HANDBOOK OF

MICROWAVE

COMPONENT
MEASUREMENTS

WITH ADVANCED VNA TECHNIQUES

WWILEY




HANDBOOK OF
MICROWAVE COMPONENT
MEASUREMENTS

WITH ADVANCED VNA TECHNIQUES

Joel P. Dunsmore
Ph.D., Agilent Fellow, Agilent Technologies, USA

FWILEY

A John Wiley & Sons, Ltd., Publication



This edition first published 2012
© 2012 John Wiley & Sons, Ltd

Registered office
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for
permission to reuse the copyright material in this book please see our website at www.wiley.com.

The right of the author to be identified as the author of this work has been asserted in accordance with the Copyright,
Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any
form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by the UK
Copyright, Designs and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be
available in electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and
product names used in this book are trade names, service marks, trademarks or registered trademarks of their
respective owners. The publisher is not associated with any product or vendor mentioned in this book. This
publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It is
sold on the understanding that the publisher is not engaged in rendering professional services. If professional advice
or other expert assistance is required, the services of a competent professional should be sought.

Library of Congress Cataloging-in-Publication Data

Dunsmore, Joel P.
Handbook of microwave component measurements : with advanced VNA techniques / Joel P. Dunsmore.
pages cm
Includes bibliographical references and index.
ISBN 978-1-119-97955-5
1. Microwave devices-Testing. I. Title.
TK7876.D84 2012
537.5'344-dc23

2012011804
A catalogue record for this book is available from the British Library.

ISBN 9781119979555

Typeset in 10/12pt Times by Aptara Inc., New Delhi, India



To my dear wife Dana



Foreword

The electronics industry has undergone revolutionary changes in the past 20 years. Sys-
tem performance has significantly advanced, physical size of hardware has shrunk, quality
and reliability have greatly improved and manufacturing costs have dramatically decreased.
Underlying these advances has been the phenomenal growth in RF test and measurement capa-
bility. Modern-day RF test equipment has progressed to the point where it is not uncommon to
measure signals below —100 dBm at milliseconds speed. Even more astounding is the ability
to marry RF test capability with analysis software whereby test equipment can produce linear
and non-linear models of the device under test to significantly improve the life of the design
engineer, using this capability.

RF and microwave components have played an important role in this revolutionary change.
Component size has shrunk, parasitics have been reduced, quality standards have greatly im-
proved and costs have reduced ten-fold. At the same time, test fixtures and interconnects
have improved to enable a higher level of precision during characterization and production
measurement. In parallel with these advances, test equipment has improved to an extent where
there has been a revolution in the capabilities to make precise and fast measurements of RF
and microwave components. The success of a manufacturer of RF and microwave components
is directly linked to the quality and capability of measuring component performance during
the design, qualification and production phase of the product life cycle. From a practical point
of view, the testing must be fast (1-2 seconds), the accuracy very precise (hundredths of
a dB), with a high degree of repeatability. Each phase of the life cycle imposes its unique
requirements for measurement accuracy and data collection.

During the design phase, full characterization of performance, including amplitude and
phase, is a must in order to establish a reference for future production runs. So it becomes a
necessary requirement to characterize and de-embed the test setup and test fixtures to isolate
actual device performance. Fortunately, the modern vector network analyzer provides support
in this regard. Consequently, the performance data obtained during the design phase becomes
the gold standard for evaluating statistical variation obtained from future production lots;
and these lots are accepted or rejected based on the statistical results, with sigma generally
being the statistic most closely watched by the test or QA engineer to evaluate production lot
acceptance.

When published specs are provided for a component, it is very important to understand
that these specifications are simply markers which allow for a first impression or summary
review of the component performance. However, only when performance data and performance
graphs are provided for all parameters, including both amplitude and phase, would the “real”
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performance of the component be known. Furthermore, in characterizing components for use
in customer evaluations, it is important to provide this data both within and outside the specified
bandwidth. In non-linear components such as a frequency mixer, higher-order harmonics of the
RF and LO signals are generated, and depending on the load impedance outside the specified
frequency range, these higher-order harmonics can get reflected back into the mixer, causing an
interaction between the desired signals and the unwanted harmonics. Fortunately, modern-day
analyzers can make these harmonic measurements relatively quickly and easy.

Dr. Dunsmore has captured the essence of modern-day measurements. He provides a prac-
tical understanding of measurement capabilities and limitations. He provides a means for the
test engineer to not only make measurements, but also to understand test concepts, anticipate
measurement results and learn how to isolate and characterize the performance of the DUT,
independent of potential errors inherent in the test environment. I am confident that this book
will serve as a reference for understanding measurement methods, test block diagrams and
measurement limitations so that correlation between the manufacturer and user would take
place by using a common reference. This book has the potential to be an invaluable source to
further the progress of the RF and microwave world.

Harvey Kaylie
President and Founder of Mini-Circuits



Preface

This book is a bit of mixture between basic and advanced, and between theoretical and practical.
Unfortunately, the dividing lines are not particularly clear, and depend considerably upon the
training and experience of the reader. While primarily a text about measurement techniques,
there is considerable information about device attributes that will be useful to both a designer
and a test engineer, as one purpose of device testing is to ascertain the attributes that do not
follow the simplified models commonly associated with those devices. In practice, it is the
unexpected responses that consume the majority of the time spent in test and troubleshooting
designs, particularly related to active devices such as amplifiers and mixers.

The principal instrument for testing microwave components is the vector network analyzer
(VNA), and recent advances have increased the test capabilities of this instrument to cover far
more than simple gain and match measurements. As a designer of VNAs for more than 30
years, I have been involved in consulting on the widest range of microwave test needs from
cell phone components to satellite multiplexers. The genesis and goal of this book is to provide
to the reader a distillation of that experience to improve the quality and efficiency of the R&D
and production test engineer. The focus is on modern test methods; the best practices have
changed with changing instrument capability and occasionally the difference between legacy
methods and new techniques is sufficiently great as to be particularly highlighted.

Chapter 1 is intended as an introduction to microwave theory and microwave components.
The first half introduces characterization concepts common to RF and microwave work. Some
important mathematical results are presented which are useful in understanding the results
of subsequent chapters. The second half of Chapter 1 introduces some common microwave
connectors, transmission lines and components, as well as providing some discussion of the
basic microwave test instrumentation. This chapter is especially useful to engineers new to RF
and microwave testing.

Chapter 2 provides a detailed look into the composition of common VNA designs along
with their limitations. While this level of detail is not normally needed by the casual user, test
engineers trying to understand measurement results at a very precise level will find it useful
to understand how overall results are affected by VNA test configuration. While the modern
VNA can make a wide range of measurements, including distortion, power and noise figure
measurements, still the principal use is in measuring S-parameters. The second half of Chapter
2 illustrates many useful parameters derived from basic S-parameters.

Perhaps the most arcane aspect of using VNAs for test is the calibration and error-correction
process. Chapter 3 is a comprehensive discussion of the error models for VNAs, calibra-
tion methods, uncertainty analysis and evaluation of calibration residuals. This chapter also



xviii Preface

introduces the idea of source and receiver power calibrations, about which, excluding this
book, very little formal information is currently available. The chapter concludes with many
practical aspects of VNAs that affect the quality of calibrated measurements.

Chapter 4 is likely the most mathematically rigorous, covering the very useful topic of
time domain transforms used in VNAs. The topic of gating, its effects, and compensation
methods is examined in particular. These first four chapters comprise the introductory material
to microwave component measurements.

The remaining chapters are focused on describing particular cases for microwave component
measurements. Chapter 5 is devoted to passive microwave components such as cables and
connectors, transmission lines, filters, isolators and couplers. Best practices, and methods for
dealing with common problems, are discussed for each component.

Chapter 6 is all about amplifier measurements, and provides the understanding needed for
complete characterization. In particular, difficulties with measuring high gain and high power
amplifiers are discussed, including pulsed RF measurements. Non-linear measurements such
as harmonics and two tone intermodulation are introduced, and many of the concepts for
distortion and noise measurements are equally valid whether using a spectrum analyzer or a
modern VNA for the test receiver.

Chapter 7 extends the discussion of active device test to that of mixers. Because few engi-
neers have experience with mixers, and they are often only superficially covered in engineering
courses, the chapter starts with a detailed discussion of the modeling and characteristics of
mixers and frequency converters. Measurement methods for mixers can be quite complicated,
especially for the phase or delay response. Several key methods are discussed, with a new
method of calibrating, using a phase reference, presented in detail for the first time. Besides
the magnitude and phase frequency response, methods for measuring mixer characteristics
versus RF and local oscillator power are presented, along with distortion and noise measure-
ments. This chapter is required reading for any test engineer dealing with mixers or frequency
converters.

Chapter 8 brings in the concept of differential and balanced devices, and provides complete
details on the analysis and measurement methods for differential devices including non-linear
responses, noise figure and distortion.

Chapter 9 provides a collection of very useful techniques and concepts for the test engineer,
particularly with respect to test fixturing, including a complete discussion of creating in-fixture
calibration kits.
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