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Foreword

WHEN | HEAR the name of Steve Sandler, the first thing that
comes to my mind is his long list of excellent publications and books
about power converter circuits that go back decades. Second, in
most recent years, the impressive range of power integrity test
accessories envisioned and made reality for all of us in the industry.
Not only do I value and trust Steve as an excellent engineer, I also
count him among my friends. For both reasons I am truly honored
to write this foreword for his new edition of his book Power Integrity.

This book is a very valuable summary of power integrity
measurement and test principles and can serve as a useful reference
book for all practicing technicians and engineers, who need to
decide what should and can be measured—with what—in today’s
electronic circuits.

What significantly increases the value of the book is the
collaborative effort of major players in the test and measurement
industry so different test and measurement approaches can be
compared as implemented by different companies using different
instruments. This fact is also underlined by the long list of people
in the Acknowledgement section.

When people want to do careful and thorough designs, the



result has to be validated. Before the circuit or system is built, it
can be simulated, but the real test is when we have the hardware
built and measure it.

Today we have a large choice of software for power integrity
purposes, ranging from the simple and free to the complicated and
expensive. Also, software changes fast; bug fixes, feature updates
and full revisions come to market regularly, sometime two or three
times a year. Unfortunately, often they become obsolete or
incompatible equally quickly. As opposed to software tools,
hardware equipment, especially professional test equipments, tend
to have longer design cycles, but they also stay relevant and useful
much longer. This is true also for instruments used for power-
integrity measurements.

What usually lags is the development of smaller accessories
that may serve specialized purposes and make general-purpose test
instruments suitable for the various power integrity tests. As the
power integrity discipline gradually became relevant for more and
more users in the 1990s, existing instruments, like some low-
frequency network analyzers, quickly became the preferred choice
to measure the frequency domain behavior of the power delivery
network, but for years I had to create my own home-made probes,
common-mode transformers, injectors, just to name a few, to do
the necessary measurements.

It was a very welcome change when Picotest entered the
market and started to make such accessories in high quality and
professional form. I have always been happy to take a look at the
new accessories before they got finalized, try them out and share
my comments, suggestions and feedback. These accessories are
essential in power integrity labs, regardless of the manufacturer of
the instrument we use them with.

There are many things I like about this book.

For one, the many illustrations. I am a visual type of person,
so, for me, seeing what we are talking about is important. As the
saying goes “a picture is worth of thousand words.” Good pictures
like the setup photos in this book, are worth millions of words.
They show a lot of additional details that the figure captions and the
text going with the figures can not capture.

The illustration photos and resultant screen captures are
masterfully arranged to summarize each particular message in a



clear way. What makes these illustrations even more valuable is the
fact that Steve is a practicing engineer himself, so he understands
what is important for fellow engineers to observe.

The Tricks and Tips at the end of each chapter are based on
decades of Steve’s experience and should serve as important
guidance for anyone entering the field of power integrity. So many
times we have seen results presented based on measurement-only
or simulation-only, lacking any checks and tests of the process used
to generate the data. Though we cannot (and should not) always
aim for perfection, many times we consciously settle for a ‘good
enough’ result, but the conclusions still have to be based on solid
and trusted measurements or simulation data, or, even better,
correlated data, data sufficiently above the noise floor that does not
include masking noise picked up from the surroundings or are based
on invalid calibration or wrong simulation settings, just to name a
few of the common pitfalls that are hard to recognize without
careful cross checking—even for a trained set of eyes.

And last, but not least, I like the fact that the book brings
together the different domains (time, frequency, impedance) and
the three major disciplines (power integrity, signal integrity and
electromagnetic compatibility) that are all important for wus
practicing engineers to create successful designs and perform
proper measurements and simulations.

When [ completed my first book, Frequency-Domain
Characterization of Power Distribution Networks, none of the great
accessories described in this book were available. As a welcome
change, now, many years later, there is an ever-growing list of
probes, active and passive devices, software, device models and
tutorial videos are readily available to support our power integrity
work.

Finally, I want to thank Steve for putting in the time and effort
to create this book; I am sure it will serve as a valuable reference
for many of us for years to come.

—Istvan Novak

Istvan can be found on LinkedIn
https://www linkedin.com/in/istvan-novak-865792/
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Image credit: Elena Schweitzer/123RF.com
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What has changed since this Book
was originally Published?

Part 2

WOULD YOU LIKE aless frivolous answer? Among the many things
which have changed:

® Impedances got lower. What was once measured in
milliohms is now measured in micro-ohms.

® Accurately measuring lower impedances requires better
common-mode isolators.

® Probing became much more difficult and a focus of
interest.

® The Non-Invasive Stability Margin (NISM) calculation is
becoming more mainstream and is now supported by
modern software tools and equipment.

® Most oscilloscopes can now directly do impedance and

PSRR measurements...and very soon will also directly
measure NISM.
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Publisher’s Note

THIS BOOK IS an updated reprint of Steve’s historic Power
Integrity. One of the benefits of working with power supplies is that
the underlying physics are timeless and eternal. Magnetics,
capacitance, Ohm’s Law (this should really be called Ohm’s
relation...a useful relation between voltage and current we call
ohms), frequency effects and control loops are not subjective.

The ways applied physics works today is the way it will work
forever. What a luxury compared to other technical fields where
information and strategies have a half-life measured in years—often
just a few years. By half-life, I mean that period when half what the
engineer knows becomes obsolete.

Thus, a book like this will always contain useful information.
Forever. Maybe this is as close to immortality as we can achieve.

All that said, many things change and will continue to change.
In fact, the evolution of our trade is accelerating at a breathtaking
pace.

I’'m halfway kidding, but it seems like modern loads evolve to
maximize the difficulty of creating a robust design. Core voltages
are headed toward zero. It’s conceivable a future power supply

design will require tight tolerance around 0.3V. +3% would



require a total tolerance window of 18mV and that includes initial
setpoint, ripple and transient response.

Load currents are increasing. Perhaps this imaginary power
supply will have to deliver 2,000W. That’s 6667A @ 0.3V.

The frequency content of load transients is increasing. Perhaps
this imaginary power supply will need a flat impedance at very high
frequency, like 30Ghz.

Power densities are increasing. Remember the good old days
when 100W per cubic inch was state-of-the art?

All this reminds me of a question I recently asked Steve...

Ken: Let’s say present trends continue and in 10 years we’re asked
to deliver 0.1 V at 10 kW to serve some monster ASIC. How in the
world are we going to do it?

Steve: That’s the fun part—we have no idea, yet. When there is a
void, rest assured that engineers will find a way to fill it! There are
sub-threshold devices now operating at several hundred millivolts.
Devices are slow there, and so the current isn’t high.

But who knows what the future will bring?

Today there is an explosion of immersive devices running in
liquid to keep them cool. That’s inefficient, so we push for smaller
geometries to reduce the current. But then the devices are faster,
so we run them at higher rates and the current climbs back up.

It’s a never ending cycle and I love it!

Bring it on.

Steve condensed a lifetime of knowledge and experience into this
book. It will, as much as anything can, prepare you for the future.
What’s left? To get out there and get it done.
Keep your impedances flat and no higher (or lower) than
necessary, my friends.

—Ken Coffman

Ken can be found on LinkedIn

https: //www linkedin.com/in/kencoffman/
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Chapter One

Introduction

| CHOSE TO write this book because it has become
increasingly clear that much of the data that we need to do our
jobs as electronics engineers is lacking. Either the data we need
is missing entirely or when we do have data—that we created or
received from others—it frequently lacks completeness, fidelity
and/or accuracy.

There are a variety of reasons for these shortcomings, and it
is my hope that this book will provide useful information and
direction to several different audiences.

One goal for this book is to show component and device
manufacturers the breadth and fidelity of the data end-users
really do need to do their jobs, as well as to help them improve
their datasheets accordingly.

Another goal is to provide design and test engineers with
methods that enable them to generate higher fidelity
measurements with less effort by using appropriate techniques
and equipment. It is also my hope that test instrument

manufacturers will gain insight into the issues engineers face, as
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well as how they can improve their equipment capabilities,
operating systems, software, and documentation.

Lastly, and maybe most importantly, this book also
illustrates the impact power supply performance has on the

systems they serve.

What You Will Learn

This book provides useful insights into all aspects of making high
fidelity measurements, including power, high-speed, and low-
power analog and instrumentation circuits.

Technology  continuously, consistently, and rapidly
advances. A few new technologies, such as eGaN, GaN, SiC and
GaAs, will present new measurement challenges due to the
combination of high voltage and ultra-high speed switching.
Switching frequencies and edge speeds are increasing, while
devices are becoming more highly integrated.

For example, many Point of Load (POLs) switching
regulators now include the switching MOSFETs internally.
Some devices include the output inductor internally as well.
These advances in technology make measurement more difficult
and demand a better understanding of measurement
fundamentals in order to obtain accurate results. The evolution
of high speed FPGAs and CPUs have propelled the measurement
of Power Distribution Networks (PDNs) to magnitudes below 1
milliohm and to frequencies above 10 GHz.

Once the need for a measurement is established, there are
several important decisions that need to be made. These
decisions relate to the measurement domain, the selection of
appropriate test equipment, the impact of the connection of the
equipment to the device being tested and the interpretation of
the acquired data. This book provides the necessary information
to evaluate the needs of the measurement and make the best
decisions to achieve high fidelity results.

I highly recommend reading the first section of the book
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(Chapters One through Six) prior to making any of the
measurements discussed. This material provides all of the
background information related to equipment selection and
fidelity, as well as how test equipment should be interfaced to
the device being tested. The relative significance of each type of
test at the system level is also discussed.

Once you have reviewed the introductory material, the
remainder (Chapters 7 through 15) can be used as reference
allowing you the freedom to refer to the material on each type of

measurement as needed.

Who Will Benefit from This Book?

This book is written for engineers and technicians of all levels of
experience, including those working in field support, design and
test engineering disciplines. It is also appropriate for engineering
managers, as well as those that are responsible for the leasing or
purchasing of test equipment.

In most instances, engineers are underequipped for the
measurements they need to perform. More often than not this is
due to a lack of understanding of what minimum set of
capabilities are actually required to make measurements needed
for the particular application. For engineers and management
alike it should be noted that there are substantial costs for bad or
misleading data.

This book addresses these issues for both the test engineer
and the purchaser trying to secure the least expensive solution.

The General Format of This Book

As noted above, this book is written in two sections. The first
section is dedicated to the available types of test equipment,
measurement fundamentals and interfacing or connecting the
test equipment to the Device-Under-Test (DUT).

The second section of the book addresses the specifics of
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making particular measurements. Each chapter discusses one or
more specific measurement methods. Each measurement
method includes a brief discussion of the measurement including
why it’s important.

Additionally, each measurement method includes setup
pictures, pros and cons of the measurement method, tips and/or
hints, and example measurements.

Why Measure?

It seems appropriate to start a book about measurement
fundamentals by considering the goals we hope to achieve. To
that end, this book takes the viewpoint that the end goal of the
learning process is to enable the reader to acquire better (as in
more-precise, higher-fidelity) data. There are four major reasons
for testing:

1. To obtain data that is not available or published or
validate data that is.

2. To compare possible devices or circuit topologies for
use in a design.

3. To troubleshoot.

4. To validate or verify design performance.

Obtain or Validate Data

In many cases, the manufacturer provides very limited data or
data that is not at the operating points that we are interested in.
As is often the case, data sheets are more of a marketing tool
than technical documents.

Some of the more common examples of this are evident in
operational amplifier (op-amps), voltage reference and regulator
data sheets. In the case of op-amps, the open-loop gain and phase
response curves may not be at the operational voltage we plan to

use. The open loop gain and phase curve in Figure 1-1 shows the
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performance a single 5V power supply and also for a £15V
supply. The phase is shifted significantly between these two
voltages. How would the performance differ if our circuit
operates with +5V or a single +12V supply?

Likewise, this figure shows a load capacitance of 100pF. If
our circuit does not include a 100pF load capacitance, how do
we determine the impact of the load capacitance?

Gain, Phase vs Frequency
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Figure 1-1

In the cases of voltage references and linear regulators, stability
information is generally not provided at all. The load transient of
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a voltage reference is shown in Figure 1-2. The datasheet does
not include a stability plot, but does include the statement that
the device is stable with a load capacitance in the range of 0.1-
10uF. The step load response shows three rings, indicating less
than ‘ideal” stability. We’ll talk more about this in Chapter 8.
While this reference may not break into a full-blown
oscillation under these conditions, it will not perform optimally
in terms of regulation, PSRR, or noise. This is a good example
of the need to interpret the manufacturer’s data. As designers,
we have a different idea than the component manufacturers

about what constitutes “stable” performance.
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Figure 1-2
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Design, Selection and
Optimization

We may need to test in order to obtain missing information, as
in the case of the op-amp above—or possibly to compare devices
from different manufacturers to see which one performs better
in the circuit.

An example of this is seen in Figure 1-3 which compares
the PSRR of two linear regulators under the same conditions.

If PSRR is the only concern, it is clear that one of these
regulators outperforms the other by a large margin. In fact, the
better of the two reveals the noise floor of the measurement to
be 100dB.

Finally, we might use measurements to optimize
component values for a new design.

In some cases, this optimization is performed in
production, where adjustments are made either by discrete
component value selection or by the adjustment of trimmers in
order to more precisely set a particular parameter.

In the semiconductor industry, devices such as voltage
references and voltage regulators are routinely laser trimmed
during manufacturing to improve their performance.

While this optimization process may or may not be
automated, the selection is performed in conjunction with a

measurement.
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Troubleshooting

As much as we would like to see all of our designs work
perfectly the first time we power them up, it rarely works out
that way.

In some cases, there may be an interaction between
different devices or subsystems, while in other cases there may
be a bad component. Yet in other cases, the design may not
perform properly because of printed circuit board influences.

The process of troubleshooting is generally dependent on a
series of measurements that finally lead us to the culprit. This is
one area where an understanding of high fidelity measurement is
crucial as the sources of the problems are generally very good at
hiding and the quality of the data can be critical to the search.
Generally, it falls to the engineers to find these root causes.

Usually the engineer is expected to do so very quickly and
under great pressure. In some cases, the underlying problem is
simply that the manufacturer provided incorrect or misleading
data.
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Output Impedance vs Frequency
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Figure 1-4

In the case of Figure 1-4, the manufacturer shows the output
impedance of their voltage reference with and without the
addition of'a 1pF capacitor.

From the 1€ impedance measurement at 50kHz we can

easily calculate the capacitance as:

1 1.1
C= S GokHz 1) ~ o2

The output capacitor is actually a 3.3uF capacitor and not a 1uF
capacitor as stated. These incorrect results are not intentional,
nor are they uncommon, offering further evidence for the need

to make your own measurements.
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In the case of Figure 1-5, we can see that the reference is
specified to have an output noise of 9.6PPM or 24uVrms in the
bandwidth from 10Hz to 1kHz. Looking at the output
impedance plot the device presents a resonant peak at 2kHz to
3kHz, depending on the output capacitor, which is outside of the
specified 1kHz bandwidth.

At the peak of the resonance, the output impedance is
approximately 600€2. Simple math tells us that if a noise current
of 40nArms is presented to the voltage reference at the resonant
frequency, the induced noise equals the specified device noise
(i.e. 24uVrms).

This is a simple example of how the interaction between a
device and the system in which it resides can present unexpected
behavior.

IN
oo

Output Voltage 0.1Hz £ f PPM

PP
Noise 10Hz 9.6 PPMgys
10Hz £ f £
1kHz
Vo]tage Reference Output Impedance and Noise
Specification
Figure 1-5

Validation or Verification

In many instances, engineers verify the performance compliance
of their design by comparing measurements of the circuit with a
specification or other requirements document.

Once the design is approved, and in production, the
performance is generally assured by testing every product
manufactured for various performance characteristics. Often a
separate, and more comprehensive test set is also performed on

a representative sample from a given production lot. Each of
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these test processes has a different specific goal, though they are
all necessary to verify the quality of the product being
manufactured. We might also be interested in validating the
computer simulation models we are (hopefully) using to analyze
performance. It is essential that we validate the accuracy and
fidelity of these models before using them.

This validation process is a check and balance that helps to
verify that both the design is built as intended and that the model
is correlated. In the case where the measurements and
simulations do not agree it can be either because the design is
not what we modeled, that the model is not correct, or both.

The process of correlating your models with the test

measurements helps to resolve such errors.

Terminology

Before taking the discussion further, let’s define some basic
terms that are used throughout the book.

Measurement

The result of a test. This can be in the form of a number, a
curve, or a dataset. The dataset can be amplitude and time,
amplitude and phase, amplitude and frequency or a set of
singular numbers, such as 5V, 100kHz, i.e. any data that

accurately quantifies a performance characteristic.
High Fidelity

Dictionaries generally relate this term to the reproduction of an
audio signal along the lines of a reproduction of an electronic
signal that is faithful to the original without any added distortion.

For our purposes, we use it to describe a test or simulation
result that presents a faithful reproduction of the signal being
measured while presenting sufficient detail and clarity to allow
precise values to be determined and precise conclusions related
to the outcome to be made.
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Precise

A measurement that provides a result without uncertainty or
ambiguity. The measurement would generally not be subject to
different interpretation by different observers.

For example, if we measure the rise time of a MOSFET,
the measurement should be precise enough that a selection of
engineers would all obtain the same value from the

measurement.

Non-Invasive

One of our fundamental goals in making high-fidelity, precise
measurements is to observe the measurement without impacting
or influencing its result.

We take that to mean two different things. First, the
connection of the equipment should not in any way impact the
measurement. The impact of the equipment connection is one of
the more common sources of measurement error.

A simple example is the measurement of a Pulse Width
Modulator (PWM) switching frequency.

Many engineers use a passive scope probe to see the timing
ramp on an oscilloscope. The oscilloscope probe capacitance is
often large enough to change the frequency. This is an invasive
measurement. Often the connection of test equipment to the
device being tested is a limitation of the fidelity and precision of
the measurement.

The second interpretation of non-invasive measurement is
that the measurement does not require traces to be cut, lifted,
unsoldered or otherwise manipulated.

This is a common issue for high-reliability systems, such as
aerospace programs, where such invasive measures are not
allowed due to risk, cost and manufacturing constraints.
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Indirect Measurement

In some cases, it is desirable to measure performance indirectly,
meaning that our measurement is not made on the circuit
providing the signal, but on the circuit receiving the signal.

For instance, in high-performance clock oscillators, power
supply noise is a major contributor to jitter. Power supply noise
can degrade the performance of the clock and the circuit using
the clock, such as an ADC.

In such cases, we can often measure the power supply noise
more accurately by measuring its effect on the clock than we

could by measuring the power supply directly.

In-Situ or In-Circuit

This refers to circumstances surrounding the device under test
(DUT) and its interconnections to the circuit driving and loading
it.

For instance, the power supply source and load connections
influence the performance. On the input side, the input filter
interacts with the switching power supply. This is one particular
circuit example where the interaction between the wiring to the
power supply and the power supply itself interact with one
another.

There are many other such examples.

As we saw in Figure 1-4, the addition of the external load
capacitor increased the output impedance of the voltage
reference at 4kHz. This is an example of an interaction on the
load side of the voltage reference. Such degradation would also
be noted in other aspects of performance, such as PSRR.

For these reasons it is often best to make measurements or
with the power supply integrated into the system or in-situ.
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