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Abstract

Verifying a complete analog system via trar~sistor-level simulation is an extremely difficult

process and can often become infeasible due to the limitation of simulation capacity. A similar

difficulty is encountered when high-level design analysis is performed for the whole system. For

these reasons, compact macromodels of analog blocks are desired which can be substituted in

place of the actual ~ransistor-level netlist to speedup the simulation with sufficiently high

accuracy.

The NORM algorithm that was proposed in [1] utilizes the Volterra-Series to represent

nonlinear transfer functions and employs projection-based techniques to significantly reduce the

size of the nonlinear system equations, thereby generating compact representations for analog and

RF circuits. This algorithm can be applied to time-invariant as well as time-varying "weakly"

nonlinear circuits. Some extensions have been described in [2][3]. In the first part of this work,

we describe a complete methodology which extends the NORM algorithm to generate nonlinear

reduced-order macromodels directly from transistor-level netlists [4].Even though the NORM

algorithm works extremely well for "weakly" nonlinear circuits, due to the limitations of the

Volterra-Series [5], it cannot be extended to more "strongly" nonlinear circuits like Phase-Locked

loops. Phase-locked loops are used in applications such as frequency synthesis and clock and data

recovery. The nature of these applications requires high accuracy for predicting the PLL

nonlinearities and dynamics during the design process, which thereby requires prohibitively

expensive transistor-level simulation.

In the second part of this report we propose a compact behavioral model for voltage-controlled

oscillators, which are the key components of PLLs, and the most difficult to macromodel due to

their dynamic, large-scale nonlinear behavior. Unlike previous works in this area, this approach

follows a systematic modeling of nonlinear dynamics in a topology independent manner. We

demonstrate that our model can reduce the system-level simulation runtime significantly without

sacrificing the required accuracy.



Part - I : Automatic extraction of [nacro-models of weakly nonlinear circuits

Introduction

To generate analog macromodels that can be used in commercial simulation environments, the

circuits under consideration must be characterized and then modeled based on industry-standard

device models in these environments.

We developed a complete methodology which extends the NORM algorithm [1] to generate

nonlinear reduced-order macromodels directly from transistor-level netlists. The reduced

nonlinear macromodels will capture the nonlinear characteristics of corresponding circuit blocks,

such as IIP3, THD and gain compression, in a compact form while maintaining an accuracy

comparable to commercial simulators such as SpectreP~~ and HSPICE. The purpose of

developing compact nonlinear analog macromodels is two-fold. Firstly, macromodels can

facilitate efficient system-level design exploration by allowir~g designers to effectively "re-use"

the macromodels from their previous designs to predict the system-level behavior. High-level

decisions and tradeoff analyses can be made efficiently by evaluating system specifications

through the use of a library of "reduced-order" macromodels corresponding to a variety of circuit

topologies and configurations. Secondly, compact component macromodels also facilitate the

full-system verification which is otherwise intractable.



Background

Volterra Series provide an elegant way to characterize weakly nonlinear systems in terms of

nonlinear transfer functions. For a circuit with input u(t), the response x(t) can be expressed as

the sum of responses at different orders:

x(t) = ~ x. (t) (1)
n=l

where, x. (t) is the n-th order response. More generally~ we can use Volterra kernels to capture

both nonlinearities and dynamics by convolution [5]:

x(t): ~... ~h. t .... ,r.)u(t- 1).... z~(t-~:. )~. 9~:. (2)

where, h. (rl .... r.) is the nth order Volterra kernel. The frequency domain transform of the nth

order Volterra kernel denoted by H. (s1 .... s,,) is generally referred to as the nth order nonlinear

transfer function. These nonlinear transfer functions are independent of the input and fully

describe the weakly nonlinear behavior of the circuit. In order to apply the Volterra nonlinear

transfer function for a SIMO weakly nonlinear system we can consider its standard MNA

formulation:

-~(q(x(t)) = bu(t), y(t) (3)f(x(t))+

For a circuit with a time-invariant operating condition given by x = x0, the first order linear

transfer function is given by:

(G~ + sC~ )Ht (s) (4)

The symmetrized second order nonlinear transfer function is determined by [ 1 ]:

(5)

where k = s~ +sz and f~r equation (4) and (5):

4


