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Preface
 The motivation for starting the work described in this book was the interest that Hewlett-Packard's microwave circuit designers had in simulation techniques that could tackle the problem of finding steadystate solutions for nonlinear circuits, particularly circuits containing distributed elements such as transmission lines. Examining the problem of computing steady-state solutions in this context has led to a collection of novel numerical algorithms which we have gathered, along with some background material, into this book. Although we wished to appeal to as broad an audience as possible, to treat the subject in depth required maintaining a narrow focus. Our compromise was to assume that the reader is familiar with basic numerical methods, such as might be found in [dahlquist74] or [vlach83], but not assume any specialized knowledge of methods for steady-state problems.
 Although we focus on algorithms for computing steady-state solutions of analog and microwave circuits, the methods herein are general in nature and may find use in other disciplines. A number of new algorithms are presented, the contributions primarily centering around new approaches to harmonic balance and mixed frequency-time methods. These methods are described, along with appropriate background material, in what we hope is a reasonably satisfying blend of theory, practice, and results. The theory is given so that the algorithms can be fully understood and their correctness established. The practical details are given so that the algorithms can be implemented easily, and results are presented to give a feel for the achievable performance. Most of the algorithms presented in this book have been implemented and tested in the Spectre and Nitswit circuit simulators.
 Chapter 2 presents several typical circuits for which the steadystate response is of interest, is generally considered hard to compute, and can be computed efficiently with the specialized methods presented
 xi
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xii
 in this book. This chapter is intended to provide motivation for the steady-state methods presented in later chapters, as well as suggesting their application domain. The circuits are revisited in Chapter 8 to demonstrate the advantages of the steady-state methods presented in this book on practical examples. Also, various aspects of the performance of the steady-state methods are compared for each of the circuits, so as to make clear each of the method's strengths and weaknesses.
 General background material is given in Chapter 3. The chapter begins with definitions of periodic, quasiperiodic, and almost-periodic signals. Generalizations of the Fourier transform suitable for almostperiodic signals are also described. Then, basic definitions and properties of differential equations in the context of initial- and boundary-value problems are presented. It is also shown how to formulate the problem of finding a periodic solution as a boundaryvalue problem, and the differential equations that describe analog and microwave circuits are formulated. Finally, the standard numerical algorithms for solving the initial-value problems associated with circuits are briefly described, including backward-difference formulas for numerical discretization of differential equations and Newton's method for solving nonlinear systems of algebraic equations.
 In Chapter 4, additional background material is given on finitedifference and shooting methods for solving boundary-value problems. Shooting methods are covered in more detail, with both extrapolationand Newton-Raphson-based shooting methods described. In addition, some of the difficulties of solving autonomous systems, that is oscillators, with shooting methods are presented.
 Chapter 5 introduces underlying theory of harmonic balance. The harmonic balance equations are formulated and several methods for solving these equations are explored. Methods presented include minimization methods, nonlinear relaxation methods, and the NewtonRaphson method. Aspects related to implementing harmonic balance are the subject of Chapter 6. It is first shown that while in general, harmonic balance requires a quasiperiodic Fourier transform to convert signals to and from the time-domain, certain fundamental assumptions
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xiii
 in the harmonic balance formulation allow the use of a simpler periodic Fourier transform. The several ways this impacts an implementation of harmonic balance are then described. Next, it is shown that an appropriate organization of the unknowns leads to a new technique for modifying the system Jacobian such that the resulting nonlinear relaxation method has convergence properties near that of Newton's method, but is much faster. Results from the harmonic balance program Spectre are used to demonstrate the effectiveness of the various techniques.
 A new, mixed frequency-time (or MFf) method for computing quasiperiodic solutions directly in the time-domain are described in Chapter 7, and is compared to several other approaches. It is shown that the method is a way of formulating an approximation to the quasiperiodic requirement as a two-point boundary-value problem. The implementation of MFf in Nitswit is described and results from several different types of circuits are given.
 Chapter 8 compares the various methods for finding steady-state solutions in both a general setting, and with regard to their performance on typical circuits. Chapter 9 summarizes and concludes the book. In the several appendices, related material is described. Appendix A lists standard nomenclature used throughout the book. In Appendix B the effects on conditioning of the placement of time and frequency points in the Almost-Periodic Fourier Transform is presented along with algorithms for minimizing the ill-conditioning. In Appendix C, the Arc-Length continuation algorithm is described as applied to solving systems of nonlinear circuit equations.
 The program Spectre is available from the Industrial Liaison Program, Software Distribution office, Department of Electrical Engineering and Computer Science, University of California, Berkeley, CA 94720. The program Nitswit is available from Prof. Jacob White, Department of Electrical Engineering and Computer Science, MIT, Cambridge, Mass.
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