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PREFACE





The phase-locked loop (PLL) has become so important in electronics over the past three decades that a working knowledge of its principles is an essential asset for many electrical engineers.  This book is here to help you gain that knowledge.  It concentrates on achieving an understanding of basic principles that are applicable to a wide range of PLL circuits, old, new, and yet-to-be-invented.


 


In 1977 I was given the opportunity to teach a graduate course, in the Santa Clara University School of Engineering, on the design of phase-locked frequency synthesizers, an area I had been working in for about fourteen years.  The text for that course was my notes, which I later expanded into Frequency Synthesis by Phase Lock, published by John Wiley and Sons in 1981.  





In 1985, Professor Timothy Healy asked if I would teach a two-quarter PLL course, one that he had developed and taught for several years. I have done so since then.  I used Blanchard's Phase-Locked Loops for a text, but I had to develop problems as well as course notes and I engaged in an ongoing study of original references.  By 1991 I had introduced enough new and modified material that I decided to supplant Blanchard with my own text, but I thought I would begin gradually by providing the text for the first quarter only.  However, before the end of the quarter, I was surprised (shocked?) to find that Wiley had stopped publishing Blanchard and it would not be available.  This resulted in a rather intensive effort that produced the rest of my text in time for the second quarter.  I have been using my own text since that time, modifying it each time (every other year) based on student comments and my own re-readings and to introduce new material.





In 1995 I submitted the latest version to Wiley as part of a proposal to publish.  As was true with my previous book, the editor had the manuscript reviewed by a knowledgeable professional.  In this instance, the reviewer was Professor William Tranter, currently of Virginia Tech, who suggested that I introduce a software component to the book, especially since my biography showed experience in developing computer programs related to PLLs.  He recommended MATLAB®� for consideration.  Since I was then prepared to immediately publish a text that had been carefully refined, I was reluctant to modify it.  Nevertheless, I began to experiment with MATLAB and, as I did, my enthusiasm grew.  Here was an opportunity, using the student edition of MATLAB� on a personal computer, to significantly enhance the learning of PLL fundamentals.  It was almost as though the reader would now have an opportunity for hands-on experimentation, being able to modify parameters and observe the effect on loop performance.  In addition, MATLAB could provide useful design aids and even open some important areas where analysis is very difficult without a computer.   





As a result, I have included MATLAB programs (scripts) and other software in this book in a way that does not detract from the original text, placing them in appendices following the chapters where the corresponding material is discussed.  Many of the programs are written explicitly in the book, and they, and others, are available for downloading from a Wiley Internet site.  That site also provides other aids in the form of Excel spreadsheets.  The MATLAB and Excel files can be read by Macintosh® and IBM®-compatible computers, at least.  One other very important benefit of the Internet site: the inevitable errata can be provided and updated.   





The software has the advantage of being relatively easy to understand and to customize to better suit an engineer's particular analysis or design problem.  It adds an additional dimension of instruction by illustrating the use and design of Computer Aided Engineering (CAE) for PLLs; the simulation programs should be especially instructive in this regard.  I have found that new ways to use the software to improve my understanding of the design process continue to occur to me.  One must limit the volume of such material in a book, but, when one becomes familiar with the methods by which the software can be used, one is able to apply it as the situation demands.





Phase Lock Basics can be used in many ways by both the professor and the self-directed student.  One can concentrate on the development of the theory or on the examples or work the problems, all of which have answers in the back, or can experiment with the MATLAB programs.  Of course, a combination will give the most complete learning experience.  That experience will also depend on the reader's background.  For the graduate engineer, this material not only adds important specific knowledge but it can serve to integrate and solidify previously learned fundamentals, showing how the theory is used in the design of a particular kind of circuit, the PLL.  For those lacking some of the desirable background, results, in the forms of equations, graphs, and descriptions of techniques, are still there.  And, for you fortunate designers who already possess an understanding of PLLs, the many graphs and the software can help make your work more productive and, I hope, enjoyable. 





The text concentrates on the second-order loop.  Loops of any greater complexity have too many parameters to permit general discussion.  The standard parameters for second-order systems are natural frequency wn and damping factor z.  Commonly, graphs are provided for various kinds of loop responses, in which the x axis is normalized to wn and multiple curves are given for various common values of z, enabling the reader to denormalize and interpolate to find results appropriate to a particular problem.  There is one other necessary parameter, however. For practical reasons (too many parameters), when plots of loop responses are given, they must be restricted to a few values of a.   Other texts have generally given response curves for type 2 loops, those employing an integrator, and sometimes for loops with low-pass filters.  These loops correspond to a = 1 and a = 0, respectively but a continuum of useful loop filters exists between those extremes, and I show how transient response curves representing the extreme values of a can be combined to give the response for any value of a.  MATLAB can generate responses, in both the time and frequency domain, for any value of a.  





Many practical loops are second-order but some are more complex.  Often the more complex loops can be approximated as second order so the second-order curves still give valuable information.  I show how some of these curves are affected by the introduction of an additional pole, as is common, for example, in frequency synthesis.  To illustrate how all the curves are affected by all the possible additional pole frequencies would, again, require too many dimensions to be practical.  However, there is a common third-order configuration that can be analyzed with relative ease and I have provided this analysis and corresponding curves in an appendix to Chapter 10.  (I have placed this in an appendix to not detract from the concentration on loops of second order, on which the main development of the theory is based.)  One of the great values of the state-space method, and the MATLAB programs that are based on it, is that it can handle higher order loops  so, while one learns the general characteristics of PLLs using the more easily handled second-order theory, one can also expand to more complex problems with the help of MATLAB.





Chapter 10 introduces various applications of PLLs and shows how the theory developed in the previous chapters can be applied to them.  This is not a substitute for detailed study in particular areas — there are many other things required for a good knowledge of synthesizer design, for example — but does show how the fundamentals apply.  Part 2 of the text introduces the effects of noise, often large amounts of noise, on the performance discussed in Part 1.  I have found that Part 1 is a good prerequisite for my synthesizer course, reducing the amount of material that has to be absorbed there.  The whole book is an even better preparation, since noise concepts are also very important in synthesizer design.  However, the noise levels are relatively low in synthesizer design, its elimination being an important goal, whereas communications systems may be designed to operate in the presence of large amounts of noise, such as are treated in Part 2.  Thus this book would also be good preparation for a more advanced study of communication systems that depend on PLLs (coherent communications) and must operate in the presence of noise.





It is not uncommon for students, and designers presumably, to make  2π errors in computing loop bandwidth and other parameters, due to the prevalence of both radians and cycles as units of phase (and in units of frequency).  By handling units in a certain way, we are able to employ whichever is more convenient and to freely mix them without succumbing to this error.  Proper handling of units is also a necessity in development of the equations.  This easy movement between units decreases the importance of differentiating between f and w symbols (although we will attempt to use the most appropriate symbol), especially since we can equate a frequency in one unit to the equivalent in the other.





While the answers provided for all the problems are of obvious help to the reader studying on his or her own, instructors may prefer problems that do not have answers.  I suggest that these can be developed by modification of parameters given in the problems.  The devoted but uncertain student can then verify his or her problem solving using the parameters in the book before changing to the parameters specified for the homework.  The answers in the back of the book should be highly accurate since most have been proved by use.  I have taught electrical engineering graduate students using nine two-hour classes plus two periods of exams for each half of the text.  However, the software has not been employed in these courses nor has some other new material.





I would like to thank Professor Healy and Santa Clara for the opportunity to teach the Phase-Locked Loops course over the years and the students who have taken it for the contribution they have made, by interaction in the classroom and through their homework as well as by their suggestions and comments,  in the development of the material in this book.  I hope it will help you to better understand and appreciate the vast and fascinating world of phase-locked loops.





Cupertino, California


November 21, 1997











�MATLAB is a registered trademark of The Math Works Inc., 24 Prime Park Way, Natick, MA 01760; Tel: 508-647-7000, Fax: 508-647-7001; WWW: http://www.mathworks.com; email: info@mathworks.com


�The Professional Version of MATLAB, with appropriate toolboxes, may also be used.  Those who cannot gain access to either, but can use a program with similar capabilities, may be guided by the text form of the scripts.  However, it will be considerably easier to use some version of MATLAB directly.
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