)  

(e)  (f)  

(g)  (h)  
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Table 4. 5 LNA performance comparison of nominal design and 
self-calibrated design 

 
Nominal Design Proposed Design 

Performance 
µ σ µ σ 

Gain (dB) 21.93 1.03 22.62 0.49 
S11 (dB) -16.89 2.58 -20.03 1.13 
NF (dB) 2.32 0.34 2.31 0.27 
Power (mW) 24.23 2.14 21.50 3.5 

 
 

 

Table 4. 6 LNA performance yield comparison of design before and after self-calibration.  
(process variation within 3σ ) 

 
Yield 

Performance 
Nominal Design Proposed Design 

Gain 99.8% 100% 
S11 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 in order to achieve meaningful results. 

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

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

to decide a priori an accuracy target. Some general rules are discussed in engineering [4.17]. 

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

achieve better model accuracy.    
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    The built surrogate models can be reused, and they greatly help the design efficiency and 

reduce the need for robust optimization algorithms. In the model-based design, the 

refinement of everything, e.g. objective, constraint, input range, etc., is easy to track and 

evaluate. This indicates the benefit of model based design flow. The computational cost of 

building accurate surrogate performance models can be justified.  

4.4.2 Impacts of Design Constraints  

The users should carefully weigh the cost-benefit and trade-offs in setting up the design 

objectives and constraints. It is possible to optimize the performance, area, and power by 

setting up different single- or multi- objectives in optimizing each sub-region. With different 

setup, the design flow will end up with different sets of operating states.  

The variation space partition also impacts the circuit design. The more regions it partitions, 

the smaller variation tolerance is required for each operating state. In the circuit 

implementation, if the operating states are designed with a small variation tolerance for each 

of them, the total number of the operating states to cover the overall variations would be 

increase. Also a small variation-tolerance would make the operating states switch to each 

other more often in order to compensate small fluctuates in the conditions. In addition, a 

small variation-tolerance essentially incurs a need of high-resolution variation sensors in 

order to distinguish the sub-regions.   

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

A large range may induce more design cost, e.g. area, power consumption. High resolution 
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introduces more complexities in the circuit implementation and may have constraints on 

improving the circuit performance.  

Moreover, the choice of the validation set affects the design accuracy.  Generally, 

increasing the validation set will be beneficial to improve the accuracy for the estimation of 

the variation tolerance. However, this increases the design cost. Fortunately, we use model-

based design method which is insensitive to the increase 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 proposed self-calibrated design and the 

nominal design varying with respect to the different power constraint. The yield is obtained 

by running 1000 Monte Carlo simulations when ∆Vth distributes with 3σ=15%, and 

temperature uniformly distributes in the range of -10 °C to 80 °C. We increase the power 

constraint from 16 mW to 25 mW with a 1mW step, and record the yield of both the nominal 

design and the self-calibrated design. The results are presented in Figure 4.11. As the results 

shown, when the power constraint is lower than 20mW, the yield of the nominal design is 

extremely low. When the power constraint is increased from 20 mW to 25 mW, the yield of 

the nominal design is gradually increased from 1.2% to 64%. In contrast, under the same 

power constraint, the self-calibrated design has a much higher yield than the nominal design.  

When the power constraint increases above 20 mW, the self-calibrated design is able to reach 

a 100% performance yield. Therefore, the proposed design 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 voltages Vg and Vc used in the operating 

states when the power constraint is set to different values. The results are collected in Table 

4.8. The self-calibrated circuit is able to achieve 100% performance when the power 

constraint is above 20mW. When the power constraint is below 24 mW, the larger the power 

constraint is, the larger ranges of the tuning bias voltage. This indicates that, when the power 

constraint is relaxed, a larger range of tuning bias voltage can be used.  However, when the 

power constraint is further relaxed, above 24 mW, the tuning knobs ranges are limited even if 

the power constraint further increases. This shows that, the tuning knob ranges are 

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

 
Power 

Constraint (mW) 
Vg Range Vc 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 on a 65 nm low-noise-amplifier (LNA) circuit 

design. The method designs multiple operating states in order to improve the design 

performance and make it feasible to adjust the circuit according to the in situ variations. A 

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

in this case, are gain, S11, noise figure, and power. The constructed models are used to design 

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

performance distribution and improves the circuit yield 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-related functions for a variety of applications, such 

as frequency synthesizer, clock and data recovery, and microprocessor clock generations.  

Figure 5.1 shows a commonly used and effective 3rd- order charge pump phase locked loop 

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

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

 

 

Figure5. 1 Block diagram of a 3rd-order Charge pump PLL (CPPLL) 
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As Figure 5.1 shows, in the forward path, the phase detector produces an output signal 

based on the phase difference between the feedback clock (ffb) and the input reference clock 

(fref). The charge-pump (CP) circuit comprises of two switches that are driven by the UP and 

DN outputs of PFD and injects the charge into the loop filter (LF). The combination of 

charge-pump (CP) and loop filter (LF) plays an integrator that generates the average voltage 

of UP (or DN) pulse signals. The loop filter (LF) suppresses high frequency components and 

allows only the slow-varying DC voltage value (Vctr) control the voltage controlled 

oscillator (VCO) frequency. In the feedback path, the output frequency signal fout of the VCO 

is scaled down by a factor N through the divider. Through the control loop, the output 

frequency of the oscillator is adjusted till fref and ffb have an equal frequency.  

In the steady state, the oscillator has an output frequency equal to  

out reff f N= ⋅                                                       (5.1)  

where outf  and reff are the frequencies of the oscillator and the reference, respectively. N is 

the divider ratio.  

The common metrics of PLL systems include lock-in time, phase noise (jitter), reference 

spurs, and power.   

Locking Time of a PLL is the time (Ts) it takes to change from one specific frequency to 

another within a given frequency tolerance (δ). The jump size is normally determined by the 

maximum change the PLL will have to accomplish when operating in its frequency band. 

The locking time of a PLL is important since it limits the effective data rate in a system. As 

many system use frequency hopping as the means to protect data security, the time spent by a 

PLL in achieving frequency lock can not be used for transmitting and receiving data [5.2].  
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Phase noise and jitter are noise performance parameters, and they different ways to 

characterize a same nature phenomenon. When view in phase-domain, the phase noise is the 

ratio of the carrier power to the power found in a 1-Hz bandwidth at a defined frequency 

offset (usually 1 kHz for a frequency synthesizer) [5.3].  The phase noise is expressed in 

dBc/Hz. Jitter is an undesired perturbation or uncertainty in the timing of the signal 

transitions.  Jitter can be classified into deterministic jitter and random jitter based on the 

involved noise sources. Deterministic jitter is caused by effects in a predictable manner, such 

as supply noises. Random jitter is caused by stochastic processes in an unpredictable manner, 

such as thermal and flicker noises. Also jitter can be classified into accumulating jitter and 

synchronous jitter based on the jitter behavior in PLLs [5.4]. Accumulating jitter is exhibited 

in autonomous blocks such as VCO. Synchronous jitter is exhibited mainly in driven blocks 

such as PFD, CP and Divider. Phase noise is a crucial specification. When PLL is used for a 

local oscillator, low phase noise will give the designer greater margin for non-linearity of the 

baseband signal. On the receiver side, low phase noise is crucial to obtain good receiver 

sensitivity, which is the ability of the receiver to demodulate signals in the presence of 

interferers. When the PLL is used in clock and data recovery (CDR) circuit, jitter will cause 

bit-error-rate. 

Reference spurs appears at multiples of the input reference frequency. In general, these 

spurs are caused by non-idealities in the PLL components such in the PFD and CP, charge 

injection and current mismatches in the CP, and leakage current on the VCO control node 

(Vctrl). The spurious tones have to be suppressed as in a transmit mode they interfere the users 
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in the same or nearby system, and in a receiver they significantly reduce the ability to 

demodulation.  

The PLL bandwidth and damping factor are important loop parameters which would 

impact most of the key performances. The bandwidth needs to guarantee loop stability, 

achieves a good trade-off between different components for the noise performance, and fast 

transient response. Damping factor needs to guarantee good stability and low jitter.  

 

5.2 Self-calibrated PLL Design 

The design of PLL is a challenging task due to the conflicting requirements of performance 

parameters. When consider process-voltage-temperature (PVT) variations, the design becomes 

more sophisticated. The PVT variations cause large spread in bandwidth and damping factor, 

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

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

  
12

CP VCO
n

I K

NC
ω

π
⋅=                                                    (5.2)  

While the damping factor (ξ ) can be approximated by the equation  

1

2
CP VCOZ I K CR

N
ξ ⋅ ⋅=                                                 (5.3) 

where VCOK  is the VCO gain, CPI is the charge pump (CP) current, C1 is the filter capacitor, Rz 

is the compensation resistor in the loop filter, and N is the divider ratio. These parameters are 

indicated in Figure 5.1.    



 

72 

As seen from Equation 5.2, the nature frequency ωn depends on the charge pump current 

CPI , the VCO gain VCOK , and the loop filter capacitance C1.  It has been reported that the 

VCO gain VCOK  is highly sensitive to the PVT variation [5.6], and this would cause deviations 

of the nature frequency ωn.  As Equation 5.3 shows, damping factor (ξ ) also can be impacted 

by the uncertainties inVCOK .  

To minimize the impact of variations, given a VCO gain VCOK , the nature frequency nω  

can be set to a desired value by adjusting the charge pump currentCPI . As seen from 

Equation 5.3, the damping factor ξ  can be controlled by the charge pump currentCPI . The 

loop filter resistor Rz can modulate the damping factorξ  independently from the nature 

frequency nω .  

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

5.5 shows the self-calibrated PLL topology with charge pump current CPI  tuning. The circuit 

is designed in 180 nm technology with a 1.8 V supply voltage. The circuit uses a reference 

signal reff  of 50 MHz to generate the output frequency outf  1 GHz. The typical divider ratio 

is 20. A ring oscillator style PLL For the nominal design, the natural frequency nω  is 

optimized based on several considerations. To fulfill the stability requirement, the natural 

frequency nω  should be smaller than one tenth of the reference frequency [5.5], generally 

around one twentieth. However, a small bandwidth would slow down the settling of PLL. 

Also, a ring oscillator style PLL normally needs a larger bandwidth compared to LC PLL in 

order to attenuate the noise contributed by the oscillator. Therefore, in this design, the typical 
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natural frequency nω  is 2.2MHz, a little below one twentieth of the reference. The damping 

factor ξ  is also optimized for the nominal design. Generally, small damping factor (under 

damp) has higher risk to cause ringing in settling process, but it is good for low period jitter 

for clock generation. Large damping factor (over damp) may cause longer settling time. 

However, it is preferred for accurate reference phase tracking. In this design, the optimized 

damping factor value is 1.  

 

Figure5. 2 Topology of self-calibrated PLL 

 
In this case, the design objective is to control the variation of the PLL nature frequency ωn 

within 10% of the initial value. We consider the transistor strength variations as the main 

process variations. The transistor strength is a parameter that describes the current and speed 

of a transistor.  The data for the transistor strength is provided by the foundry, and it is in the 

range of ± 3σ. A large value of the transistor strength means that the transistor has high 

current and high speed. In this case, the temperature is assumed in the range -50 oC to 100 oC.  
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5.3 Model Construction 

In this case, we use indirect modeling to map the parametric variations and the design 

parameters to the system level performance. The block level circuit properties are extracted 

as the intermediate-level circuit properties. Those intermediate-level models are then used to 

characterize the system-level circuit performance. The modeling method is accurate as it 

considers non-ideal effects in constructing the intermediate-level models.   

The circuit characterization focus on two blocks: voltage controlled oscillator and charge 

pump circuit.  

5.3.1 Voltage Controlled Oscillator  

Figure 5.3 shows the schematic of the VCO circuit. The center frequency of this circuit is 

1GHz.  The VCO is a four-stage differential ring oscillator. The input voltage Vctr controls 

the current though the delay elements, thus determines the delay time of each stage and in 

turn determines the output oscillation frequency.  In this design, pseudo differential structure 

is used. This structure has advantages in large signal swing and good rejection of amplitude 

coupling from supply/substrate interference [5.7]. The critical concerns of VCO circuits are 

the gain of VCO (KVCO), which is characterized under the process and temperature variations.      

The circuit is simulated in Cadence Virtuoso Spectre®. Periodic Steady-State (PSS) analysis 

is to extract the VCO gain. The data are used in the developed modeling flow.  
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Figure5. 3  circuit schematic of voltage controlled oscillator  

 

5.3.2 Charge Pump  

Figure 5.4 shows the schematic of charge pump circuit. Current steering charge pump is 

selected for its short switching time. The current is mirrored into charge path and discharge 

path. When the pull-up signal is activated, the source current flows into the loop filter, so that 

the output voltage of the loop filter rises, which forces a higher oscillation frequency. When 

the pull down signal is activated, the current is discharged, and forces the oscillator 
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frequency decrease. Ideally, the pull-up and pull-down currents should be exactly equal. This 

can be accomplished by introducing feedback into the biasing scheme with a single 

operational amplifier (op-amp) [5.7]. The op-amp senses the output voltage and compares it 

with the voltage at the drains of the mirror transistors. The design forces the currents through 

both the NMOS and PMOS transistors to be almost exactly equal, regardless of the output 

voltage.  The current mirror is configurable so that the output current can be used to 

compensate the variations of the VCO gain. The charge pump circuit is simulated in Cadence 

Virtuoso Spectre®. Transient simulations are used to extract the output current.  

 

 
 

Figure5. 4 Charge pump circuit with feedback to equalize pull-up and pull-down currents. 
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Figure 5.5 shows the loop filter structure in this design.  
 

 
Figure5. 5 Loop filter structure 

 
The impedance of this filter is shown as follows,  
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5.4 Design Results 

In this case, the design objective is to control the variation of the PLL nature frequency ωn 

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

Therefore, an individual operating state needs to cover at least 1σ transistor strength 

variations and 25 oC temperature variations.  The charge pump current CPI is used for design 

the operating states. The tuning step is 10 µA.  The results are shown in Figure 5.6.  

When CPI  is tunable in the range of 70 µA to 130µA with 10µA steps, the normalized  nω  

deviation is reduced from 40% to 10%. 
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(a) Nominal Design                                       (b) Self-calibrated Design     

 
Figure5. 6 Ring-PLL bandwidth variations (a) normalized 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 important to a PLL design, especially when the 

PLL is used as in the wireless communication. To demonstrate the settling process of the 

PLL, the control voltage of VCO (Vctr) is selected because it is a continuous time signal by 

nature. At the run time, when a phase mismatch between the reference signal and the 

feedback signal is introduced, a step response will occur at Vctr. With different bandwidths 

and damping factors, the Vctr signal will settle differently. This characteristic is used to 

validate the effectiveness of the self-calibrated design. However, a long transient simulation 

is needed to obtain the settling behavior of PLL. This difficulty can be addressed by using 

Verilog-A behavioral simulations for fast system evaluation.  The Verilog-A modules are 

developed based on the modules in [5.3, 5.8]. The characteristics of the circuit blocks are 
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mapped into the parameters of the Verilog-A models. The details of the model are presented 

in Appendix C. 

In the simulations, we find that the large performance deviations of PLL performance 

occur under the conditions of slow-transistor speed and high-temperature (SF) as well as the 

condition of fast-transistors and low-temperature (FL). Those two conditions are chosen as 

the worst-case condition for the design validation. Transient simulations are executed. Figure 

5.7 (a) shows the settling performance of the nominal PLL design. The waveform of Vctr in 

SF, FL, and typical (TT) conditions are shown. The settling time and ringing variations 

would be able to tell the differences in the system performance under those conditions.  As 

the results show, the nominal PLL design is sensitive to the process and the temperature 

variations. One thing needs to be noted here is, the three different variation conditions induce 

different value of VCO gain (Kvco). Therefore, the final settling voltages under these 

conditions will be different, and this is not the reason for the system performance deviations. 

Figure 5.10 (b) shows the settling performance of Vctr of the self-calibrated PLL design. 

Except the voltage swings, the settling processes are basically proportional. The settling time 

information is shown in Table 5.1. This indicates that the bandwidth deviations under process 

and temperature variations are calibrated in the proposed design so that the settling processes 

of the PLL will be identical. This test validates the effectiveness of self-calibration for 

improving the PLL system performance across the large variations. 
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(a) Settling performance of Vctr before tuning 

 

(b) Settling performance of Vctr after tuning 

Figure5. 7 Settling of VCO control voltage (Vctr) under typical (green), slow-transistors high-
temperature (purple) and fast-transistors low-temperature (blue) conditions 
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Table 5.1 Comparison of setting time before and after self-calibrated design. 

 
 FL TT SH 

Before calibration 712.12 ns 532.66 ns 472.96 ns 
After Calibration 532.74 ns 532.66 ns 513.05 ns 
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Chapter 6     

Accurate and PVT Scalable IO Buffer 

Macromodel Based on Surrogate Modeling 

 

6.1 Introduction 

Input/output buffer macromodels are essential components for accelerating signal integrity 

analysis in high speed system design. The most popular approach to IO modeling is using the 

traditional table-based input-output buffer information specification (IBIS) [6.1], which is an 

established and widely used standard (ANSI/EIA-656-B). IBIS models are simple, portable, 

IP-protected, and fast in simulation. However, they only model the responses of digital 

systems in the worst-case process-voltage-temperature (PVT) situations, and therefore they 

are unable to simulate continuous variations and unsuitable for statistical analysis. In addition, 

the look-up-table format has limits in representing complex characteristics dependent on 

multiple parameters. As alternatives, parametric black-box models have been developed [6.2], 

[6.3].  These are purely mathematical models and their extraction needs to fully explore the 

circuit dynamics with well-designed system identification stimulus. Additionally, they model 

voltage and temperature variations using linear interpolations ([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 method for IO buffers is introduced [6.6]. 

The new macromodel, called the surrogate IBIS model, uses an equivalent circuit structure 

with lumped elements capturing the static and dynamic circuit behaviors. The major advance 

is the use of the surrogate modeling methodology in constructing accurate response surface 

models for each element over a range of PVT parameters, so that the macromodel 

dynamically adapts to the PVT variations in analysis. In this work, an automatic modeling 

flow is developed, including adaptive sampling, model construction, and validation. To 

achieve high-fidelity, data from transistor-level SPICE circuit simulations are used for fitting 

the models, and an accuracy target is defined for the modeling iterations. The surrogate 

buffer macromodels obtained are portable and they can be easily implemented in a variety of 

modeling languages, e.g. Verilog-A.  

 

6.2 Overview of Modeling Method 

The surrogate IBIS model structure is shown in Fig. 1. Ipu and Ipd represent the nonlinear 

output current. Time-variant coefficients Kpu and Kpd determine the partial turn-on of the pull-

up/down networks during switching transitions. Cpower and Cgnd represent the nonlinear 

parasitic capacitance between the output and the supply rails. 

The parameters of the model are impacted by semiconductor process, supply voltage, and 

temperature (PVT) variations. In addition, they are modulated by the terminal voltages. All 

of these effects need to be captured by the model elements for an accurate and scalable 

macromodel. In brief, the structural model template shown in Figure 6.1 is developed for a 

nominal PVT set, and then the surrogate model provides the necessary modifications to the 



 

84 

structural model template for modeling new PVT conditions. The structural model template 

captures strongly nonlinear behaviors and the surrogate model describes smoothly varying 

behaviors that are easily captured by a mathematical description.   

 

Figure 6. 1 Structural IO buffer macromodel template with surrogate modeling 
 
 

6.3 Single-ended Output Buffer 

The proposed modeling method was used to develop a macromodel of a single-ended output 

buffer circuit designed in 180 nm CMOS process with a 3.3 V normal supply voltage (Figure 

6.2).  

 
 

Figure 6. 2 Simplified schematic of the modeled driver circuit 
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The circuit is composed of four stages. In order to contain more accurate parasitic 

capacitance effects, the post-layout circuit netlist is used. The circuit is driven high to obtain 

the pull-up current Ipu and driven low to obtain the pull-down current Ipd.  Time-variant 

coefficients Kpu and Kpd are extracted for determining the partial turn-on of the pull-up/down 

networks during switching transitions. The nonlinear parasitic capacitors Cpower and Cgnd at 

the port Vout are also characterized. For simplification, neither output clamps nor pre-driver 

effects are modeled in this case. The threshold voltage variations ∆Vth in the MOS transistors 

are considered as the main process variations and they are assumed to be within ±20% of the 

nominal value Vth0.  The parameter P = ∆Vth/Vth0 is used to describe the threshold voltage 

variation. The supply voltage Vs is assumed to fluctuate within ±30% of the nominal supply 

(3.3 V) and temperature (T) is set in the range of 0 to 100℃. In the modeling process, those 

PVT-related parameters are sampled in their ranges using the adaptive sampling technique.  

Circuit simulations were performed using HSPICE 2009.03 SP1, and modeling 

construction was performed in MATLAB 2009b using the SUMO Toolbox version 7.0.  A 

Linux machine with 3 GHz CPU and 2 GB RAM was used. The simulation setups for model 

characterization are shown in Figure 6.3 and the defined parameters are listed in Table I. The 

automatic modeling flow discussed in Chapter 3 is applied, and rational model is selected.  

 
Table 6. 1 Input variables and ranges for surrogate modeling 

(VCC = 3.3 V, P = ∆Vth /Vth0 ) 
 

Model Element Parameters & Ranges 
Ipu Vpu: -VCC  ~  +2VCC 
Ipd Vpd: -VCC  ~  +2VCC 
Kpu & Kpd time:    0 ~  3 ns 
Cgnd & Cpower Vbias: -VCC  ~ +2VCC 

 
Vs: 0.7VCC  ~1.3VCC  
P:  -0.2 ~ 0.2 
T: 0 ~ 100 ℃  
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Figure 6. 3 Test-benches for extracting model elements: (a) pull-up current Ipu (b) pull-down current 
Ipd (c)rising/falling transition waveforms for Kpu and Kpd (d) Output capacitance Cgnd and Cpower 
 
 

6.3.1 Model Extraction  

Figures 6.3 (a) and 6.3 (b) show test setups for measuring the output current. In extracting the 

pull-up current model Ipu, the input signal turns on the pull-up network and turns off the pull-

down network. The parameter Vpu is defined as the voltage difference between the power 

supply rail and the output, and it ranges from -VCC to +2VCC covering the maximum 

reflection case. Transient simulations were used in modeling to ensure that the responses 

correspond to the effects experienced with weak signals at the output of the buffer. In each 

simulation, we assigned the sampled Vpu, VS values to the corresponding DC voltage sources. 
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The process and temperature parameters were also set to the sampled values. The duration of 

the transient simulation was long enough (in this case it was 1 ms with 1 ns step size) to 

record the stable output current Ipu. As we did not sweep the voltage sources, the impacts 

from the reactive elements were minimized. The desired model accuracy is RRSE ≤ 1%. 

Similarly, the pull-down current model Ipd was extracted by turning on the pull-down 

network and turning off the pull-up network. Ipd was extracted as a model function of PVT 

variations and Vpd, where Vpd is defined as the voltage difference between the output and the 

ground.  Figure 6.4 plots the surface of the rational model Ipu(VS, Vpu, T, P). 

 

 
Figure 6. 4 Slice plot of 4D rational function model Ipu (Vs, Vpu, temperature, P). 3 slices in each plot 
is for three temperatures at 100 °C, 50 °C, 0 °C. P = ∆Vth /Vth0 

 

The time-variant transition coefficients Kpu and Kpd were obtained by using the output 

currents (Ipu and Ipd), switching output voltage waveforms, and the 2EQ/2UK algorithm [6.7]. 

Figure 6.3 (c) shows the test fixture used to obtain the switching output voltage waveforms. 

In this case, four waveforms are used to characterize the switching behaviors [6.8], including 

two rising waveforms and two falling waveforms that were generated with Rload connected to 
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different terminal voltage values (Vterm = VCC or ground). Rload is equal to the characteristic 

impedances of the transmission line that would be driven by the buffer.  For each waveform, 

a set of time series transient output voltage values are recorded. In this case, a 3 ns interval of 

simulation time with 3 ps steps is taken for recording the output voltages. The 2EQ/2UK 

algorithm was applied to solve Kpu and Kpd [6.7].  A simplified circuit to illustrate the 

algorithm is shown in Figure 6.5. 

 
 

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

 

The switching output voltage waveforms wfm1 and wfm2 were obtained with different Vterm 

values, and the unknown coefficients Kpu and Kpd could be derived by the equations  

 

1 1pu pu wfm pd pd wfm out( ) ( ( )) ( ) ( ( )) 0K t I V t K t I V t I− − =                     (6.1) 
 

 
2 2pu pu wfm pd pd wfm out( ) ( ( )) ( ) ( ( )) 0K t I V t K t I V t I− − =                    (6.2) 

 
where out out term load( ) /I V V R= − . Ipu and Ipd are the output current models described in 

Section III, A. As the effects of PVT variations have been captured in Ipu, Ipd, and the output 

waveforms, the Kpu and Kpd obtained are able to predict the transition timing change due to 

the PVT variations. Similarly, another set of Kpu and Kpd values were generated by using the 
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falling waveforms. The 2EQ/2UK algorithm has advantage in efficiency. However, its 

accuracy can be impacted by large relative loadings.  

The test setup for extracting the output parasitic capacitance is shown in Figure 6.3 (d).  

An AC signal is attached to the output ports and the imaginary currents in the power and the 

ground ports are measured.  

The capacitances Cpower and Cgnd were derived using  

  VCC
power

AC

( )

2

I
C

fVπ
ℑ=                                                    (6.3) 

                                   
gnd

AC

( )

2gnd

I
C

fVπ
−ℑ

=                                                     (6.4) 

where 
VCC( )Iℑ and

gnd( )Iℑ are the imaginary parts of the measured currents,  f  is the frequency 

of the AC source, and VAC is the AC voltage amplitude. In addition, in order to capture the 

effects of output voltage on the capacitance, the DC offset of the AC source Vbias was swept 

from -VCC to +2VCC in simulations. In addition, this method can extract the frequency-

dependent effects as well. This can be done by simulating a series of frequencies when 

setting different bias voltages. For the cases in this work, we model the capacitance at the 

general operating frequency for simplification. 

6.3.2 Model Implementation 

The proposed macromodel can be implemented in Verilog-A but is not limited to this 

language. The surrogate model expressions for model elements are implemented in the form 

of analog functions.  The pull-up current model Ipu in List I is shown as an example. The 
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main items of the macromodel is developed with reference to the Verilog-A version of the 

traditional IBIS model [6.9]. As coefficients Kpu and Kpd are derived in the new model, the 

complex configuration process in the initial steps is no longer needed. The implementation is 

shown in Appendix C.  

6.3.3 Testing 

The testing results of the proposed driver model, the surrogate IBIS model, are compared to 

the reference provided by the transistor-level simulation, and to the traditional IBIS model 

extracted from SPICE using the S2IBIS3 v1.0 tool [6.10]. The accuracy of the macromodels 

is quantified by computing the timing error and the maximum relative voltage error. The 

timing error is defined as the time difference between the reference and the macromodel 

voltage responses measured for crossing half of the output voltage swing.  The maximum 

relative voltage error is defined as the maximum error between the reference and 

macromodel voltage responses divided by the voltage swing.  

The setup for the test cases is shown in Figure 6.6 where the driver is connected to a lossy 

transmission line with a load resistor.  

 

 
 
 

Figure 6. 6 Test setup for model validation 
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The use of transmission line makes reflections a very strong concern.  In this circumstance, 

the driver’s capacitance will have strong impact on correlation 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 voltage and a 0.75-m long lossy transmission 

line (RLGC model). Both characteristic impedance of the transmission line and the 

loading resistor Rload  are equal to 50 Ω. A 250 MHz square wave was used as a testing 

input signal. The input data has the pattern “01010” with a 0.1-ns rise/fall time and 2-ns 

bit-period. 

2) Case 2, the same setup as for Case 1 is used except Rload = 75 Ω.  

3) Case 3, the supply voltage varies from 2.8 to 3.8 V and Rload = 75 Ω.  

Figure 6.7 shows the waveforms at the far-end of the transmission line. Table 6.2 presents 

the maximum time delay errors and the maximum relative voltage errors. In Case 1, both 

surrogate IBIS and the traditional IBIS models are in good agreement with the transistor-

level model in simulations. In Case 2, the surrogate IBIS model matches better than the 

traditional IBIS model when reflections are caused by the mismatched loading. In Case 3, 

when large variations exist in the supply voltage, the surrogate IBIS model obtains much 

better accuracy both in timing error and relative voltage error than the traditional IBIS model. 

The surrogate IBIS model achieves the improved accuracy by capturing the complex output 

capacitance characteristics, the effects of the supply voltage, and gate modulation effects on 

the output current [6.11]. 

 



 

92 

  

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1

x 10
−8

0

0.5

1

1.5

2

V
ou

t (
V

)
time (s)

 

 
transistor Macromodel IBIS

 
 
 

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1

x 10
−8

0

0.5

1

1.5

2

V
ou

t (
V

)

time (s)  
 

3 3.5 4 4.5

x 10
−8

−0.5

0

0.5

1

1.5

2

2.5

3

3.5

V
ou

t (
V

)

time (s)

Supply
Voltage

 
Figure 6. 7 Responses at the far-end of the transmission line: (a) Case 1; (b) Case 2 ; (c) Case 3. Black  
solid line: transistor-model. Grey solid line: traditional IBIS Black dash line: proposed surrogate IBIS. 
Black dash-dot line: supply voltage 

 

 

(a) Case 1 responses  

(b) Case 2 responses  

(c) Case 3 responses 
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Table 6. 2 Comparison of maximum timing error and maximum relative voltage error  
(Reference: transistor-level model, bit-time = 2 ns) 

 

  
Max  

Timing Error 
Max Relative 
Voltage Error 

Traditional IBIS 62 ps 5.83％ 
Case 1 

Proposed model 35 ps 3.25％ 
Traditional IBIS 60 ps 10.82％ 

Case 2 
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 Figure 6.6 is used to illustrate the performance 

sensitivity analysis using the surrogate IBIS. We aim to analyze the eye-diagram 

performance at the far-end of the transmission line under PVT variations in the driver circuit. 

The data pattern for this study is a 1024-bit long pseudorandom bit sequence (PRBS) with 2-

ns bit time. The lossy transmission line in the previous case and a 75-Ω loading resistor Rload 

are used. Figure 6.8 shows the responses at the far-end of the transmissionline under the 

nominal PVT condition (Vs = 3.3 V, process parameter P = ∆Vth/Vth0  = 0, T  = 27 °C). 
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Figure 6. 8 Output voltage at far end of transmission line when input 1024 bit-long PRBS (partial). 
Grey solid line: transistor, Black dashed line: macromodel. 
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In this case, the maximum timing error is 70 ps (3.5% of the bit-time) and the maximum 

relative voltage error is 6.45%. 

For the performance analysis, we examined the eye width (W) when the eye height H is 

equal to 1 V.  Under the nominal PVT condition, W is 1.5508 ns in the transistor-level 

simulations, and it is 1.5211 ns in the surrogate IBIS simulations. The difference is 0.0297 ns 

(1.48% of the bit-time). We also studied sensitivity of the eye-width W to PVT variations.  

The effects of the individual variation were tested. Results in Figure 6.8 indicate that eye- 

width W is more sensitive to the supply voltage variation than to temperature and process 

variations. In these analyses, the eye-width differences between the transistor-level and the 

macromodel simulation results are within 0.04 ns (2% of the bit-time). 
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Figure 6. 9 Eye-width changes with respect to (a) supply voltage (b) temperature (c) process 
variations. Dot: transistor-level model. Circle: macromodel 
 
 
 
 
 

(c) Process Vs. Eye-width  

(b) Temperature Vs. Eye-width 

(a) Supply Voltage Vs. Eye-width  
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6.4 Differential Output Buffer 

The proposed method is applied to a differential buffer circuit shown in Figure 6.10. It is 

designed in 180 nm CMOS process with the supply voltage of 1.8 V. A netlist without layout 

parasitics is used. In this circumstance, the circuit can be modeled as two single-ended 

buffers [6.8].  The threshold voltage variation ∆Vth and the pull-up resistor variation ∆RPU are 

considered as the main process variations. The parameters PVTH = ∆Vth/Vth0 and PRPU  = 

∆RPU/RPU describe the variations, and they are within the range of -0.2 to 0.2. The supply 

voltage Vs is assumed to fluctuate within ±30% of the nominal supply (1.8 V) and 

temperature (T) is set in the range of 0 to 100°C.  

 
 

Figure 6. 10 Simplified schematic of the differential buffer circuit 
 

 

The model extraction follows the proposed techniques in Section 6.3. Since the output pins 

Vn and Vp are symmetrical, we use Vp to generate the data. In this case, pull-down output 

current is extracted to model the output nonlinear current. During the extraction, the current 

flowing through the pull-up resistor RPU is excluded. Besides, as only pull-down network is 

switching, one set of rising and falling output waveforms is used for obtaining the transition 

factor. The output capacitance is characterized by AC simulations as described in Section 6.3.  
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The obtained surrogate model equations are implemented in Verilog-A. Figure 6.11 shows 

the setup for model assessment. A 75-cm differential transmission line is used for test. The 

differential-mode impedance of the transmission line is 80 Ω, and the common-mode 

impedance is 32 Ω. The loading resistors Rload are 40 Ω.  0.25-pF capacitors Cpk represent the 

package impedance. The input data is a 2048-bit long pseudorandom bit sequence (PRBS) 

with 0.5-ns bit-time. 

 
 

Figure 6. 11 Test setup for the differential buffer macromodel 
 

 

The testing results of the macromodel and the transistor-level simulations are compared. 

Figure 6.12 shows the output responses at the far ends of the transmission line.  The results 

show that the proposed surrogate-based macromodel achieves good accuracy. The maximum 

timing error is 21 ps (4.20 % of the bit-time) and the maximum relative voltage error is 6.5%. 

Further tests were done by simulating the macromodel under different PVT variations.  20 

sets of PVT variations were selected. The simulation results show that the proposed 

macromodel is able to predict the responses accurately under different PVT conditions. The 

worst-case maximum timing error is 28 ps (5.6% bit-time), and the worst- case maximum 

relative voltage error is 6.8%.  The proposed macromodel for the differential buffer achieves  
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Figure 6. 12 Output responses Von and Vop at the far ends of the transmission line with 2048 bit-long 
PRBS (partial) input data. Grey solid line: transistor, Black dashed line: macromodel. 

 

 

good accuracy. However, when post-layout parasitic effects are included in the modeling, 

non-ideal differential characteristics have to be considered. 

In addition, the model is accurate for slow supply variations. However, without including 

additional parasitic effects, the model is insufficient to be used in power supply noise 

analysis. 

 

6.5 Summary 

A new method to generate a scalable macromodel for an IO buffer was proposed. The 

modeling method applies surrogate modeling technologies to characterize physically-based 

elements over the continuous process-voltage-temperature variations. An automatic flow is 

developed to efficiently handle the surrogate modeling process, including adaptive sampling, 

model construction and validation. The generated model expressions are portable and easy to 

be implemented in a variety of languages. The proposed approach is demonstrated on both 

single-ended and differential output buffer circuits. The macromodels obtained show good 
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accuracy in capturing the effects of reflections and variations, and their scalability makes 

flexible design analysis possible. 
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Chapter 7     

Conclusions and Future Work 

 

7.1 Summary of Research and Contributions  

This dissertation proposed a novel design approach for self-calibrated analog circuit. The 

new method aims to create multiple operating states for compensating the performance 

degradation caused by the process, voltage, and temperature (PVT) variations. Each of the 

operating states is capable of compensating a specific range of variations so that the whole 

circuit is robust across the overall variations. More important, at run time, the operating 

states can be selected by characterizing the in situ variations. Chapter 2 discusses the key 

ideas of the new design approach and formulates the design problem. The new design 

approach takes both the performance constraints and the variation tolerance into 

consideration in the design optimization. The results can be used at run time. In addition, the 

new design approach is able to compensate temperature and process variations at the same 

time.  

Surrogate modeling is used to construct the performance models with design parameters 

and parametric variations. Such performance models are used to speed up circuit design. In 

the design iterations, calls to the transistor-level simulation are replaced by the evaluations of 

constructed performance models. This greatly speeds up the design process. Also once the 
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performance models are created and calibrated, they can reused with different performance 

specifications, design variable ranges, and variation distributions. Chapter 2 discusses the 

methods for constructing performance models. Direct modeling is data-driven and black-box 

in nature, and thus it can be widely applied to almost any domains and problems. Indirect 

modeling combines the physically-based knowledge with the surrogate modeling techniques. 

The main surrogate modeling procedures and techniques are discussed in Chapter 3, 

including initial and adaptive sampling, Kriging and Rational model template, and model 

validation. Also some strategies are presented to improve the modeling accuracy and 

efficiency. In addition, this chapter presents the developed automatic modeling and design 

flow. In this framework, SUMO toolbox is used to explore the modeling techniques. 

Optimization is executed on the built models.  

The proposed design approach and the surrogate model-based design framework are 

applied to two design cases. In Chapter 4, a self-calibrated LNA circuit is designed in 65 nm 

process. The design problem is formulated to minimize the performance deviation while 

meeting the performance constraints on gain, S11, noise figure (NF), and power. Process and 

temperature variations are considered. Two bias voltages are selected to design the operating 

states. In this case, direct modeling is used to approximate the performance responses from 

the transistor-level SPICE simulations. Kriging model is selected as the model template. The 

built models are accurate with RRSE < 5%. The design is validated in transistor-level Monte 

Carlo simulations. The results show that the performance yield increases from 66.6 % to 

100% using the proposed design method.   
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In Chapter 5, a self-calibrated phase locked loop (PLL) circuit is presented. The design 

objective is to minimize the bandwidth deviation under the impacts of process and 

temperature variations. The charge pump current is chosen as the design parameters for the 

operating states. Models of the charge pump current and the voltage controlled oscillator gain 

are constructed. The design results show that the bandwidth variation is reduced from 40% to 

10% using the proposed design method. Performance of the developed circuit is simulated 

using behavioral models. The results show that the system performance is improved after 

self-calibrated design at the worst-case process and temperature variations.  

The surrogate model-based method is applied to develop accurate and scalable 

macromodels for Input/Output (IO) buffers. The details are discussed in Chapter 6. This 

method characterizes the physically-based model elements with adaptive multivariate 

surrogate modeling techniques in order to achieve high fidelity and PVT scalability. Both 

single-ended and differential output buffer circuit examples demonstrate that the proposed 

modeling method offers good accuracy and flexible scalability to facilitate signal integrity 

analysis.  

In summary, this work proposes a new method to design cost-effective self-calibration 

analog circuit. A surrogate model-based modeling and design framework is developed to 

improve the design efficiency and flexibility. The developed design methods and framework 

have been successfully applied to the important circuit blocks, a low noise amplifier (LNA) 

and a phase locked loop (PLL). The results show that the circuit performance yield is 

improved remarkably via the proposed design. In addition, the surrogate model-based 
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method is applied to develop high-speed IO macromodel with high-fidelity and good 

flexibilities.  

 

7.2 Future Work 

The variation sensors are important to the self-calibrated design. Recently, new type 

variations sensors are developed, with better accuracy, immunity from the variations, low 

cost, and capabilities of distinguishing different types of process variations [7.1-7.3]. These 

developments are very helpful to the proposed design method. In the future work, the design 

cost and efficiency of the self-calibrated circuit can be evaluated together with variation 

sensors’ performance as well as in situ calibration algorithms. 

The performance modeling mainly considers the process variations in this work. In the 

next step, the time-dependent effects, such aging effects, can be incorporated into the 

performance modeling procedure so that the built model can be integrated for analyzing the 

impacts of the aging effects on the self-calibrated circuits.  

As shown in this work, model-based design opens opportunities to improve the design 

efficiency. It is important to control the cost of modeling and guarantee the model accuracy 

good for the design. This is especially important in the high-dimension problem. Direct 

modeling can be improved by screening the input parameters and focusing on the area of 

interest. Indirect modeling can be applied in the complex system design with integration of 

more physically based model blocks and functions.  

Performance models can support multiple type design optimization. In analog and RF 

circuits, trade-offs of multiple performance parameters are complex. Multi-objective, such as 
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Pareto optimization can be used to formulate the design objectives. Research has been done 

for the Pareto optimization in supporting circuit design with variability [7.4]. The 

combination of surrogate models and Pareto optimization will 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 tool and the circuit simulations. The setup is 

able to automatically realize the modeling iterations with circuit simulations in the loop.  

 

 
Figure A. 1 Setup for modeling tool and circuit simulations 

 

A. 2 SUMO Toolbox Setup  

The modeling techniques are configured, including initial sampling, adaptive sampling, 

model template, validation methods. Each modeling component can be configured through a 

central configuration XML file and different methods can be easily added, removed or replay 

for the specific need. The input parameters and output parameters are defined in a problem 

specific XML file. Examples are shown as follows. A problem specific configuration XML 

file example is shown in List A.2.1. In this design, the inputs are the design parameters and 

parametric variation. The outputs are the performance parameters.  
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List A.2.2 show the central configuration XML file. In this example, the main modeling 

techniques are configured. Initial sample method is Latin Hypercube with corner points. 

Adaptive sampling method is active and set to LOLA-Voronoi, Kriging model is used as the 

model template and genetic algorithm is used to optimize the model hyper-parameters. The 

error measurement method is 5-fold cross validation with RRSE expected to be less 5%. The 

simulator is set as MATLAB.   

 

List A.2.1 Problem specific configuration for SUMO toolbox  

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

    <Simulator> 

        <Name>lna</Name> 

        <Description> 

         A low noise amplifier example 

        </Description> 

 

        <InputParameters> 

            <!-- 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"/> 

            <!-- 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 ="true" 

batchSize="1">dolnapn</Executable> 

            </Executables> 

        </Implementation> 

    </Simulator> 

--------------------------------------------------- --------- 
 

List A.2.2 Central configuration for SUMO toolbox 

<?xml version="1.0" encoding="ISO-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> 

         

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

<Simulator>lna </Simulator> 
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      <!-- 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  on plan level--> 

      <InitialDesign>lhdWithCornerPoints</InitialDe sign>               

      <SampleSelector> lola-voronoi</SampleSelector >     

             

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

data come from)-->  

     <SampleEvaluator>matlab</SampleEvaluator> 

 

     <!-- The AdaptiveModelBuilder specifies the mo del type and the 

hyperparameter optimization --> 

            

<AdaptiveModelBuilder>kriginggenetic</AdaptiveModel Builder> 

             

     <!-- How the quality of a model is evaluated i s determined by 

one or more Measures. --> 

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

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

            

     <!--Define the input parameters and ranges--> 

      <Inputs> 

                <Input name="vgi" type="real" minim um="0.57" 

maximum="0.83"/> 

                 <Input name="vcompi" type="real" m inimum="0.57" 

maximum="1"/> 

        <Input name="temp" type="real" minimum="-10 " maximum="80"/> 

                <Input name="deltavth" type="real" minimum="-0.15" 

maximum="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.3 Tool Interfaces  

A.3. 1 MATLAB simulator   
 

This part is set up for the interface between the modeling tool and the circuit simulator. The 

sampling points generated in the modeling tool are input into the MATLAB simulator. The 

performance responses are collect and put at the output of the simulator. The data will be 

ported back to the modeling tool. List A.3.1 shows the 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 connections in a circuit that can be recognized and 

executed by this circuit simulator. The netlist composer is responsible to integrate the 

sampling points into the circuit netlist and prepare it for simulator. In this example, 

SpectreRF® is used as the circuit simulator. An Ocean script is used to execute the 

SpectreRF® simulations. Here a Perl script is constructed to automatically invoke the ocean 

script and monitor the simulation process. When the simulations are finished, the 

performance data are read out from the data file generated by the simulator. These results are 

put back to the MATLAB simulator and then used for the modeling. An example is shown in 

List A.3.2. shows a  ocean script for simulating the LNA.   

 
List A.3.2 An ocean script example for LNA simulations 

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

resultsDir( "./" )  

analysis('dc ?saveOppoint t  ) 

analysis('tran ?stop "2n"  ?errpreset "moderate"  )  

analysis('ac ?start "11.9e9"  ?stop "12.1e9"  ?step  "0.1e9"  ) 

analysis('sp ?ports list("/PORT0" "/PORT2")  ?start  "11.9e9"  ?stop 

"12.1e9" ?step "0.1e9"  ?donoise "yes"  ?oprobe "/P ORT2"  ?iprobe 

"/PORT0"  ) 

desVar(   "Arf" 100u ) 

desVar(   "CAL" 0 ) 

desVar(   "frf" 12G ) 

desVar(      "Iin"   160.000000u ) 

desVar(       "vgi"   0.589132 ) 

desVar(       "vcompi"   0.605219 ) 

desVar(       "deltavth" 0 ) 

envOption ('analysisOrder  list("tran" "ac" "dc" "s p")) 

option ('tnom  "25" ) 

temp( 30 )  

save( 'i "/I0/I0/I3/I1/VDD_2.5" "/I0/I0/I3/I1/VDD" ) 

run() 

selectResult( 'tran ) 

selectResult( 'dcOp ) 

power_hb = (1.2 * average(i("/I0/I0/I3/I1/VDD" ?res ult "tran-tran"))) 

ocnPrint(?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 = dB10(NF()) 

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

exit 
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Appendix B Model-based Design  

This section shows an example using model-based design script. The model-based script is 

used to design the self-calibrated low noise amplifier (LNA) circuit in Chapter 4.  The 

variation space is divided into 36 sub-regions. In each sub-region, the LNA circuit is 

optimized using the performance models Av, S11, 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; 

I_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 I. 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 = 1:reg_X %  

    for regy = 1:reg_Y 

        disp(sprintf(' ### check nominal sub-region  X = %i, Y = %i 

### \n', regx, regy)    

        %record feability information, flag=0 for i nfeasible design; 

flag=1 

        %for feasible design, NaN if no knobs works .     

[flag_norm,feasibledesign_norm]=searchknob_feasible (regx,reg

y,vg_norm,vcomp_norm,Iin_norm,check_points)  

        % record the number of infeasible region 

        if flag_norm==0 

         num_infeasible_norm = num_infeasible_norm+ 1;  

        end 

        subdesign_norm{regx,regy}.flag=flag_norm; 

        subdesign_norm{regx,regy}.design=feasiblede sign_norm; 

    end  

end  

disp(sprintf(' ### complete checking original subde signs ### \n')); 

  

% record nominal design results 

delete ('./design_norm.mat'); 

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

  

% **** Part II. Do a new design  ***** 

% if new design is neeeded 

new_excute=0; 

if num_infeasible_norm ==0 

   disp(sprintf(' ### nominal design robust, comple te design ### 

\n')); 
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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

l(regx,regy,vg_ava,vcomp_ava,Iin_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 l; 

    end  

  end 

 delete ('./design_new.mat'); 

 save ('./design_new.mat','subdesign_new'); 

end 

  

disp(sprintf(' ### new design is finished ### \n')) ; 

% find all the feasible knobs 

% function searchknob_feasible.m 

 function [flag,feasibledesign] = searchknob_feasib le 

(regx,regy,vg_norm,vcomp_norm,Iin_norm,check_points ) 

  

%define array to restore values 

gS11=[];%S11 

gAv=[];%Av 
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gNF=[];%NF 

gpower=[];%power 

gS11=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=Iin_norm;  

x2=vg_norm; 

x3=vcomp_norm; 

  

%define break loop variables, flag for nominal set checking    

flag = 0;   

 

%record the number of designs 

feasible_num=0; 
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% obtain the feasible knobs 

for k=1:length(x3)    

    for j=1:length(x2)       

    % loop all checking pionts 

            fv=0;gS11=0;gAv=0;gNF=0; 

            disp(sprintf('knobs x1=%d, x2=%d\n',x2( j),x3(k))); 

            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==0 

                      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==0 

                    Y_sample=Y_sample+(-1)*(Y_max 

Y_min)/reg_Y*margin_ratio; 

                   end 

                   if checky==check_points-1 



 

119 

                    Y_sample=Y_sample+(+1)*(Y_max-

Y_min)/reg_Y*margin_ratio; 

                   end                     

                end              

gS11(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(j),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==0 

    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,Iin_a va,check_points)  

%define array to restore values 

gS11=[];%S11 

gAv=[];%Av 

gNF=[];%NF 

gPower=[];%power 

gperform_norm=[]; 

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=Iin_ava; 

x2=vg_ava;  

x3=vcomp_ava; 

  

% flag for nominal set checking    

flag = 0;   

   

%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;gS11=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==0 

                    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 x)  

                   if checky==0 

                    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 

                 

             

gS11(checkx+1,checky+1)=S11(x2(j),x3(k),X_sample,Y_ sample); 

gAv(checkx+1,checky+1)=Av(x2(j),x3(k),X_sample,Y_sa mple); 

gNF(checkx+1,checky+1)=NF(x2(j),x3(k),X_sample,Y_sa mple); 



 

123 

gPower(checkx+1,checky+1)=power(x2(j),x3(k),X_sampl e,Y_sample);                         

gperform_norm(checkx+1,checky+1)=perform_norm(x2(j) ,x3(k),X_sample,Y

_sample); 

gperform_spec(checkx+1,checky+1)=perform_spec (x2(j ),x3(k), 

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

<=Power_spec)   

              flag=1; 

              feasible_num=feasible_num+1; 

              feasibledesign(feasible_num).xknob=[x 2(j),x3(k)];  

              feasibledesign(feasible_num).Av=gAv;                     

              feasibledesign(feasible_num).NF=gNF; 

              feasibledesign(feasible_num).S11=gS11 ;  

              feasibledesign(feasible_num).power=gP ower;% 

              

feasibledesign(feasible_num).perform_norm=gperform_ norm; 

disp(sprintf('@@@ Pass: one knob setting works for regx %f 

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

               

              if avgperform_norm < avgperform_min_f easible  

                  avgperform_min_feasible=avgperfor m_norm; 

                  xknob_min_feasible=[x2(j),x3(k)];  

              end 
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 end % end feasible check 

             

% go through all design parameters, record the opti mal 

design 

            else  

             if avgperform_norm < avgperform_min_al l 

                 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  for regx %f regy 

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

xknob_final=xknob_min_feasible  

% if no feasible design is found      

else   

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

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

    feasibledesign=NaN; % all the designs are inval id 

    xknob_final=xknob_min_all % display the final k nobs when no 

feasible design 

end  

 

 ---------------------------------------------------------------------------------------------------------- 
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Appendix C PLL Verilog-A Behavioral Model  

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

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

 
 

List C.1 PFD/CP  behavioral model 

// 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 Iout=Icp; // 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 

//transition is 

parameter integer dir=1 from [-1:1] exclude 0; // d ir=1 for positive 

edge // trigger 

parameter real tt=20p from (0: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 in 

        up = 1; 

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

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

        end 

        @(cross(V(fbclk) - Vtrans, dir, ttol)) begi n 

        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(Iout*(-up*(1+Imis)+dow n*(1-Imis)), td + 

dt, tt);//add Imismatch 

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

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

end 

endmodule 

-------------------------------------------------------------------------------------------------------------------------- 

 

List C.2 VCO behavioral model 

// 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 (0:inf); // minimum out put frequency 

parameter real Fmax=2*Fmin from (Fmin:inf); // maxi mum output 

frequency 

parameter real Vhi=1; // high output voltage 

parameter real Vlo=0; // low output voltage 

parameter real tt=0.01/Fmax from (0:inf); // output  transition time 

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

(produces //white 

accumulating jitter) 

parameter outStart=10.020163u from (1/Fmin:inf); //  start saving 

periods parameter real ttol=1u/Fmax from (0:1/Fmax) ; // time 

tolerance 

real freq, phase, dT, prev, curPeriod, diffPeriod, prevPeriod; 

integer n, seed, fp, fjcc; 

integer samplestar,foutsample,finsample,fphase; // triger the 

periodic //sampling,use 

timer function 

real sampleperiod=sampleperiod_param;  // sampling period 

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"); 

            fjcc = $fopen("jcc.m"); 

            finsample=$fopen("insample.m");//for re cording output to 

vco 

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

to vco 

            fphase=$fopen("phase.m");//for recordin g phase at vco 

output 
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end 

  

// compute the freq from the input voltage 

freq = (V(Vcontrol) - Vmin)*(Fmax - Fmin) / (Vmax -  Vmin) + Fmin; 

  

// bound the frequency (this is optional) 

if (freq > Fmax) freq = Fmax; 

if (freq < Fmin) freq = Fmin; 

  

// add the phase noise 

freq = freq/(1 + dT*freq); 

  

// phase is the integral of the freq modulo 2p 

phase = 2*`M_PI*idtmod(freq, 0.0, 1.0, -0.5); 

  

// update jitter twice per period 

// `M_SQRT2=sqrt(K), K=2 jitter updates/period 

  

@(cross(phase + `M_PI/2, +1, ttol) or cross(phase -  `M_PI/2, +1, 

ttol)) begin 

            dT = `M_SQRT2*jitter*$dist_normal(seed, 0, 1); 

            n = (phase >= -`M_PI/2) && (phase < `M_ PI/2); 

            if(n == 1) begin 

            if($abstime >= outStart) begin 

                    curPeriod = $abstime - prev; 

                    diffPeriod = curPeriod - prevPe riod; 

                    $fstrobe(fp, "%0.10e", curPerio d); 

                    $fstrobe(fjcc, "%0.10e", diffPe riod); 

       end 

            prev = $abstime; 

            prevPeriod = curPeriod; 

       end 
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end 

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

   

// 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 

// 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); // divide ratio 

parameter real Vhi=Vhi_param; // output voltage in high state 

parameter real Vlo=Vlo_param; // output voltage in low state 

parameter real Vth=(Vhi+Vlo)/2; // threshold voltag e at input 

parameter integer dir=1 from [-1:1] exclude 0; 

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

output //signal 

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

to  

// 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 ance, recommend 

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 itions 

            if (count >= ratio) 

                    count = 0; 

                    n = (2*count >= ratio); 

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

end 

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

end 

endmodule 

--------------------------------------------------- ----------- 
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Appendix D Surrogate-based IO Behavioral Model  

The pull-up current model Ipu is shown as an example. 

 

D.1 Verilog-A implementation of the surrogate model equation Ipu(vs,vpu,temp, deltavth) 
 
//------------------------------------------------- ----------------- 

//Implementation 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. 

//Input variables and their ranges are defined in T ABLE I 

//------------------------------------------------- ----------------- 

analog function real Ipu;  

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,1)*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 model. 

 

//------------------------------------------------- ----------------- 

//- Define the device ports, branches and parameter s  

//------------------------------------------------- ----------------- 

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

input             In_D;    // input data signal con trolling buffer 

outpu 

electrical       In_D; 

inout             Pad;    // output from buffer 

inout             PU_ref, PD_ref ; // pull-up and p ull-down 

references  

electrical       Pad, PU_ref, PD_ref ;  

branch (PU_ref, Pad)  pu;  

branch (Pad, PD_ref)  pd; 

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

//temperature 

parameter real    Vth_R, Vth_F;   // input threshol d voltages for 

//rising/falling edge 

real            DC_threshold=(Vth_R+Vth_F) /2; //in put threshold 

during DC analysis parameter real   max_time=3e-9; // maximum time 

interval 

 

//------------------------------------------------- ----------------- 

//- Define the analog functions for the surrogate m odel components, 

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

//------------------------------------------------- ----------------- 

Analog function real Ipu ()  // pullup current 

Analog function real Ipd ()  // pulldown current  

Analog function real Kr1()  // rising transition fa ctor with Vterm 

=GND 
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Analog function real Kr2()  //rising transition fac tor with Vterm 

=VCC 

Analog function real Kf1()  // falling transition f actor with 

Vterm=VCC 

Analog function real Kf2()  // falling transition f actor with 

Vterm=GND 

Analog function real c_comp_power () // capacitance  between output 

and power 

Analog function real c_comp_down ()  // capacitance  between output 

and gnd 

 

//------------------------------------------------- ----------------- 

//- Initialize logic state variables and transition  factors  

//- If In_D > DC_threshold, state is high, else sta te is low.   

//- When state is high kpu = Kr1() at max_time; Whe n state is low 

kpu= //Kf2() at max_time.  

//- When state is low kpd = Kf1() at max_time; When  state is high 

kpd = //Kr2() 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                         // 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); 
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else 

kpd = Kr2(Vsupply, temp, deltavth, max_time); 

end // end of initial_step 

 

//------------------------------------------------- ----------------- 

//- Detect the threshold crossings in In_D.  

//- 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.  

//- 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 

// is high 

if (V(In_D) < Vth_F) begin 

PU_State   = -2; PD_State   =  2;   // goes to low  

Tpu_event  = $abstime; Tpd_event  = $abstime; 

end 

else if ((PU_State < 0) & (PD_State > 0)) begin // current 

//state is 

//low 

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 
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//------------------------------------------------- ----------------- 

//- Define the simultaneous analog equations to fin d the appropriate 

//scaling coefficients kpu. The same is done for kp d.  

//- If the pull-up network is tuning off, kpu=kf2()  at event_time. 

//- If the pull-up network is off, kpu=kr1() at 0.  

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

//- If the pull-up network is tuning on, kpu=kr1() at event_time.  

//------------------------------------------------- ----------------- 

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

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 _time);      

          end     

     -1 : begin // PU is off 

kpu= Kr1(Vsupply, temp, delatvth, 0); 

         end 

1 : begin  // PU is 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; 
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        end 

endcase 

 

//------------------------------------------------- ----------------- 

//- Obtain the instantaneous current and capacitanc e.  

//- Use analog expressions to calculate the output currents. 

//------------------------------------------------- ----------------- 

Ipu=Ipu(V(PU_ref)-V(PD_ref), V(pu), temp, deltavth) ; // instant 

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 (Pad) - V(PD_ref),  

temp, deltavth); // instant capaciatance 

c_comp_gnd=c_comp_gnd( V(PU_ref) - V(PD_ref),V(Pad)  - V(PD_ref),  

temp, deltavth); 

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

current 

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

endmodule 

//------------------------------------------------- ----------------- 

 
 
 
 
 


