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DEDICATION

T here are a great many PCB designers in the world who do not have a
technical degree. They struggle each day to keep up in an industry that is advancing
very rapidly. This book is dedicated to them with the sincere hope that it will help
them in their journey.
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PREFACE

How IT ALL STARTED

Writing has been an avocation of mine for most of my career. And I have
spent a few of my years teaching at the college level. After I became involved in the
printed circuit board (PCB) design business in 1991 I submitted a couple of articles,
which were subsequently published, to Printed Circuit Design magazine. Later,
Pete Waddell asked me, as one of his contributors, to come to a press function at
PCB West in 1997. Afterwards, I half-facetiously asked him if he would send me to
PCB East the following fall. His answer was, “Sure, if you’ll put on a seminar.”

And that was how it all started.

I presented a seminar that fall entitled “Circuit Noise and EMI Control.”
My motivation was twofold: First I wanted to make a contribution back to an
industry that had been good to me through the years. And, I wanted to goto Boston,
a city I have always enjoyed visiting. Soon, I had several different seminars I was
offering.

There are several of us who are sometimes considered “regulars” on the
seminar circuit. Most of us like each other, respect each other, sit in on each other’s
seminars, and learn from each other. After a couple of years I realized that all of our
collective signal integrity seminars talked about things like capacitive and inductive
coupling and bypass capacitor lead-inductance-caused antiresonant impedance
peaks, and so on, but most of the seminar attendees had no technical background.
They didn’t know what a capacitor was, much less what an antiresonant peak was!

That led to the development of a one-day “course” in electrical engineering.
We titled it “Electrical Engineering for the Non-Degreed Engineer,” a title that
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varies from time to time. I wanted to add the words “and for the engineer who
didn’t get it the first time” to the title, but Pete wouldn’t let me (probably for good
reason). I don’t know how to politely say this, but I know there are a large number
of engineers who just didn’t get the EMI and magnetic coupling stuff when it was
presented in school, and almost no college program addresses the practical engi-
neering problems associated with board design in their college-level curriculums.
There are more people who need to read this book than we can politely invite!

Occasionally I am asked if we need to keep putting on these seminars and
writing these books. After all, with more and more electronics being packaged in
the chip, won’t the board problems disappear? Won’t higher and higher levels of
circuit integration make PCBs obsolete?

I'love that question. I heard it the first time when the integrated circuit was
developed. I heard it again when the microprocessor was developed. And we hear it
every time there is another increase in system-level integration. My answer is
simple. Printed circuit boards are not going to diminish in importance in the future
for the same reason that they haven’t diminished in importance in the past. There
will always be a need to interconnect devices on some sort of physical surface.

ACKNOWLEDGMENTS

There are a great many people who have contributed to this book in some
way or another. Pete Waddell and his team have been great to work with through
the years on both the article and the seminar levels. I have been very grateful to
have met and come to know many of the leaders in our field—wonderful colleagues
who learn from each other and who have a lot of fun together. People like Glenn
Wells and Gary Farrari have been inspirations as I have watched how much they
have given back to the development and growth of new designers starting out in our
field. Glenn, in particular, seems to be everywhere in our industry—classroom,
seminar room, college administrator’s office pounding the desk for more funds for
program development, Top Gun contestant, and Top Gun program coordination. I
am honored to count him as a friend and I appreciate the help he has given me with
this book during the various phases of its development.

My partner, Dave Graves (himself a Top Gun award winner) has been in-
valuable in his review of my seminar materials and article drafts as they have been
prepared through the years. He has often been the first to see something as it was
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being created, and I can’t tell you how many times I’ve gone back to the drawing
board when his response was “I don’t get this! What are you trying to say?”
Everything is better because of his reviews and support (and numerous contribu-
tions).

I would also like to acknowledge three vendors who have been especially
generous with their support for my article and seminar activities through the years.
Mentor Graphics, HyperLynx (now a part of Mentor), and Polar Instruments have
offered licensing and technical support whenever asked. And I appreciate the fact
that they have offered that support without ever trying to exert any type of control
over any of the ways that support was being used.

I’ve enjoyed preparing this book and have mixed emotions now that it is
finished. But there are a couple of people who are really happy this project is finally
finished, particularly my (nontechnical) wife. She has been wondering what all this
fuss has been about, but is glad that I finally can think and talk about other things.

Finally, I am grateful that Bernard Goodwin at Prentice Hall decided to
publish this. Going through the process of preparing a manuscript for formal
publication with Bernard and with Wil Mara has been a real learning experience for
me. I hope you, the reader, determine that it has all been worthwhile.



PART 1

BASIC CONCEPTS

Charles Augustin de Coulomb is credited with Coulomb’s Law (1785) re-
garding positive and negative charges. In the century between that and the publica-
tion of James Clerk Maxwell’s Equations in 1873, the knowledge of electronics
expanded rapidly. This Part 1 covers the basic concepts of electronics. It starts with
perhaps our most fundamental definition: Current is the flow of electrons. It ends
with impedance as a complex function with both magnitude and phase shift. Along
the way we discuss many fundamentals: the nature of resistance, capacitance, and
inductance; combinations of these components; fundamentals of waveforms; simple
circuits; and time constants. The objective is not to turn you into an engineer. This
part is not that complete. But the objective is to give you the fundamental back-
ground you will need to understand the concepts discussed in Part 2.



1 ELECTRONIC CONCEPTS

CURRENT

Current is the flow of electrons.

That is a great sentence. But its simplicity belies its importance and signifi-
cance. Almost every fundamental definition in electronics is based on this one, and
almost every problem in signal integrity has its basis in the flow of electrons, espe-
cially if that flow changes rapidly. If I were to identify the two most important con-
cepts in this book, this would be one of them. (The other would be Ohm’s Law.)

So, let’s look at this thing called an electron. In the early 1900s a model of
the atom was developed that consisted of a nucleus, containing protons and neu-
trons, and one or more outer shells containing electrons (Figure 1-1). It is called a
planetary model because it resembles a central star with planets circling around it.
The protons are positively charged and the electrons are negatively charged. Since
the net charge must (in a stable state) be zero, there must be an equal number of
protons and electrons in any atom. The atomic number of an atom represents the
number of protons in the nucleus (which also represents the number of electrons),
and the atomic weight of an atom is the sum of the protons and neutrons in the
nucleus.

/

Figure 1-1 Planetary model of an atom.
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We picture electrons as circling in shells, or orbits, around the nucleus.
Shells have a maximum number of electrons they can hold. The innermost shell, for
example, can only contain a maximum of two electrons. As one shell, or orbit, fills,
electrons start occupying the next shell. (In fact, these shells are more like energy
states than physical positions, but we don’t know how to draw pictures of energy
states.) Thus, hydrogen, the most basic element, has one proton and one electron. It
has an atomic number of one. Its electron exists in the innermost shell. Helium has
two protons, two electrons, and an atomic number of two. Its electrons completely
fill the innermost shell. Lithium, with an atomic number of three, has three protons
and three electrons. Two of those electrons occupy the innermost shell, and the third
one occupies the next higher shell.

If you are familiar with the Periodic Table of the Elements, you are aware
that one way elements are grouped is by the number of electrons in an element’s
outer shell. We also know intuitively that gold, silver, and copper are among the
very best conductors of electricity. We might ask what makes these three elements
so special. Well it happens that among the things these three elements have in
common is that they (a) are metals, (b) they are solids at normal temperatures, and
(c) they each have only a single electron in their outermost shell.

We can think of a single electron in the outermost shell as being loosely
held by the nucleus and being easily dislodged by external forces. Remember the
rule that like charges repel and unlike charges attract. If an external electron were to
somehow approach an atom with a single electron in the outermost shell, it might
easily dislodge and repel the atom’s outer electron and replace it.

Now, let’s say we had a whole bunch of copper atoms, stretched out in a
wire. We “put” an electron into one end of the wire (perhaps by using a battery).
That electron might dislodge the outer electron belonging to the first atom and re-
place it. That atom’s electron, now free, might move along and replace the next
atom’s outer electron, and so on. When we finally get to the last copper atom in the
wire, that atom’s electron must have a place to go if it is to be replaced. If we have
connected a battery at both ends of the wire, this last electron will flow back into
the battery. If we have not connected the battery to both ends of the wire, there is no
place for the last electron to go. Since there is no “room” for it, the process will
immediately stop and no (current) flow occurs.

This very simple illustration already highlights three points:
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1. This movement of electrons constitutes current.

2. Current must have a place to go; that is, it must flow in a loop. If there is
no connection at the far end of the wire, there is no place for the
last electron to go. Electrons will instantly build up and block the
flow of any additional electrons into the wire. Electrons can only
flow along the wire if there is a connection at both ends of the wire.

3. Batteries consist of a chemical process that provides a source of electrons
at one terminal, and a corresponding shortage of electrons at the
other terminal. Thus, a battery can push an electron in one end of a
wire, as long as it receives an electron at its other terminal.

A common misconception is that the electron that goes in one end of a wire
is the very same one that comes out the other end. As the illustration above sug-
gests, this is not true. It may take a very long time (even hours) for an individual
electron to travel through a wire. As an analogy, picture a very long train tunnel
filled with identical cars moving through it. As one car enters the tunnel, another
(identical) car leaves. There is a flow rate we can measure in terms of cars-per-unit-
time; each time one car goes in, one car goes out. But it may take a very long time
for the individual car that just went in to finally emerge at the other end.

In truth, neither illustration is exactly correct. The electrons do not move
from atom to atom. They may skip over several atoms before they dislodge and re-
place another electron (see Figure 1-2). In crystalline copper, the overall average
length of travel of an individual electron is approximately four atoms.

CHARGE

The fundamental unit of measure of charge is the coulomb (named for
Charles Augustin de Coulomb. (See the note at the end of this chapter for a list of
names and lifetimes of significant people in the development of electronics.) One
coulomb is defined as the combined charge of 6.25 x 10'® electrons. One amp of
current (named for Andre Marie Ampere) is defined as the flow of one coulomb of
charge in one second of time. Thus, a current of one amp is the flow of 6.25 x 10'®
electrons passing one point in one second. This is the core definition in electronics.
Everything else is derived from it. (See the summary of definitions at the end of this
chapter.)
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Figure 1-2 Electrons can dislodge and replace
those in adjacent atoms.

Charge has polarity. Electrons have negative charge. Protons have positive
charge. But charge is also a relative concept. Another way to have positive charge is
to have a shortage of, or fewer, electrons. (We will later learn that as electrons flow
onto one plate of a capacitor, electrons flow away from the other plate. Thus one
plate has a positive charge relative to the other one. But both plates could be nega-
tively charged with respect to a third plate with still fewer electrons.) Coulomb’s
Law states that like charges repel each other and unlike charges attract each other,
with a force that is inversely related to the square of the distance between them.
Two electrons, for example, will repel each other.

VOLTAGE

Voltage is a force. It is the force of voltage that causes electrons to flow
(current). It is easiest to think of voltage as being a buildup of charge. For example,
if we had a bunched-up “ball” of electrons, each with a negative charge, they would
generate a force that would try to move themselves away from each other (since like
charges repel each other). The magnitude of this force (the voltage) would be di-
rectly related to the number of electrons bunched together.

We often use hydraulic analogs to help us visualize voltage and current.
Picture water flowing through an ordinary garden hose. It will flow out just a little
way from the end of the hose. That is analogous to current flowing through a wire.
There is only a little pressure built up in the hose, mostly caused by friction. The
bigger the hose, the smaller the friction, and the closer the water will fall to the end
of the hose.
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Now put your thumb across half the end of the hose. You are impeding (as
in impedance) the flow of the water. Pressure builds up against your thumb. This is
analogous to voltage building up. The impedance causes a smaller flow of water
(smaller current), but the pressure increases and causes the water to squirt further
away from the end of the hose.

Using your thumb, now cover three-fourths of the end of the hose. A
smaller amount of water (current) flows, but it squirts out further because of the
increased pressure (voltage). If you tried to cover the end of the hose completely
with your thumb, you probably couldn’t. Few of us have enough strength in our
hands and thumbs to completely counteract the pressure of the water.

This example intuitively points out that there is a relationship between im-
pedance (your thumb), current (water flow), and voltage (pressure). Increasing the
impedance results in less current and/or higher voltage.

Voltage is the “push” behind current. There are only a few ways we can
create voltage sources. One way is to build a supply of electrons on a cathode and a
“shortage” of electrons on an anode of a battery through chemical action. The dif-
ference in charge creates the force we call voltage. If we connect a circuit between
the anode and cathode of a battery, current will try to flow through the circuit. An-
other way to create voltage is to use changing magnetic energy to “generate” the
force to move electrons (the principle behind a generator or a transformer). We can
temporarily store energy (voltage) in something like a capacitor. Fuel cells, photo-
cells, and thermocouples can convert other forms of energy to voltage or current.
And we can accidentally generate voltage simply by walking across a carpet (static
electricity.)

We generally think of “high” voltage as being dangerous and “low” voltage
as being safe. But this is not always true. Sometimes at fairs or magic shows there is
equipment that will give us a one-million-volt shock without harm! And you can
seriously burn yourself around a 12-volt car battery if you accidentally short the two
terminals. It is power, the combined effect of voltage and current, that is dangerous,
not necessarily just voltage by itself.
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DIRECT AND ALTERNATING VOLTAGE AND CURRENT

We generally think of current and voltage as either direct current (DC) or
alternating current (AC). DC voltage holds a steady value and DC current flows at a
constant rate in a single, constant direction, at least during the relevant time of con-
sideration. AC voltage and current change with time. We usually think of these
changes as going in one direction, + (positive) voltage or current, to the opposite
direction, — (negative) voltage or current, and then going back in the first direction
again. But that does not always have to be the case. AC voltage could, for example,
simply change from one positive level to another positive level. We also tend to
consider these changes as being periodic, or repetitive. But the changes could also
be random. (See the note at the end of this chapter about which direction the elec-
trons flow.)

Figure 1-3 illustrates two typical classic AC waveforms. These are sine
waves and they are fundamental to the analysis of what happens in electronic cir-
cuits. The signal grows to a positive peak and then starts to decline in magnitude
until it crosses over the horizontal axis. At that time, the signal reverses itself and
becomes negative. It grows to a negative peak and then declines in (negative) am-
plitude until it crosses the horizontal axis and reverses itself again. It continues in
this fashion indefinitely.

Figure 1-3 Two typical voltage sine waves.
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The formula for a sinusoidal voltage waveform in its simplest form is
V=Axsin(360x fxt)

where A is the amplitude of the waveform, 360 is the number of degrees in a cycle,
f is the frequency of the waveform in Hertz (cycles per second), and t is time in sec-
onds.

An AC waveform is characterized by three measures, its frequency (f), its
amplitude (A), and its phase (®). Thus, a more general description of a simple volt-
age waveform might look like this:

V=Axsin(360x fxt+©®)

Perhaps you recall from high school geometry that a sine wave and a cosine
wave are shifted from each other by 90 degrees. That is, sin(x) = cos(x — 90), or
sin(x + 90) = cos(x). We say a cosine waveform is shifted 90 degrees akhead of a
sine waveform (the sine wave doesn’t reach the same value as the cosine wave until
90 degrees later). In this instance we say that the cosine waveform leads the sine
waveform by 90 degrees or that the sine wave lags the cosine wave by 90 degrees
(see Figure 1-4). In this illustration, the phase shift, ®, between a sine and a cosine
waveform is 90 degrees. Phase shift is an important concept in impedance, as we
will see in Chapter 7.

Sine wave Cosine wave

14

Figure 1-4 A 1-Hz cosine wave leads a 1-Hz sine wave by 90 degrees.
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Phase shift, @, is relative. So we always need to know what the arbitrary
reference point is when we are using formulas like this. Often, but not always, the
reference phase (where ® = 0) is that of the driving voltage or driving current signal
in our circuits. Then we speak about other voltages and currents being shifted in
phase from this reference.

A sine wave is symmetrical around the horizontal axis. So, although it has a
peak value (equal to A = 1.0 in Figure 1-4) and a peak-to-peak value (equal to 2.0,
from —1.0 to +1.0, in Figure 1-4), its average value through time is zero.

A sinusoidal (really trigonometric) waveform is a naturally occurring wave-
form in nature. A bouncing ball can be described by such a waveform. Oceanic tidal
action is described by a combination of such waveforms. The motion of planets
around stars is described by such waveforms. The flow of AC currents is described
by such waveforms. And the mathematics of calculus deals nicely with such wave-
forms. The problem is, the shapes of the signals in our circuits are usually not de-
scribed by such waveforms (at least not directly). For example, a clock square wave
doesn’t look very “trigonometric” and a simple audio waveform, Figure 1-5, is de-
cidedly not periodic!

Figure 1-5 Picture of a nonperiodic audio waveform.
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HARMONICS

Let’s say we have a signal with a certain frequency and that we can de-
scribe that waveform by the relationship

V = sin(x)
where x is a measure of frequency.

Then a waveform whose shape is given by the formula V = sin(2x) has
twice the frequency of the first waveform, and another waveform V = sin(3x) would
have three times the frequency. Figure 1-6 illustrates a signal and its third harmonic
(reduced in amplitude).

We can generalize this by saying that a waveform with shape V = sin(nx)
has a frequency n times higher than a waveform whose shape is V = sin(x). If the
waveforms are related to each other [perhaps the sin(nx) waveform was somehow
generated by the sin(x) waveform, or perhaps they were both generated by the same
source] then such shapes (waveforms) are called harmonics. Harmonics are simply
multiples of the base, or fundamental, frequency. In this case the sin(nx) signal is
called the nth harmonic of the fundamental sin(x) signal. Harmonics will become
very important later.

AV Fundamental Third Harmonic

Figure 1-6 A fundamental waveform and its third harmonic.
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MEASUREMENT OF AC VOLTAGE OR CURRENT

The measurement of DC voltage or current is straightforward. It is simply
the observed value. But the measurement of AC waveforms is a different matter.
Assume the waveform cycles around zero (the horizontal axis, see Figure 1-7). We
can’t use the average value, since that is always zero no matter what the peak value
is. The peak value (1.0 V in Figure 1-7) and the peak-to-peak value (2.0 V in the
figure) also are misleading, since that doesn’t take into consideration the “shape” of
the waveform.

RMS Value = .707

051

Average =90 Time

I \/.\/

Figure 1-7 RMS value in relationship to other measures of amplitude.

Instead, we use a measurement value for AC waveforms called the RMS
value. RMS stands for Root-Mean-Square. Conceptually, we find the RMS value by
breaking up the waveform into a large number of small sections, and then (a) squar-
ing the amplitude of the waveform for each section, (b) calculating the mean value
of all of these squared vales, and (c) then taking the square root of this mean value.
Mathematically we represent the RMS value of a waveform with this formula:

RMS= /—l—isinz(n) [1-1]
n-
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The RMS value of a 1.0-V sine wave as shown in Figure 1-7 works out to
be .707 volts. In general, the RMS value of a sine or cosine waveform is .707 times
the peak value. That means that the 117-volt AC waveform in our homes has a peak
value of 117/.707 = 165.5 volts and a peak-to-peak value of 231 volts.

The true RMS value of any waveform actually relates to power. Suppose
we applied the sine wave voltage waveform in Figure 1-7 across a resistor. The
RMS value is the equivalent DC voltage that would generate the same power (i.e.,
heat) in the resistor. Thus, a DC voltage of .707 V across a resistor will heat the re-
sistor exactly the same amount that a = 1.0 V sine wave would.

But this value, .707, is only the true RMS value for a sine wave. What if the
waveform were a different shape? What if the waveform were random? The audio
waveform shown in Figure 1-5 seems pretty random when you look closely at it.
How could we then measure its RMS value?

A simple AC meter measures AC waveforms accurately only if they are
sine waves. The meters typically rectify the AC waveform and are then calibrated to
apply a fraction to the peak value or to the average value of the rectified waveform.
But this technique only works when the shape of the waveform is known to be sinu-
soidal. There are really only two primary ways to measure the “true” RMS value of
a nonsinusoidal waveform. In the past, so-called “true” RMS meters often applied
the test voltage across a resistor and measured the heat generated, inferring the
RMS value that way. More recently, with improved calculational power, we can use
microprocessor-based instruments to actually do the calculations in Equation 1-1.

Even today, meters that do not expressly indicate that they are true RMS
meters probably only measure AC voltages accurately if the waveforms are
sinusoidal.

FREQUENCY, RISE/FALL TIMES, AND PERIOD

Frequency is the measure of how many times the current cycles through a
change in direction in one unit of time (usually one second). Thus, the dotted curve
in Figure 1-3 illustrates a higher frequency wavelength than does the solid line
waveform in that figure. If the horizontal axis in the figure represents seconds, then
the solid waveform in the figure has a frequency of one cycle per second (or |
Hertz) and the dotted waveform has a frequency of 3 Hertz. We now commonly see
waveforms on our circuit boards with frequencies in the range of hundreds of mil-
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lions of cycles each second (hundreds of MHz) and sometimes much higher. That
means the AC waveform, or the current, is cycling back and forth, or changing di-
rection, hundreds of millions of times each second!

It is a common misconception that frequency is the issue in high-speed de-
signs. As we will learn in this book, it is #ise time that is the real culprit. Figure 1-8
illustrates two waveforms, one a sine wave and the other a square wave. (The
square wave is representative of what we would like (even wish) our clock signals
to resemble) Each of these waveforms has the same frequency. But these two
waveforms have significantly different rise times.

Square wave Sine wave

<

Figure 1-8 Frequency versus rise time.

Rise time is normally defined as the length of time required for the wave-

form to rise from the 10% point on the waveform to the 90% point (Figure 1-9).
Occasionally you will see rise time defined between the 20% and 80% points. Fall
time is defined exactly the same way, the time for the waveform to fall from the
90% point to the 10% point. If you superimposed a sine wave alongside the rising
edge of a signal, as shown in Figure 1-9, it can be shown that the 10% to 90% por-
tion of a sinusoidal waveform is just about one-third the time for a complete cycle,
or period, T, of the waveform.

The time required for a single cycle is 1/f where f is the frequency. The
time for a single cycle is called the period (t). So a sine wave with a frequency of 1
MHz (one million cycles in a second) has a period of one-millionth of a second,
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Figure 1-9 The rise time of a pulse is approximately 30%
of the period of the underlying sine wave.

or | ps, or 1,000 ns. Therefore, the rise time of a 1-MHz sine wave is about one-
third of that, or about 333 ns.

You might ask why we refer to the 10% to 90% range of amplitude for rise
time and not the 0% to 100%. Or why some use the 20% to 80% measure for rise
time. The answer may be somewhat less than satisfying, but it goes like this: Al-
most all switching devices follow a switching pattern similar to that shown by the
rising line in Figure 1-9, but they may differ significantly in the very first or last
portions of their switching pattern. For example, one type of device may reach
100% very quickly, but another device may roll off as it approaches the 100% level,
and actually may not reach 100% for several moments (we sometimes say it may
approach 100% asymptotically). Switching devices might have quite different
switching patterns in the very beginning or ending stages of their switching range,
but usually all have quite similar patterns during their main transition. Therefore,
we use the 10% to 90% points of the switching range for the rise time measure in
order to compare “apples to apples.” Sometimes others may use the 20% to 80%
range because the beginning and ending parts of the switching range are a little
“broader” than other devices, or because they are engaging in “specsmanship” (the
20% to 80% range is shorter and therefore faster).

Suppose we have a voltage or current requirement in a circuit that changes
rapidly. For example, suppose we have a current requirement that goes from 0 mA
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to 10 mA within 1 ns. We can express this requirement as a “change in current di-
vided by a change in time,” or Ai/At (where A means change). If we consider the
relationship, Ai/At, and think of At being an extremely short period of time, then we
would mathematically express the relationship as di/dt (pronounced dee-eye-dee-
tee). The term di/dt is a calculus expression that means “the change in current di-
vided by the change in time as the change in time becomes vanishingly small,”—
that is, as At becomes really small! In really fast circuits, the term dt equates to the
rise (or fall) time of the signal. We will see later that it is this di/dt term that causes
the signal integrity problems.

We in the industry often simply use the term rise time generically to de-
scribe a circuit requirement. The reader should understand that fall time is equally
important. What is really important is the faster of the two. So when you read “rise
time” think “rise or fall time, whichever is faster.”

FREQUENCY MEASUREMENT

We actually can measure, or refer to, frequency in three ways. The most
common one is in cycles per second, or Hertz, often designated by the symbol “f.”
Thus, the waveform shown in Figure 1-10 has a frequency of 3 Hertz, or f = 3. This
is a very common measure of frequency. We can also refer to the number of degrees
the waveform goes through in one second. A sine wave completes 360 degrees in
one cycle, so in three cycles it completes 360 x 3 or 1080 degrees. Thus, the wave-
form in Figure 1-10 could be said to have a frequency of 360 x f or 1080
degrees/second. In general we could describe any frequency as 360 x
degrees/second. We almost never use this measure of frequency!

But there is a related measure of angular frequency we do use. We start by
dividing the circumference of a circle into radians. A radian is the angle formed by
a length along the circumference of a circle equal to the radius of the circle (Figure
1-11). Take a length equal to one radius and lay it along the circumference. Look at
the angle formed by the beginning and the end of this length (arc). That angle is
defined as a radian.
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Figure 1-10 Alternative ways of measuring the
frequency of a waveform.

One radian

@/

Figure 1-11 Definition of a radian.

The circumference of a circle is 2nr, where r is the radius. So if we ask how

many radians there are in a circle (360 degrees) the answer is:

Circumference/radian = 2nr/r = 2n.

So, 2n radians make up a cdmplete circle (360 degrees).

Since there are 2x radians in 360 degrees, there are therefore 2nf radians

completed by a sine wave in one second. This measure of frequency we do use in

electronics and it is given a special symbol, ®, as shown in Equation 1-2.

o=2nf [1-2]
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This measure of frequency is called the angular frequency and shows up in
a great many formulas used in electronics. It measures the number of radians a sine
wave goes through (completes) in one second.

ComMPLEX WAVEFORMS (FOURIER ANALYSES)

We will find later in this book that there are only three types of passive
components we have to worry about on our boards and in our designs, resistors,
capacitors, and inductors. Each type of component offers an impedance to the flow
of current. For a resistor, this impedance is simply a matter of the value of the resis-
tor’s size. But for capacitors and inductors, the impedance is a function of both the
component’s size and the frequency of the waveform that interacts with the compo-
nent. So an inductor, for example, offers higher impedance as (a) its size increases
and as (b) frequency goes up. (We will discuss the specifics of this in Chapters 5
and 6.)

What is not often stated, but is just generally understood, is that frequency
in this context refers to a specific sinusoidal waveform of a single frequency, not
something more complex. So when we say the impedance of a circuit is such-and-
such a value at 1 MHz, we mean at a 1-MHz sine wave, not, for example, a 1-MHz
square wave. That, then, means that when we analyze the performance of a circuit
(using the basic formulas) we can do so only at a specific frequency and for a spe-
cific waveform (sinusoidal). This raises an interesting question: How do engineers
analyze circuits when there are more complex waveforms?

The real answer, of course, is beyond the scope of this book. But in this part
of the book I outline the basic approach that is used. Then, when you understand
that, you will begin to understand some of the other subtleties we will talk about
when discussing high-speed design issues.

There is a very important theorem in electronics called Fourier’s Theorem.
It forms the basis for many higher order analyses. It goes like this:

Fourier’s Theorem: Every signal or curve, no matter
what its nature may be, or in what way it was originally obtained,
can be exactly reproduced by superposing a sufficient number of
individual sine (and or cosine) waveforms of different frequencies
(harmonics) and different phase shifts.
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This means that any waveform (in theory it must be a repetitive waveform,
but in practice we often wink at that requirement) can be reproduced by superim-
posing a sufficient number of sinusoidal waveforms at higher frequency harmonics.
So, we take a look at our input waveform of interest (perhaps a video signal, per-
haps a complex digital signal formed by a series of square waves and pulses) and
reproduce it with a series of sinusoidal waveforms (which Fourier’s Theorem says
we can do). Then we analyze the performance characteristics of our circuit for each
one of the individual sinusoidal waveforms. Finally, we add up (superimpose) all of
these results to get the combined result of the circuit to our input waveform.

Conceptually, this is simple and straightforward. From a practical stand-
point, this is unmanageable, particularly since some waveforms (such as a square
wave) require an infinitely long series of harmonically related terms. The way it is
actually done involves very complex calculus and higher order transforms. But we
don’t have to deal with the complexities of how it is done. We simply need to un-
derstand that it can be done. Then we can appreciate the implications.

Let’s look at some examples. A square wave is not a natural waveform that
exists in nature. We can use a Fourier transform, however, to represent it as an infi-
nite series of cosine or sine waves. One form of a square-wave series is as follows:

Square(0) = Cos(0) - Cos(36) + Cos(36) _ Cos§70) +etc [1-3]

3 5

Each component (term) in the series shown in Equation 1-3 represents a
harmonic of the fundamental frequency, ®. As it happens, a square wave, when rep-
resented by this cosine series, only contains odd harmonics. Figure 1-12 illustrates
what happens as we use progressively more terms (harmonics) to represent the
function. Each additional harmonic makes the resulting waveform look a little more
like a square wave.

Figure 1-13 shows an example of this same series carried out to 101 har-
monics (2 x 50 + 1). The example was created using Mathcad, a readily available
software package available from Mathsoft, Inc. If you have Mathcad software, you
can replicate this example on your own.

There is a demonstration program available on the UltraCAD Web site
called Square.exe. Instructions for using it are included in Appendix A. It allows
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you to explore this cosine series in some detail and see how various assumptions
affect the nature of the waveform.

Figure 1-12 As we add more harmonics to the series,
a better approximation to a square wave results.

S Wave: n
quare Vvave y(WD) = z "™ cos[(2n+ 1)-wi]

(2n+1)
n=0

1_* T IVP_______.

y(wy O~ »

1 |
0 5 10 ‘ 15

wt
Figure 1-13 Fourier series for a square wave
carried out in Mathcad.
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Figure 1-14 illustrates various series for forming some other standard wave-
forms. What is instructive here is that any waveform can be “decomposed” into a
series of sinusoidal harmonic terms that can then (at least conceptually) be indi-
vidually analyzed, then summed, to determine the response of a circuit. Again, con-
ceptually this is straightforward. In practice it can be quite difficult and involves
very complex math and calculus.

If you understand this so far, then you can appreciate that there is a very
significant implication of this for board design. Digital logic circuits deal with sig-
nals that look a lot like square waves. If we put a square wave onto a trace at one
end, we want to get a square wave at the other end. That means our boards must be
designed to handle not only the fundamental frequency of our digital signals, but
also all of the higher order harmonics that are contained within it. Figure 1-12 sug-
gests we want to be able to handle at least the tenth or fifteenth harmonics. So if we
are dealing with a 10-MHz clock square wave, we need to be able to handle fre-
quency harmonics up to at least 100 or 150 MHz. This is why we say it is not the
(clock) frequency that matters, it is the rise time of the waveform and the harmonics
needed to reproduce it that are important.

The term bandwidth is used to describe this requirement. The bandwidth is
the range of frequencies we need to be able to deal with to faithfully maintain the
integrity of our signals. One way to look at bandwidth requirements is suggested in
the previous paragraph. Another way is suggested by Figure 1-9. Determine the
fastest rise time you will encounter on the board and then determine the bandwidth
requirement from the formula in Equation 1-4:

bandwidth (Hertz) = .3/rise time [1-4]
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Figure 1-14 Fourier series for three common
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Chapter Endnotes

DIRECTION OF CURRENT FLOW

There is a point that I will mention once, here, and then we won’t mention
it again. I believe it was Benjamin Franklin who stated that current flows from posi-
tive to negative. And we have followed that convention ever since. But current is
the flow of electrons, and electrons are negatively charged little critters that flow
toward positive charges (or, perhaps more accurately, toward the absence of nega-
tively charged particles). So electrons (current) flow from negative to positive, not
from positive to negative! This anomaly has been with us since the beginning of
electronic study and is usually ignored. We always use the convention that current
flows from positive to negative, and the only time in my career when this has truly
been an issue is when I have studied semiconductor theory, where the behavior of
electrons is really at the heart of what is happening. So, if it ever does confuse you
that there seems to be a contradiction here, well, Benjamin Franklin made at least
one mistake in his life, and that has stuck with us for all time since!
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SOME STANDARD SYMBOLS USED IN ELECTRONICS

Prefix = Symbol Exponent Multiplication Factor
exa E 18 1,000,000,000,000,000,000
peta P 15 1,000,000,000,000,000 .
tera T 12 1,000,000,000,000
giga G 9 1,000,000,000
mega M 6 1,000,000
kilo k 3 1,000
hecto h 2 100
deca da 1 10
(unit) 0 1
deci da -1 ‘ 0.1
centi c -2 0.01
milli m -3 0.001
micro u -6 0.000001
nano n -9 0.000000001
pico p -12 0.000000000001
femto f -15 0.000000000000001
atto a -18 0.000000000000000001
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SOME FUNDAMENTAL DEFINITIONS

They start with the electron or the flow of electrons:

1 amp = flow of 1 coulomb/sec
where 1 coulomb = 6.25 x 10'® electrons

1 volt = (Electromotive) force (EMF) between two points for which a flow
of 1 amp will generate 1 joule of energy (work)

1 watt = rate (power) at which work is done (joules/second)
=voltx amp (Note: 1 horsepower = 746 watts)

work = joule = power x time = watt X time
(At home we pay for work in kilowatt-hours)

1 ohm = resistance that allows 1 amp to flow at 1-volt EMF
1 farad = storage of 1 coulomb of charge that will generate 1-volt EMF

1 henry = inductance that will cause an induced voltage of 1-volt EMF
when the inducing current is changing at 1 amp/second
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IMPORTANT NAMES IN ELECTRONICS

Name Life Span Symbol  Attribute
Charles Augustin de Coulomb 1736 — 1806 C Charge
Andre Marie Ampere 1775 - 1836 A Current
Alessandro Volta 1745 — 1827 v Potential
James Prescott Joule 1818 — 1889 J Energy, work
James Watt 1736 — 1819 \' Power
George Simon Ohm 1787 — 1854 w Resistance
Michael Faraday 1791 - 1867 F Capacitance
Joseph Henry 1797 - 1878 H Inductance
Nikola Tesla 1857 - 1943 T Magnetic flux

density
Hans Christian Oersted 1777 - 1851 Oe Magnetic field
intensity
Wilhelm Eduard Weber 1804 — 1865 Wb Magnetic flux
Others:
Carl Friedrich Gauss 1777 - 1855
Gustav Robert Kirchhoff 1824 — 1887
Heinrich Friedrich Emil Lenz 1804 — 1865
James Clerk Maxwell 1831 - 1879
E. L. Norton 1926*
M. Leon Thevenin 1857 - 1926

* Date Norton published his theorem
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PROPAGATION SPEED

E lectrical signals traveling along a wire or trace in the air travel at the
speed of light, 186,280 miles per second (which, if you do the arithmetic, works out
to 11.8 in/ns). That speed is equivalent to 7.5 trips around the Earth’s equator in one
second. Yet we need to worry about how fast these signals travel along traces on
our boards! That is pretty amazing when you think about it.

Consider this experiment: String a copper wire in the air across a lake and
measure the time it takes a signal to travel from one end of the wire to the other end.
Now lower the wire into the lake and measure the signal propagation time again.
What do you think happens to the propagation time?

When a current flows along a wire or trace, it generates an electromagnetic
field around the conductor. There are two components to this electromagnetic field,
an electrical field and a magnetic field. The electrical field originates with the
charged electrons. It radiates radially out from the conductor with a strength that
decreases with the square of the distance from the conductor. The magnetic field
originates from the motion of the electrons along the conductor. There is no mag-
netic field if there is no motion (current), and the strength of the field changes with
the magnitude of the current. The magnetic field radiates around the conductor, with
a polarity that depends on the direction of the current, and with a strength that is
inversely related to the square of the distance from the conductor.

The electromagnetic field and the current must move together. The current

can’t move out in front of the fields. The magnetic field can’t move out in front of
the electric field. It turns out the issue is not how fast the current (electrons) can

27
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flow through the conductor. The issue is how fast the electromagnetic field can flow
through the medium it flows through, the medium around the wire.

All materials have a characteristic called the relative dielectric coefficient
(e0). It is a measure of the material’s ability to store charge. It is called relative be-
cause it is referenced to the dielectric coefficient of air (really that of a vacuum, but
the difference between air and a vacuum is so small that only astronomers care). Its
relevance here is that the speed with which an electromagnetic field can travel
through a material is equal to the speed of light divided by the square root of the
dielectric coefficient of the material. Therefore, the propagation speed (in in/ns) of a
signal is given by the formula in Equation 2-1:

Propagation Speed = 11.8/ \/:9— in/ns [2-1]

r

So, back to our illustration of the wire dropped into the lake. The issue is
not how fast the electrons can travel through the copper wire, the issue is how fast
the electromagnetic field can travel through the water. The relative dielectric coeffi-
cient of water is approximately 80 (depending on its purity). The square root of 80
is approximately 9. So the signal will slow down when the wire is lowered into the
water by about a factor of 9.

PROPAGATION TIMES

It is easy to confuse propagation speed and propagation fime. Propagation
speed is velocity. Its units are distance per unit time. Propagation time is, well, time.
A related measure, wavelength (the distance a signal travels in one complete cycle),
will be discussed later in this chapter. We express propagation time either in units of
time (e.g., nanoseconds), or as units of time per unit length (e.g., nanoseconds/inch).
Propagation time (expressed as time per unit length) is the inverse of propagation
speed. That is:

Propagation Time (per unit length) = 1/Propagation Speed, or
Propagation Time = Length/Propagation Speed

For example, if an electrical signal in a copper wire in air travels at the
speed of 11.8 in/ns, then it propagates down the wire at 1/11.8 or .085 ns/in.
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TRACE CONFIGURATIONS AND SIGNAL PROPAGATION

Figure 2-1 illustrates various trace configurations designers usually work
with when designing high-speed boards. Most boards in situations where signal in-
tegrity is an issue have internal planes (as will be seen in almost every chapter in
Part 2, “Signal Integrity”). From a signal propagation standpoint, traces that are lo-
cated between two reference planes are considered to be in a stripline environment,
regardless of whether the actual environment is a simple, centered, dual, offset, or
asymmetric stripline configuration. A trace with a reference plane on only one side
is considered to be in a microstrip environment.

(a) E é % ; (b)
(c) (d) (e)
Figure 2-1 Common trace configurations on PCBs: microstrip (a),

embedded microstrip (b), stripline (c), dual stripline (d), and
asymmetric stripline ().

A microstrip trace might simply be an external trace with air above it and
board material between it and an underlying plane. An embedded microstrip trace
has board material above the trace, also. This would particularly be the case if there
were two external trace layers above the plane. At least the traces on layer 2 would
be embedded microstrip traces. A coated microstrip trace would be one with board
material between it and the reference plane, and with an additional material coat
above the trace. The additional coat could be a variety of materials, including solder
mask, conformal coating material protection, and so on.

We generally consider the material surrounding a trace in a stripline envi-
ronment to be homogeneous (uniform). In fact, we usually specify it to be this way.
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Therefore, the propagation speed of a signal in a stripline environment is dependa-
bly expected to be as described in Equation 2-1:

Propagation Speed = 11.8/ \/; in/ns

r

Actual experience generally only varies from this calculation if the &, is not
as expected or if the material is quite nonuniform. Since the relative dielectric mate-
rial of FR4 is approximately 4, and since the square root of 4 is 2, the propagation
speed of a signal in a stripline environment is often consideredtobe 11.8/2=6
in/ns, a rule we are all pretty familiar with. If we want to be more precise in our cal-
culations, then we have to know the relative dielectric coefficient of the material we
are using more precisely and plug that value into Equation 2-1.

The microstrip environment is more problematic. The material surrounding
the trace is not uniform. In the simplest case it is air above the trace and dielectric
below the trace. In more complex cases the dividing line between the dielectric and
the air might not be precisely uniform, and there may be more than one type of ma-
terial involved.

Therefore, if you want to estimate the signal propagation speed in micro-
strip you need to estimate the effective dielectric coefficient of the material sur-
rounding the trace. There is a generally accepted rule of thumb for estimating the
effective dielectric coefficient that has been in use for over 30 years.' That estimate
is given in Equation 2-2:

€, =0.475¢ + .67 [2-2]

There are a couple of problems with this estimate. The most significant one
is that it is a constant. People have discovered that propagation time in microstrip is
a variable, and, all other things being equal, is a function of trace width and height
above the plane.

As trace widths get wider, propagation speed slows down! The reason for
this is that as traces widen, a larger percentage of the field lines between the trace
and the plane is contained within the dielectric. In the limit, with infinite trace

"There are numerous places where this equation can be found. See for example, IPC-D-
317A, Design Guidelines for Electronic Packaging Utilizing High-Speed Techniques, p. 18.
The reference given for this formula is H.R. Kaupp, “Characteristics of Microstrip Trans-
mission Lines,” IEEE Trans., Vol EC-16, No. 2, April 1967.
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width, virtually all the electromagnetic field is contained within the dielectric. In
this case, the microstrip trace really looks very much like a stripline trace.

Microstrip propagation speed also slows down as the trace gets closer to the
plane, for the same reason. A greater percentage of the field lines are contained
within the dielectric than in the air. Brooks has shown that a much better estimate of
propagation time in microstrip can be obtained by expressing propagation time in
microstrip as a ratio of the propagation time for a signal in a stripline environment
surrounded with the same dielectric material. He generates a formula for estimating
this ratio.” The propagation time for a microstrip trace will never be longer than for
a trace in a stripline environment surrounded by the same material. It will be
shorter, depending on how the electromagnetic field splits between the air above the
trace and the dielectric under the trace. His estimate for propagation time (in ns/in)
is as follows:

Propagation Time(Microstrip) = Br x Propagation Time(Stripline)

or,

Propagation Time = Br\/a /11.8 [2-3]

where:
Br = .8566 + (.0294)Ln(W) — (.00239)H — (.0101)e,
W= trace width (mils)
H = distance between the trace and the plane (mils)
g, = relative dielectric material between the trace and the underlying
plane
Ln represents the natural logarithm, base e.

The fraction, Br, can never be greater than 1.0. A microstrip trace can never
be slower than a stripline trace (surrounded by the same material). The formula was
derived for simple microstrip traces with air above the trace and dielectric material
underneath. Embedded and coated microstrip traces would have slightly higher frac-
tions (and slightly slower propagation times) than estimated here, subject to an up-
per limit of 1.0.

?Brooks, Douglas G., “Microstrip Propagation Times: Slower Than We Think.” Available
for download at www.mentor.com/pcb/tech_papers.cfim.
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CIRCUIT TIMING ISSUES

“Timing is everything” as the saying goes. In complex circuits we have sig-
nals on buses running everywhere. There are certain moments in time when those
signals must align exactly right. Just a few of those times might include:

1. The three colors of a video display (red, green, and blue) must arrive at a
receiver at the same time or the video picture will be distorted.

2. The two traces of a differential pair must be the same length so that the
two opposite signals arrive at the receiver at the same time or com-
mon mode noise may be generated (see Chapter 14).

3. The data lines must be present and stable at their respective gates when
the clock pulse triggers or there will be data errors.

Figure 2-2a illustrates what might happen if there is a timing problem.
Three signal lines are shown, the top slightly misaligned from the others. A clock
pulse samples the data state. The data signals don’t line up quite right, but the clock
signal still samples the data signals when they are all high or all low. In Figure 2-2b,
however, the top signal is so badly misaligned that it transitions during the time the
clock is sampling the data lines. In Figure 2-2b there will be data logic errors.

Ll
Iani N e
ﬁmﬁm

[€— Sample time {4— Sample time

(3 b

Figure 2-2 Circuits can tolerate slight differences in timing (a),
but if the differences in timing are too great,
sampling errors will occur (b).

Signals get misaligned for several reasons. One of them involves the de-
vices themselves. There is a throughput time for a signal to travel through a device.
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There are tolerances on output timing of devices, and circuits have different num-
bers of devices the signals propagate through. There are propagation delays on
traces themselves. Yet, at certain well-defined points and times in a circuit and sys-
tem, all the signals must align properly. The specification for this is the responsibil-
ity of the circuit design engineer. But making it happen can be the responsibility of
the board designer.

Board designers control signal timing with trace length. Multiplying the
propagation time (in units of ns/in) of a trace by its length gives the propagation
time of the signal down the trace. If we need the trace to be a specific increment of
time, then we adjust its length to make it so. This process is often called runing the
trace.

Adjusting timing this way requires two things, (a) a precise knowledge of
the propagation speed of the signal along the trace we are interested in, and (b) the
ability to adjust the trace length. We determine the propagation speed from the pre-
ceding discussion. Inherent in the determination is the knowledge of the relative
dielectric coefficient (&, ) of the material surrounding the trace. We cannot make the
trace shorter than the distance between its connection points, but we can make it
longer. The normal way to adjust trace length is to “snake” it.

Many of the higher end PCB design programs will automatically adjust
trace length once you give it the appropriate parameters. Figure 2-3 illustrates the
tuning editor from one of them. Note the variety of patterns the designer can spec-
ify. Figure 2-4 illustrates a portion of a board UltraCAD Design, Inc. has designed
that required a considerable amount of tuning.

Some engineers worry about EMI radiation that might be caused by tuning
patterns. In our experience we have seen no EMI issues from any type of tuning
pattern as long as (a) every trace is referenced to a signal plane, and (b) the tuning is
confined to stripline signal layers. Lots of traces are successfully tuned on micro-
strip layers (look at almost any computer motherboard), and we do so all the time.
But if you or your engineers have significant concerns about tuning causing EMI
problems, confining tuning to inner layers will almost always eliminate any possi-
bility of radiation.

It should be noted that there are some articles that suggest crosstalk be-
tween segments of tuning loops can interact with the signal propagation speed and
distort timing calculations. This is probably a concern at only the highest clock
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Figure 2-3 Tuning options from a PCB design software package.

Figure 2-4 Tuned traces on a circuit board.
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frequencies and is beyond the scope of this book. We have heard many people argue
about whether or not via length should be taken into consideration while calculating
propagation time. There does not seem to be a definitive conclusion in the industry
about this.

WAVELENGTH

The wavelength of a signal, A, is defined as the distance a signal travels dur-
ing one complete cycle (see Figure 2-5). In air, this is simply the speed of light di-
vided by the frequency in Hertz (Equation 2-4):

A=c/f [2-4]
where A = wavelength

= speed of light in units of length per second
f = frequency in Hertz

Distance
|" T A

Figure 2-5 Wavelength, A, is the distance the signal
travels in one complete cycle.

On circuit boards, we need to know the propagation speed of the signal on
the board before we can calculate wavelength. Then we would substitute that value
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for ¢ in Equation 2-4. For example, the wavelength of a 300-MHz (which is .3
cycles/ns) signal in an FR4 stripline environment (g, = 4) would be:

From Equation 2-1:
Propagation speed = 11.8/V4 =5.9 in/ns
Then from Equation 2-4:
A=59/(3) =19.7 in.

Wavelength is normally not an important parameter in board design. But it
arises in at least two types of discussions. The first is if we are designing a transmit-
ting antenna onto the board. (Note: Receiving antennas are not nearly as dependent
on wavelength as transmitting antennas are.) This might be the case for a cell
phone, pager, automotive door locking device, and so on. Transmitting antennas
tend to perform best when they are some (fractional) multiple of a wavelength.
Therefore, we need to know propagation speed in order to calculate wavelength and
therefore an optimum length for the antenna we are putting on the board.

Note that if we are designing an antenna onto the board and are concerned
about wavelength, then it is important that we specify the relative dielectric coeffi-
cient of the board material to be used in the fabrication of the board. In the case of
microstrip traces we must also specify the type and extent of any coatings that
might be used over the traces. Since propagation speed is dependent on relative di-
electric coefficient, we cannot be certain what the speed will be, and therefore the
wavelength of the signal, if we do not control the material. We control the material
through a material specification that is part of the fabrication drawing for the board.
More than one company has fallen into the trap of not controlling the material
specification and then wondering why the effective transmitting length or perform-
ance of their boards changes from production lot to production lot.

Another context in which board designers may see wavelength mentioned
relates to via spacing. In Chapter 9 we mention the concept of a Faraday shield in
the context of controlling EMI emissions from an inner layer of a board. Some peo-
ple advocate placing a row of vias along the edge of the board to trap EMI emis-
sions within the board. If so, then they usually recommend that the vias be spaced
some fraction of a wavelength (often 1/20).



3 ELECTRICAL COMPONENTS

THE THREE BASICS

When we think about all the challenging complexities of high-speed de-

signs, it is sometimes hard to believe how few components there really are in the
world of electronics. Are you ready for this? There are only three passive compo-
nents we will ever have to worry about in high-speed design issues. Only three!
They are (a) resistors, (b) capacitors, and (c) inductors. Virtually everything we en-
counter in board designs can be described and analyzed in terms of these three
components and their combination and effects.

To go with them, we may need an energy source. If so, we can consider it to
be either a pure current source or a pure voltage source (an example of a voltage
source might be a battery). And, as we will see later, the fundamental nature of in-
ductance is electromagnetic energy, which relates to EMI and crosstalk. But pure
energy sources are simple concepts, and electromagnetic energy is at the heart of
inductance. So this does not negate the statement that we need understand only
three basic passive components.

We usually consider semiconductor devices to be active components. But
even these, in steady state, can be analyzed in terms of a simple energy source and
just the three passive components, as we shall see. A clock driver or a logic gate at
its “one” or “zero” output level, for example, can be considered to be at a steady
state. (Note: A semiconductor device during switching between states, an amplifier
with varying input, and circuits with feedback—such as control loops—often, but
not always, are a little more difficult to analyze.)

37



38 Chapter 3

So why are high-speed design issues so difficult? Well, actually, they aren’t
so difficult if you really understand the behavior of the three basic components and
how they interact. The problem is that many people, even many degreed engineers,
do not really understand them. And that is a shame, because that single, simple truth
is in large part the reason for so much confusion and mystery about high-speed de-
sign problems.

This chapter focuses on the three basic components and their fundamental
natures. Hydraulic analogs are used as examples. The next chapters will cover their
electrical effects (resistance and reactance) and what happens when we combine
resistance and reactance to get impedance.

The discussions in this chapter relate to “ideal” components: ideal resistors,
capacitors, and inductors. Ideal components are “pure” components. That is, an
ideal resistor is a pure resistor with no (parasitic) capacitance or inductance associ-
ated with it. An ideal inductor has no resistance or capacitance associated with it,
and so on.

In reality, of course, no component is ideal or pure. But once we learn to
deal with these ideal components, and their combinations, we will then know how
to deal with more realistic situations (e.g., capacitors with lead inductance).

RESISTANCE

Remember, current is the flow of electrons. Electrons (typically) flow
through a wire or trace. A hydraulic analog would be water flowing though a pipe.
In order to “push” the electrons along a wire we need an energy source. Figure 3-1a
shows a battery as the energy source. Similarly, water needs a force to push it
through the pipe. Figure 3-1b shows a pump as the source of the force pushing wa-
ter through a pipe.

A resistor affects the flow of the electrons. (Of course, so do capacitors and
inductors.) Its effect is to impede (related to impedance) the flow. The analog would
be a crimp in the pipe that impedes the flow of water. A small crimp (resistance)
offers a little impedance to the flow, whereas a bigger crimp offers a lot of imped-
ance. A very large crimp (resistance) might almost stop the flow altogether.
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Figure 3-1 Resistance can be modeled by a crimp

in a hydraulic pipe.

A small crimp might allow a certain flow of water. A larger crimp would
reduce the flow and cause pressure to build up behind the crimp, effectively fighting
the pump pressure. If we wanted to maintain the same flow with the tighter crimp
(bigger resistance) we would have to provide more pump force (voltage) to over-
come the pressure backing up behind the crimp. Thus, there is a relationship be-
tween the size of the crimp (resistance), the flow of the water (current), and the
pump force (voltage).

OHM’s LAw

There is an extremely important formula that relates the flow of electrons
through a resistor. It is called Ohm’s Law (after George Simon Ohm):

V=ixR [3-1]
where V is the voltage force (in volts)
i is the current (in amps), and
R is the resistance (in ohms, or Q)

Other variations on Ohm’s Law are:

i=V/R
R=Vi

Given any two values, the third can be calculated from Ohm’s Law. For ex-
ample, if V =5 volts and R = 1K (1,000 Q), then i will be 5 mA (.005 amps).
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This is perhaps the most important formula in the book! If there is only one
thing in this book you need to commit to memory, this is it. Absolutely anyone and
everyone in our industry needs to be able to write down and work with Ohm’s Law
without having to think about it.

There are a couple of simple observations we can make by looking at Fig-
ure 3-1. For example, the flow of water (and the current) must be the same at every
point in the pipe (or wire or trace). If this were not true, where would the electrons
or the water go? You can’t pump water out of a pump if you don’t have water com-
ing into the pump. And you can’t force electrons out of a battery if they are not also
flowing in.

Consider the potential impact if this were not true. If we could force elec-
trons out of the battery without returning them in the other side, then somewhere in
the circuit there would be a big buildup of electrons and somewhere else there
would be a big shortage. These two areas would then have large negative and posi-
tive charges, respectively. Then the two areas would really be hard to handle, at-
tracting or repelling lots of other things around them. We know intuitively that this
doesn’t happen. So, current flows in a loop, and when it does so it must be the same
everywhere in that loop.

We will see later that current might divide into branches, and we will dis-
cuss the laws relating to that at that time. But current in any branch is the same at
every point in the branch, and ultimately returns to its source.

A second observation relates to the forces around the loop. Consider the
voltage at the battery in Figure 3-1 (or the pressure at the pump). It is the same as
the voltage across the resistor (or the pressure across the crimp). If we were to go
around the loop and add up the voltages (or pressures) they would sum to zero. For
example, if we went clockwise around the loop the voltage across the resistor would
be +V and the voltage across the battery would be measured as —V (in a clockwise
rotation we would see the negative terminal of the battery first). This is a simple
illustration, but nevertheless it is a fundamental truth that voltages around even a
more complex loop must always sum to zero. Always. This is known as Kirchhoff’s
(Gustav Robert Kirchhoff) 2 Law (see Chapter 5).

Let’s now look at two resistors (crimps) in series (Figure 3-2). If one resis-
tor (crimp) is very large, very little will flow, regardless of how small the other re-
sistor is. For there to be a large flow, both resistors (crimps) need to be relatively
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small. We will see later that the effect of two resistors (crimps) in series is additive;
that is, the equivalent resistance, Req, is given by Equation 3-2.

Req=R1+R2 [3-2]
i -
= SMw (e (
R2 (V2) C

Figure 3-2 Hydraulic analog of two resistors
connected in series.

Of particular note, if R2, for example, is very much larger than R1, then the
equation for equivalent series resistance reduces to Equation 3-3. :

Req=R1+R2=R2 [3-3]

If we put two resistors (crimps) in parallel, as in Figure 3-3, the situation is
a little different. First, notice that the current out of the battery must equal the cur-
rent into the battery, as we discussed before, just as the water flowing out of the
pump must equal the water flowing into the pump. But the current (water) divides
into two branches. Since we can’t create current (or water) from nothing, the sum of
the current (water) in the two branches must equal the current (water) through the

battery (pump).

In these figures, there are two nodes: one at the top where the two branches
break off from the main line, and the other at the bottom. The current (water) into a
node must equal the current (water) out of the node. If this were not true, where
would the electrons (or water) come from or go?
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Also, since there can only be a single voltage (pressure) at a node, then the
voltage across R1 must be the same as the voltage across R2.

R1 R2
(i) (i2) P (

<

Figure 3-3 Hydraulic analog of two resistors
connected in parallel.

Now consider what happens if R1 and R2 are significantly different, say R1
is very much larger than R2. In that case, most of the current will flow through R2.
In fact, no matter how large R1 is, the effective resistance of their combination will
never be greater than R2. The equivalent resistance of their combination will be
smaller than R2 as R1 reduces in size. It is reasonably intuitive to see that if R1 =
R2, then the current through R1 will equal the current through R2 (since the voltage
across them is the same, and in fact equals V in this illustration.) If il =i2, then the
equivalent (single) resistor that looks like the parallel pair of resistors R1 and R2
(where R1 = R2) would be R/2. The formula for the equivalent resistance, Req, of
two parallel resistors is given by Equation 3-4:

1 _ RIR2
1 ., 1 RI+R2
R1 R2

Req = [3-4]

This is called the parallel combination of two resistors. We will see later
that a similar formula will apply to some combinations (not necessarily parallel
ones) of inductance, capacitance, reactance, and impedance.

Of particular note, if R2 is very much larger than R1, then the equation for
the equivalent parallel resistance reduces to Equation 3-5 (compare that with Equa-
tion 3-2).
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= RI [3-5]

CAPACITANCE

Capacitors are interesting devices. The hydraulic analog to a capacitor is a
storage device with two separate, nonconnected, sealed chambers (Figure 3-4). As a
pump forces the water around the pipe, water flows into the top chamber and is
pumped out of the lower chamber. At first, this happens with almost no impedance
to the flow. But as the chamber begins to fill, the pressure in it builds up, pushing
against the pressure of the pump and causing the flow of water to slow. When the
chamber fills, the pressure at the chamber equals the pressure at the pump and the

flow stops.
i —>
— V -~ C | [

Figure 3-4 Hydraulic model
of a capacitor.

A capacitor, in its simplest form, consists of two parallel plates placed
closely together. Actual fabrication techniques are, of course, more complicated
than this. But all capacitors, fundamentally, consist of two separate surfaces placed
very close together with a thin material placed between them.

When a voltage is applied to a capacitor (perhaps by connecting a battery
across its leads), electrons flow onto one of these plates. (Remember, the flow of
electrons is current.) Electrons flow off the other plate and back around into the bat-
tery. This preserves the condition that current is the same everywhere in the loop.
During the first instant, the flow is virtually unimpeded. But as the electrons begin
to build up on the plate, they start building up a charge that begins to resist the con-
tinuing flow of more electrons. Thus the flow starts slowing down. At some point,
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the charge buildup is great enough to stop any further flow, and all current stops.
The charge buildup is manifested by a voltage on the plate. The voltage increases as
more charge builds, and current stops flowing when the voltage equals the initial
voltage that was applied to the capacitor.

One key to understanding what happens with a capacitor is the recognition
that what happens is time dependent. (This is not true with resistance.) That is, when
current first starts flowing into a capacitor, there is no voltage across the plates (i.e.,
across the capacitor). There can be no voltage across the capacitor until charge
builds up on the plates. But charge can’t build up on the plates until charge (current)
has actually flowed into the capacitor. Since current must flow before a voltage ap-
pears, we say that current leads voltage. (Why this concept is important will become
more apparent when, later on, we see that the opposite is true with inductors; that is,
current lags voltage in the case of an inductor.)

Now, consider the hydraulic analog and think about what happens if we
turn the pump on in the forward direction for a moment and then reverse it, pump-
ing in the opposite direction. Water will start to flow into the storage tank, but if we
reverse the pump soon enough, negligible pressure will have built up. Then water
will flow in the reverse direction. Now if we reverse the pump again, quickly
enough, pressure will not build in the opposite direction either.

In this way, we can envision how it would be possible to have a pump that
continually reverses direction fast enough that water pressure cannot build up in the
tank. The flow of water in the pipes will look as though the storage tank were not
there. Of course it is, but the flow reverses so quickly that its effects are not seen.
We would see this same effect if the pump reversed more slowly, but the storage
tank was larger. But if the pump reversal was relatively slow, and the storage tank
was relatively small, then we would see the flow of water speed up and slow down
in different parts of the pumping cycle as pressure built up and then decreased
again.

So, the effect of the storage tank is a function of both the size of the tank
and the frequency at which we alternate the pumping cycle. Water will flow as if
the tank were not there if the tank size is very large or if the pump frequency is very
high. Otherwise, water flow will slow down, and might even stop, during part of the
cycle.

So it is with electrons and a capacitor. If a capacitor is very large, alternat-
ing current will flow virtually unimpeded, as if the capacitor were not there. If the
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frequency is very high, current will flow as if the capacitor were not there. It is not
that individual electrons are flowing around the loop; they are not. Individual elec-
trons cannot travel past the plate of the capacitor. But the flow of electrons past any
particular point will be the same as it would be if the capacitor were not present. On
the other hand, there will be significant impedance to current flow if (a) the fre-
quency is relatively low, or (b) the capacitor is relatively small.

Another way to think about this is to recognize how many electrons actually
flow during a half-cycle of an AC current. A 1-MHz waveform changes direction
10%times each second. Therefore, for the same magnitude of peak current
(charge/unit time), only one-millionth (10°°) as many electrons flow during the half-
cycle of a 1-MHz (10°) waveform as flow during the half-cycle of a 1-Hz wave-
form. Therefore, the voltage buildup on a capacitor will be substantially less for a
half-waveform of a 1-MHz signal than for a 1-Hz signal. Table 3-1 summarizes the
range of possibilities.

Frequency
High (Fast) Low (Slow) DC
Cap Big Lots of flow Some flow No flow
Small{ Some flow Very low flow No flow

Table 3-1 Capacitor size and frequency both affect
the flow of current.

Suppose we put two capacitors in parallel (Figure 3-5). If the value of one
capacitor is very large, then it almost doesn’t matter what the value of the other one
is. Even if the other capacitor is very small, almost zero, the overall circuit will still
behave as if there is a large capacitor in the flow loop. The flow will be determined,
first, by the larger capacitor. The effective capacitance of the two will be at least as
large as the larger of the two capacitors, and perhaps even more if the second ca-
pacitor is nearly the same size as the first.

In contrast, consider the case of two capacitors in series (Figure 3-6). Here,
the flow will be restricted by the smaller capacitor. The smaller capacitor will
charge up quickly (the smaller storage tank will fill up quickly) and flow will stop.
No matter how large the larger capacitor is, the flow will never be greater than that
allowed by the smaller capacitor. The total flow may be less if the other capacitor
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adds additional restriction (impedance to the flow), which would happen if it were
nearly as small as the first one.

i —>
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Figure 3-5 Hydraulic analog of two capacitors
connected in parallel.
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Figure 3-6 Hydraulic analog of two capacitors
connected in series.

For the parallel combination of capacitors, Ceq is given by Equation 3-6:
Ceq=C1+C2 36

Note that if, for example, C2 were very much larger than C1, the equivalent
parallel combination would reduce to Equation 3-7:

Ceq=Cl1+C2=z C2 [3-7]

For the series combination of capacitors, Ceq is given by Equation 3-8:
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1 _ ci1c2
1,1 c1+c2
Cl C2

Ceq= [3-8]

Note in Equation 3-8 that if C2, for example, were very large, the equation
would reduce to Equation 3-9

1 _ cc _ ciee _

1,1 c+c2
Cl C2

Ceq= C1 [3-9]

This illustrates how the smaller capacitor becomes the limiting one in this case.
Note that this is the opposite case from that of resistors (Equations 3-3 and 3-5).

The measure of capacitance is the farad (Michael Faraday). One farad of
capacitance will have a force of one volt across its plates when the capacitor stores
one coulomb of charge. (Remember one coulomb is 6.25 x 10'® electrons.) Recall
also that one amp is the flow of one coulomb of charge in one second. So, if one
amp of current flows for one second onto the plates of a one-farad capacitor, the
voltage across the plates will rise one volt, or:

AV=ixAt/C
Perhaps of more relevance, what if 1.0 mA flows onto the plate of a 10.0 uF

capacitor for 1.0 ms? Well, 1.0 mA (107) for 1.0 ms (10™) would move 107 cou-
lombs. A capacitance of 10.0 uF is 107 farads. So the voltage buildup would be:

V = charge/capacitance
=10"/10"° = 0.1 volts

CHARGE STORAGE

Suppose we charged a capacitor up to 10 volts and then disconnected it
from the circuit. How long would the capacitor hold the charge? Conceptually, a
perfect capacitor would hold the charge forever. In practice the charge would decay
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through time, primarily because of what we call leakage resistance. Almost all ca-
pacitors will slowly leak charge internally from one plate to the other. The mecha-
nism for how this happens is a function of the materials and the fabrication
processes used. The speed with which this happens is determined by the magnitude
of the leakage resistance, which is usually part of the specification for the capacitor
or capacitor family. Leakage resistance is usually quite high and not an issue in
high-speed designs except in very special cases.

If we had a charged, disconnected capacitor sitting on a workbench and
wanted to see how fast it was discharging (how fast the charge was leaking off), this
would be hard to measure. Most measurement tools (especially multimeters and
scopes) absorb charge during measurement, therefore affecting the very effect you
are trying to measure.

Certain metal-oxide-silicon (MOS) devices (e.g., some charge coupled de-
vices) use little silicon capacitors as “charge buckets” to store digital information.
Some devices can be designed to hold charge for a considerable time, allowing
them to function as nonvolatile memories (i.e., memories that don’t lose their in-
formation when the power supply is turned off).

A more serious consideration involves capacitors in high-voltage circuits
normally associated with CRTs, laser printers, and copiers. These capacitors may be
charged to many thousands of volts and may still hold this charge when the device
is turned off. Good safety practice is to place a very high resistance “bleeder” resis-
tor around such capacitors so that they will discharge safely within a few minutes.
For various reasons, these resistors may be missing or ineffective in any particular
circuit. Service personnel learn quickly (if they don’t already know) to be very care-
ful around such circuits when servicing them. An inadvertent shock from a highly
charged capacitor is, at a minimum, uncomfortable, and can very easily be quite
dangerous.

FORMULA FOR CAPACITANCE

The formula for capacitance is fairly straightforward (see Equation 3-10). It
is purely a function of the geometry of the plates and the material between the
plates. Some capacitors (e.g., ceramic ones) are made up of several layers of plates,
and the n — 1 term accounts for this.
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C(pF)=.2248x e, x Ax(n—1)/d [3-10]

where: g, =relative dielectric coefficient (air = 1, FR4 = 4)
A = area of each plate (in?)
d = distance between plates (in)
n = number of plates

Applying this formula to a PCB made from FR4 with &, = 4, 3-inches
square, and with power and ground planes spaced 10 mils apart would lead to a ca-
pacitance of

C=.2248x4x9x 1/.01 =809 pF

CAPACITANCE FUNCTIONS AND EFFECTS

The capacitance between closely spaced power and ground planes on a
good-sized PCB can be fairly significant. We will see later that this might be used
to our advantage in high-speed designs. If the planes are spaced further apart, how-
ever, the available capacitance drops quickly. We cannot just blindly assume the
capacitance formed by the planes will work to our advantage. Some conditions do

apply.

Capacitors provide several different important functions in a circuit. Their
ability to store DC charge and to offer relatively low impedance to alternating fre-
quency signals make them useful in power supply circuits and bypass applications.
We can think of them as functioning as little batteries here. Since they tend to block
DC but allow AC to pass, they are used to “couple” circuit stages together. The sig-
nal can pass from one stage to the next, but DC bias voltages are isolated to their
own stage. Since the amount of charge that accumulates on their storage plates is a
function of time and current flow, they can be used to “time” various circuit func-
tions, such as the length of time a digital camera shutter is open or a circuit gate is
open to accept a signal. We will see later that capacitors can be combined in a
unique way with inductors to control frequency. Thus they are an important part of
tuning and filter circuits.

But sometimes capacitors show up where we don’t want or expect them to.
For example, consider two traces routed side by side. Their edges can form the
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plates of a capacitor, and a signal can be coupled from one trace to the other, creat-
ing unwanted noise on the other trace. This is an important cause of crosstalk.
Wirewound resistors have so much capacitive coupling between their wire turns that
they are virtually useless, and almost never used, in higher frequency circuits. Un-
wanted and undesirable capacitive effects are among the top three problems in high-
speed PCB designs (the other two are inductance and EMI).

INDUCTANCE

Inductors seem to be very difficult components for many people to under-
stand. Appendix B is devoted to explaining why inductors do what they do (induct).
Here, I try to give an intuitive understanding of what happens when there is an in-
ductor in a circuit.

The hydraulic analog for an inductor (Figure 3-7) is a paddle wheel with
significant mass. When the pump applies pressure through the pipe, the paddle
wheel’s inertia resists the initial pressure, and pressure builds up behind it in the
pipe. The pressure begins to overcome the inertia, and the paddle begins to turn. As
long as there is pressure behind it, the paddle wheel will continue to speed up until

it reaches an equilibrium with the flow.

v L CP\ %

|

Figure 3-7 Hydraulic analog for
an inductor.

Most of us probably don’t see many paddle wheels, so let’s consider a per-
haps more familiar illustration of inertia first. When your car is sitting in the drive-
way and won’t start, think of what happens when you try to push it. It is very hard
to get started, and you have to push it very hard to get it started. But once it starts to
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roll, it can be equally hard to stop. Some of us have had the unfortunate experience
of having our car roll into another car or into the side of our garage before we could
stop it again.

I had an opportunity once to open and close a huge (5,000 Ib.) bank vault
door. It was beautifully balanced on its hinges, and swung easily after I got it
started. It took considerable effort to stop it again before it swung so far that it
closed. It was a beautiful example of almost pure inertia.

So now think what happens when we turn on the pump (voltage). Pressure
builds instantly against the vanes of the paddle wheel (inductor) but no water (cur-
rent) flows. The pressure must “work™ against the inertia for a moment before the
wheel begins to turn. After a period of time, the wheel begins to turn and allow wa-
ter (current) to flow. How long this takes is a function of how much force is applied
and how much inertia there is in the paddle wheel. The force will continue to speed
up the wheel until the wheel reaches an equilibrium speed such that all the water
will flow unimpeded around the loop and there will be no pressure at all across the
wheel.

Now, suppose we turn off the pump. The paddle wheel’s inertia will cause
it to continue to turn, forcing water to continue to flow around the loop. It is as
though the paddle wheel takes over the pump’s function. Reverse pressure will
build up across the pump as water is forced to its “back” side and drawn away from
its front. This will continue until the force that is built up is finally able to counter-
act the inertia of the paddle wheel, and the paddle wheel slows to a stop.

So it is with electrons. When we place a battery across an inductor, there is
force (voltage) across the inductor, but in the first instant there is no current flow.
Current does begin to flow, however, and after a moment the current will reach an
equilibrium and flow unimpeded around the loop. At that point the voltage across
the inductor has dropped to zero. How quickly the current begins to flow and how
quickly it reaches equilibrium depend on how large the inductor is. It takes longer
for this to happen with a larger inductor than it does with a smaller inductor.

The impedance to the initial flow of current has its source in the buildup of
the magnetic field around the conductor. For a more extended discussion of this
characteristic see Appendix B, “Why Inductors Induct.” After the current stabilizes
there is a stable magnetic field around the wire. Now when we remove the source of
current, the magnetic field around the conductor begins to collapse, generating the
continuing force to keep current flowing in the same direction. Electrons will con-
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tinue to flow and build up on the far side of the inductor. As they build up, the
charge (voltage) increases. When the voltage increases enough, it will repel the fur-
ther flow of electrons. The force will finally balance against the “inertia” of the in-
ductor. At that point, the flow will stop.

So, as with a capacitor, what happens to the relationship between voltage
and current with an inductor is time dependent. At the instant when voltage is first
applied, voltage appears across the inductor but no current flows. Thus, voltage
leads current, or current /ags voltage through an inductor. In this sense, an inductor
behaves exactly the opposite as a capacitor.

Also, in contrast to a capacitor, consider what happens when we pump wa-
ter in one direction, then reverse the pump and pump it in the other direction. If we
reverse the direction of the pump quickly, before the “inertia” can be overcome,
very little water flows at all. On the other hand, if we pump for a longer time in one
direction, then reverse the pump and pump in the other direction for a while, a rea-
sonable flow will exist. A large inertia (inductor) will resist the flow more and for a
longer time, and a smaller inertia will let the flow start more quickly.

Thus, the effect of the inductor is a function of both the size of the inductor
and the frequency. Flow is small if the inductor is large or if the frequency is high;
flow is larger if the inductor is smaller or the frequency is lower (see Table 3-2).

High (Fast) Low (Slow) DC
L Big | Very low flow Some flow Full flow
Small Some flow Lots of flow Full flow

Table 3-2 Inductor size and frequency both
affect the flow of current.

Suppose two inductors are connected in series (Figure 3-8). If L1 is much
larger than L2 (i.e., the first paddle wheel is much larger than the other), the current
(flow) cannot be larger than that allowed by the larger one. The second, smaller in-
ductor will not have much effect, unless it is about the same size as the larger one.
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By the time the force can overcome the inertia of the larger one, the smaller one’s
inertia has already been overcome.

L2

Figure 3-8 Hydraulic analog of two inductors
connected in series.

As is the case with resistors, inductors in series add together. So the equiva-
lent inductance, Leq, if two inductors are connected in series is given by Equation
3-11:

Leq=L1+L2 [3-11]

Note that if L2 is very much larger than L1, then the equation for Leq re-
duces to Equation 3-12:

Leq=L1+L2 =L2 [3-12]

If there are two inductors in parallel, however (Figure 3-9), the current will
not be less than what the smaller one will allow. The smaller inductor’s inertia is
quickly overcome by the force, so current flows through it whether or not the inertia
of the larger one has been overcome. If the other inductor is small enough, addi-
tional current can flow through it. Thus, parallel inductors combine into a single
equivalent, Leq, in the same manner that parallel resistors do (see Equation 3-13):
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® |

Figure 3-9 Hydraulic analog of two inductors
connected in parallel.

1 _ LIL2

1 1 Li+L2

L1 L2

Leq=

[3-13]

Note also that if one inductor, say L2, is very large, the equivalent parallel
inductance simply reduces to Equation 3-14:

1 _ L2 _ LIL2 _
1,1 Li+12 = L2
Ll L2

Leq= L1 [3-14]

Note that inductors combine exactly as resistors do. Inductors and capaci-
tors are opposites in this characteristic also.

The measure of inductance is the henry (Joseph Henry). Remember the
measure of capacitance is the farad, and the voltage across a capacitor will rise one
volt when one amp flows onto the plates. A current flowing through an inductor
may generate a voltage across it, also. But from the preceding it is clear that, in the
case of an inductor, we are not talking about a DC current. A DC current does not
generate voltage across an inductor just as a steady flow past the paddle wheel does
not need a force to keep it going (once the paddle wheel is up to speed). Force
builds up across an inductance when the current flow through it is changing, work-
ing against the inertia of the inductance. One henry of inductance will cause one
volt to appear across it when the current through it is changing at the rate of one
amp per second, or, more generally:
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V=LxAlI/ At

FORMULAS FOR INDUCTANCE

Formulas for inductance are moderately complicated and are also somewhat
approximate. Equations 3-15 and 3-16 give generally accepted formulas for a wire
in air and for a microstrip trace:

L= .00508b{[Ln(—22)] - .75} [3-15]
a

where L = inductance in uH
a = radius (in)
b = length (in)
Ln = natural log (base )

Wire in air;

For example, let’s assume a typical through hole wire is .018 in in diameter.
Then a 1.0 in length would have an inductance of:

L=.00508 x 1 x {[Ln(—zo—)(%ﬂ - .75} =.012 pH =12 nH/in
Microstrip trace:
L = SLn(2rh/w) [{3-16]

Where: L = inductance in nH/in
w = trace width (mils)
h = height above the plane (mils)

For example, a 10-mil-wide trace 1.0 in long and 10 mils above the plane
would have an approximate inductance of

L= SLn(2r10/10)= 9.2 nH/in
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Note that these component lead and trace inductances are pretty small, on
the order of 9 to 12 nH per inch. But if the current is rising at, say 10 mA per ns,
(which might be representative of a 1-ns rise time device) the voltages generated
can be surprisingly large:

V =LAi/At
V= (12)(10"°)(107%/107°) = .12 volts = 120 mV

This gives an idea of why stray inductance is a signal integrity problem in
high-speed designs. Ordinarily 9 to 12 nH is an inductance that would be considered
negligible (unless we were talking about RF or microwave circuits). But when we
talk about nanosecond rise times, such inductances can be a problem, indeed.

High-speed digital circuits don’t usually have very many inductors in them,
but inductors are an integral part of electromechanical relays and transformers.
They may be used in power supply filtering circuits because of their ability to pass
DC power supply voltages while “blocking” (thereby filtering out) higher frequency
noise. Sometimes a simple ferrite bead is used to provide localized inductance for
this purpose. Inductors sometimes are used to set frequencies or as part of filtering
circuits, but there are often better ways to accomplish these functions with capaci-
tors and active circuits.

It is the stray inductance that causes problems in high-speed designs. There
is enough inductance in a short length of component lead or PCB trace to cause
really significant potential problems in a circuit. We will see later that (just like ca-
pacitive coupling) inductive coupling between traces must often be carefully con-
trolled or minimized.

CHARGE AND DISCHARGE CURRENTS

There are a few waveforms and relationships that people in our industry
should be able to recognize and sketch from memory. Figures 3-10 through 3-12
represent some of these. Figure 3-10 illustrates a simple resistor-capacitor (RC) cir-
cuit. When the switch is one position, current flows toward the capacitor. When the
switch is in the other position, the capacitor discharges.
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When we first connect the battery, current flows toward the capacitor. In
fact, from Ohm’s Law, if R = 1.0 the flow will be 1.0V/1.0 Q = 1.0 amp. Remem-
bering that for capacitors, current leads voltage, and since the capacitor initially has
no charge on it, even though the current flow is 1.0 amp, there will be 0.0 volts
across the capacitor. Therefore, 1.0 volt must appear across the resistor (1.0 amp-
through 1.0 Q).

As current flows onto the plate of the capacitor, the voltage across the ca-
pacitor must begin to rise. Since the battery voltage does not change, the voltage
across the resistor must necessarily decrease (the sum of the voltages across the ca-
pacitor and across the resistor must be constant and, in this case, equal to the volt-
age of the battery, 1.0 volt). Since the value of the resistor does not change, then the
current through it must begin to decrease. After some period of time, the current
will decline to zero and the voltage across the capacitor will rise to equal that at the
battery.

=

10 ——

T ]

Figure 3-10 Typical charging and discharge
voltage and currents for an RC circuit,

The graph in Figure 3-10 illustrates the relationship. As voltage across the
capacitor increases, current decreases. All RC circuits follow a curve such as this,
and differ only in terms of the height of the curves or how “stretched out” they are
along the horizontal axis. But the shape of the curve is always that of an exponen-
tial, and we will define the equation for it in Chapter 4 in the section on time
constants.

When we flip the switch to remove the battery from the circuit, the capaci-
tor then discharges through the resistor. Note that the fully charged capacitor (1.0
volt) now causes a current of 1.0 amp (initially) to flow through the resistor in the
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opposite direction. Thus, the voltage across the resistor is now of the opposite sign.
As before, the curves follow a very well-defined pattern. In fact, in this type of
situation (a fixed DC source, a simple discharge path around the battery, and time to
reach equilibrium) the discharge curves must be identical mirror images of the
charging curves.

Figure 3-11 shows the corresponding RL (resistor-inductor) circuit. The
analysis is identical. When the battery is first connected, the voltage across the in-
ductor jumps up to 1.0 volt and there is no current through the inductor. Then as
current begins to flow through the inductor, the voltage across the inductor begins
to decline. At equilibrium, there is no voltage across the inductor, and the current is
defined by the battery and the resistor:

i=V/R=1.0/1.0=1.0amp

After the switch is thrown, disconnecting the battery from the circuit, the
inductor tries to maintain the same current flow. Since the current doesn’t change
instantaneously, the voltage across the resistor doesn’t change. So the voltage re-
mains at 1.0 volt across the resistor. The left side of the resistor is now the same
node as the bottom of the inductor (since the switch has switched), so the voltage
across the inductor is now the opposite of what it was when the switch was first
connected to the battery.

i —>

I

|

Figure 3-11 Typical charging and discharge
voltage and currents for an RL circuit.

Again, these curves follow a well-defined exponential relationship, and the
discharge curves are mirror images of the charging curves.

When a sine wave current source is applied to a capacitor or an inductor,
the voltage across the device also follows a sine wave. For pure capacitors and in-



Chapter 3 59

ductors (i.e., no resistance component at all) the voltage waveform will be shifted
(exactly) 90 degrees from the driving current waveform. (Remember, there are 360
degrees in one cycle.) This result can be proven mathematically, but the proof re-
quires mathematical analyses well beyond the scope of this book. So you’ll just
have to take this fact on faith.

For capacitors, current will lead voltage by 90 degrees (Figure 3-12a) and
for inductors it lags voltage by 90 degrees (Figure 3-12b). Conversely, for capaci-
tors, voltage lags current by 90 degrees and for inductors voltage leads current by
90 degrees. If we connect a capacitor and an inductor in series, current must neces-
sarily be the same through both of them (current is the same everywhere along a
loop). Therefore, the voltage across the capacitor would lag the voltage across the
inductor by 180 degrees (or exactly one-half cycle). Later on we will look at the
total voltage across the inductor—capacitor (LC) series pair and note that since their
voltages are 180 degrees out of phase, one subtracts from the other. A particularly
interesting case is when the voltages across each component are equal, but 180 de-
grees opposite in phase. Even though there can be voltage across each component,
the voltage across the pair will be equal and opposite at all times. Therefore, the
combined voltage across the pair will be zero! This surprising result can have very
important consequences for certain types of circuits.

i —»
i —>

()

Figure 3-12 Voltage (solid line) leads current through an inductor (a)
and voltage lags current through a capacitor (b).
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RESONANCE

Before we leave our hydraulic analogies, let’s look at one more special
case. Suppose we have the storage tank (capacitor) and paddle wheel (inductor) in
parallel as shown in Figure 3-13. Suppose we turn on the pump long enough to have
the paddle wheel turning freely (no resistance to the flow). Then, let’s turn off the

Tk

Figure 3-13 Hydraulic analogs for inductance
and capacitance connected in parallel.

If the conditions are just right, inertia from the paddle wheel will cause wa-
ter to continue flowing up into the lower storage tank. This will continue until the
pressure in the tank gets strong enough to slow, and then stop, the paddle wheel.
But when the paddle wheel finally stops, there will be considerable pressure in the
tank. This will cause the paddle wheel to start turning in the opposite direction,
moving water from the lower storage tank to the upper storage tank. This will con-
tinue until the pressure in the upper storage tank becomes strong enough to slow,
and then stop, the paddle wheel. By that time, the pressure in the upper tank will be
strong enough to start the paddle wheel turning in the opposite direction again,
moving water from the upper storage tank to the lower one.

In the absence of friction (resistance), and if the tanks and paddle wheel are
sized correctly, this can go on indefinitely! It requires no outside force or power to
keep it going once it starts. (Of course, in the real world there is always friction, or
resistance, but electronic circuits can be designed where these oscillations can be
very large and strong.) If one component is very much larger or very much smaller
than the other, then this oscillation will die out very quickly. But if the components
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happen to be sized just right, oscillations can continue for a very long time. This
very special set of conditions is called resonance, and as we will see, it is a very
important concept.
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4 VOLTAGE AND CURRENT CHANGES
AND TIME CONSTANTS

VOLTAGE AND CURRENT CHANGES THROUGH RESISTORS

I f current through a resistor changes, voltage across the resistor changes
immediately. There are no time lags for voltage or for current through resistors.
Therefore, the impedance that a resistor offers to the flow of current is solely a
function of the size of the resistor. Frequency does not play a role. This is one of the
biggest distinctions between resistors and the other two types of components.

If we plot the relationship for either voltage or current for a resistor over
time, it is a straight line. For example, Figure 4-1 plots current through time for a
fixed voltage applied across three different resistors. I do that here simply as a com-
parison against plots that will follow for capacitors and inductors.

"

Figure 4-1 Current through a resistor through time.

63
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VOLTAGE AND CURRENT CHANGES THROUGH
CAPACITORS

Earlier, we defined capacitance by saying that a one-farad capacitor with
one coulomb of charge stored on its plates will have one volt across it. Therefore,
the voltage across a one-farad capacitor would rise one volt for each additional cou-
lomb of charge flowing onto its plates. It follows that the voltage across a 2.0-farad
capacitor would rise only half as much (.5 volts) for the same flow of charge. So we
are talking about a change of charge producing a change of voltage for any given
value of capacitance. Using the symbol, A, for change, we can state that

AV = ACoulombs/C

Since current is the flow of electrons (coulombs) during some measure of
time, we can state that:

i = ACoulombs/At(ime), or
ACoulombs = i x At

Therefore, the voltage across a capacitor is related to current and to capaci-
tance according to the fundamental relationship shown in Equation 4-1:

AV =1ix At/C, or [4-1]
i=CxAV/At, or
C =ix AUAV

Expressed in more conventional (calculus) terms, substituting d for A, the
relationships are shown in Equation 4-2:

dvV=ixdt/C, or [4-2]
i=CxdVv/dt, or
C =ixdi/dV

Thus, the voltage buildup across a capacitor depends (a) on the value of ca-
pacitance (larger capacitors will build up voltage more slowly) and (b) how large a
current flows for (c) how long a time. This actually is fairly intuitive. Larger capaci-
tors build up voltage more slowly. Larger currents charge capacitors faster. Even
small currents will charge up a capacitor over time. Figure 4-2 illustrates how the
voltage will build up on a capacitor as a function of time and current level. If we are
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pulling current out of a capacitor, the same relationship exists. The change (de-
crease) of voltage will be a function of how much current we drain off for how
much time for any given value of capacitance.

v
4 13>i2>i1

i2>il

Figure 4-2 Curves showing voltage across a capacitor
as a function of time for three different current levels.

Note that for any given level of current, i, even very large levels of current,
the change in voltage is small for small periods of time. This illustrates the fact that
voltage lags current, or, alternatively, current leads voltage with capacitors.

As an example, suppose we could charge a capacitor with a constant 10 mA
of current for 1.0 microsecond. Table 4-1 illustrates the results for three values of
capacitance. There will be almost no voltage built up across a relatively large (1.0
uF) capacitor, but almost 10 volts will build up across a .001 uF capacitor in the
same time with the same current. This is one indication of why we want to use rela-
tively larger capacitors as filter capacitors in power supplies.

Suppose we charge a capacitor with 10 mA for 1 us
AV =i x A/C
=10(10")107%)/C
if C=1 pF=10" AV= 01 |volt
C=.01 pF=10" AV= 1.0
C=.001 yF=10" AV =10.0

Table 4-1 Voltage buildup on a capacitor depends on current,
time, and capacitance value.
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In a typical bypass capacitor application, we are both charging and dis-
charging the capacitor, depending on the switching cycle of the device being by-
passed. The desire is to hold the voltage as constant as possible, It would follow,
therefore, that larger capacitors would be better for bypass applications. Yet we of-
ten use smaller capacitor values in bypass applications. We will learn later that,
whereas larger values appear to be preferable, lead inductance associated with by-
pass capacitors has some impact when selecting the appropriate values for bypass
capacitors. It turns out that we sometimes compromise between capacitor value and
the magnitude of lead (and connection) inductance.

VOLTAGE AND CURRENT CHANGES THROUGH INDUCTORS

It is the very nature of inductance that a constant current flow through an
ideal inductor has no effect (except that it does generate a constant magnetic field
around the inductor). But if we change the flow of current, then the magnetic field
around the inductor changes and, as a consequence, a voltage is generated across the
inductor. So, voltage across an inductor is a function of the change (A) in current
flow. For a given change in current, the voltage generated is higher for larger values
of inductance. And, the voltage level is higher if the current flow changes quickly
than it is if the current flow changes more slowly.

This relationship is captured in Equation 4-3:

V =L x Ai/At, or [4-3]
L=V xAt/Ai, or
Ai=Vx AVL

Expressed in more conventional (calculus) terms, substituting d for A, these
relationships become those shown in Equation 4-4:

V=Lxdidt, or [4-4]
L=Vxdudi, or

di=Vxdt/L

If we apply a sudden voltage across an inductor, no current will flow during
the first instant of time. (Refer to Appendix B for a thorough discussion of why in-
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ductors do what they do, i.e., induct.) As time goes by, more current will flow (see
Figure 4-3). A higher voltage will cause the magnitude of the current to increase
more quickly, and a larger inductor will cause the magnitude of the current to in-
crease more slowly. But we have to change voltage first before current changes. As
a result, we say that voltage leads current for inductors, or, alternatively, current
lags voltage.

V3>V2>Vi

v2>Vi
A2
Time

ey
»

Figure 4-3 Curves showing current through an inductor
through time for three different voltage levels.

One thing that is sometimes difficult for students to grasp initially is that,
for a given voltage, current will increase linearly (as a function of time) forever!
Obviously, most voltage sources can’t supply infinite current, so the relationship
shown in Figure 4-3 works for current levels that a source can supply and still hold
voltage constant. In real-world applications, there comes a point where the source
can no longer (both) supply increasing current and hold the voltage constant at the
same time. Typically, the voltage begins to fall. This causes a reduction in the in-
crease of current flow, and pretty soon a level of stability is reached at some level of
current with no voltage across the inductor.

Note again that the instantaneous voltage developed across an inductor is
given by Equation 4-4:

V =Ldvdt

Table 4-2 shows why the di/dt term can be so important. If we change cur-
rent by one amp in one second, the rate is equal to 1 amp/second. But if we change
the current by only one mA over just one ns, the instantaneous rate of change is
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1,000,000 (10% amp/seconds. It is this effect that is at the heart of so many high-
speed design noise problems.

Ifdi= And dt= Then di/dt = Units

1 amp 1 second 1 amp/second
107 amp 1073 second 1 amp/second
107 amp 107 second 10~ amp/second
107 amp 107 second 1 amp/second
107 amp 10~ second 10° amp/second

Table 4-2 The di/dt term can become significant
when the dt term is very small.

For example, suppose we have a lead inductance of 10 nH (10™®) and we
switch 10 mA (107) of current through it. If we switch the current over 1.0 usec
(107), the instantaneous voltage generated across the lead inductance will be:

V = Ldi/dt = (10*)(10%)/(10°%) =10 = 0.1 mV

But, under identical conditions, if we simply switch the current faster, at say
1.0 ns (10°°) then the induced voltage will be:

V = Ldi/dt = (10%(10/(10°) = 10" = 100 mV

This latter voltage, 1,000 times higher than in the former case, might cause
a noise problem, whereas the former case probably did not. Yet the only difference
in these two illustrations is the change in time (rise time).

Some people have been unexpectedly “burned” when their integrated circuit
(IC) suppliers “improved” their devices so that they switched more rapidly. Switch-
ing current rise times (di/dt) that were not a problem before suddenly become a
problem, causing noise problems to occur where they didn’t before. If you are not
aware that your supplier has “improved” your circuits, or if you change suppliers of
a particular IC and the new source switches faster, you might have a new problem
and not have a clue how it happened.
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SOME INTERESTING INDUCTIVE CIRCUIT DYNAMICS

Figure 4-4 illustrates a circuit design characteristic that has caught more
than a few engineers by surprise, much to their expense. The illustration shows a
10-volt source energizing an electromagnetic relay through a 100-Q resistor. The
transistor switch, Q, activates the relay. This is a very common type of circuit that is
found, for example, in a variety of relay switching, scoreboard, and display applica-
tions. As shown, when the relay is activated, 100 mA (10V/100 Q) will flow
through the inductive coil of the relay.

R =100 Ohms R =100 Ohms
—_ —'————l"‘ —_—
10V —
—_— L=10mH v, ov —_—
| T
Q

(a) ®)

Figure 4-4 Reverse voltage protection diode (b) can protect
a switching transistor (Q) from damaging voltage transients.

Now, let’s turn off the relay in Figure 4-4a by turning off the transistor
switch. And let’s say the switch turns off in one microsecond. The inductive action
(recall the inertia analogy) of the inductive relay coil will try to keep the current
flowing. What happens is the magnetic field around the coil starts to collapse. This
will generate a voltage, which will appear across the transistor. The instantaneous
magnitude of the voltage will be, from Equation 4-4:

V = Ldi/dt
In this illustration, L is 10 mH (107), di (the change in current) is 100 mA

(10™") and dt (the change in time) is one microsecond (107°). So, the instantaneous
voltage generated at the coil is
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V = (107)(107)/(107%) = 1,000 V.

The polarity of this voltage is positive at the junction of the collector of the
transistor and the coil and negative at the other end of the coil. That is, the circuit is
attempting to maintain the flow of current in the same direction as it was flowing
before the transistor turned off.

This voltage exists only for a very short time (on the order of a microsec-
ond), and if you saw it on a scope at all, it would appear as a very short voltage
spike. But this voltage appears across the transistor. Transistors tend to be more tol-
erant of current spikes than voltage spikes (the current here is only 100 mA). After
all, voltage spikes as small as tens of volts can puncture through the doped regions
of a transistor, ruining it. More perversely, voltage spikes sometimes only weaken a
transistor, so that the device may not fail until the voltage spike has occurred a large
number of times (i.e., after the product has been in the field for a while).

This design flaw is, unfortunately, more common than you would think. If
the circuit designer has forgotten (or maybe never learned) about inductive effects,
it may go undiagnosed for a long time.

The solution is quite simple. Place a diode across the coil as shown in Fig-
ure 4-4b. This is called a reverse voltage diode in that it provides reverse voltage
protection for the transistor. The diode provides a path for the current that the induc-
tor tries to keep flowing, so that a voltage never has a chance to build up. The
maximum current is only the 100 mA flowing through the coil, so the diode can be
a fairly routine one (no special requirements).

This fairly routine circuit illustrates how destructive inductive effects
(L x di/dt) can be in a design, and why an understanding of inductors and their ef-
fects is important for a circuit designer.

There is another fairly common circuit that depends on this same type of
inductive effect for operation. It is the old automotive ignition system shown in
Figure 4-5. When the points are closed, current flows from the 12-volt car battery
through the coil. At the right moment, the points open and the current stops flowing,
causing the magnetic field around the coil to collapse. The automotive ignition coil
is also a transformer, so the collapsing field around the entire coil causes a very
high voltage to appear across the spark plug. A high voltage also appears across the
points, which can cause them to burn out. That is why older ignition systems had
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“condensers” (really capacitors) around them to prevent the points from arcing and
burning. Modern cars still have coils and they generate spark across plugs in much

the same way. But the points have been replaced by improved electronic switching,
which is (a) faster (shorter dt), so higher spark voltages can be generated, (b) more
reliable, and (c) requires less maintenance (no mechanical points to replace).

ignition

coil Distributor

Spark
plug

I

i

B Battery
(12 volt)

(T

Points and
“condenser”

n|"

Figure 4-5 Early automotive ignition systems used points
in the spark generation system.

TIME CONSTANTS

Let’s look at Figure 4-6. Recall from earlier that when the switch connects
the resistor to the battery, current will immediately begin to flow onto the plates of
the capacitor. The initial magnitude of the current (assuming the capacitor is ini-
tially uncharged) is V/R. Voltage across the capacitor will begin to increase accord-
ing to Equation 4-1:

AV =ix At/C
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Figure 4-6 Charging and discharge curves
associated with RC circuits.

As the voltage across the capacitor increases, the voltage across the resistor
must decrease, since the battery voltage remains unchanged. If the voltage across
the resistor decreases, the current through the resistor must also decrease. Thus, the
current starts out at the value V/R but decreases steadily through time until it
reaches zero (when the capacitor is fully charged). Similarly, the voltage across the
resistor starts out at V, but declines steadily through time until it reaches zero (when
the current stops flowing because the capacitor is fully charged). Finally, the volt-

age across the capacitor starts out at zero, but grows steadily until it reaches the
value V.,

The curves these voltages and currents follow are shown in Figure 4-6. For
basic RC circuits such as the one shown, they follow well-defined, predictable
shapes. When the capacitor is charging, the equations for the curves are given by
Equation 4-5 and 4-6.

Voltage across the capacitor:

VC(t) = V(1 - R [4-5]

Current through the capacitor:

i(t) =(V/R)e™R¢ [4-6]
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The value e is a constant (e = 2.71828...) and it is the base of the natural
logarithm (see Appendix C). These types of expressions are called exponential
equations and they are very important in electrical engineering. If t equals zero then
the exponent of e also equals zero, regardless of the values of R and C. Any value
raised to the zero power has a value of one (e.g., €’ =1). So the initial conditions of
these equations are

VC(t=0)=V(1-€¢%=0
itt=0) =(VR)e’=V/R

as we would expect. If any value is raised to a very large negative value (e.g. €™,
where n = infinity) its value becomes zero. So, for very large values of t (after the
circuit stabilizes), the equations become:

VC(@t)=V(1-0) =V
i(t) = (V/R)0 =0

We could, if we wanted to, generalize these equations in units of RC. That
is, we can look at the equations at the points where t = 1RC, t=2RC, ..., t=nRC.
To do so, lets think of a unit of time called tc wheretc =1ift=1RC, tc=2ift=
2RC, and so on. If we do that, the preceding equations become generalized as Equa-
tions 4-7 and 4-8.

VC(t) = V(1 -€™) [4-7]
il(t) = (V/R)e™ (4-8]

Interestingly enough, these equations now can apply to any circuit with a
resistor and a capacitor of any arbitrary values, as long as we recognize that tc =
t/RC. The expressions € *° and (1 — ™) are graphed in Figure 4-7. They illustrate
some interesting characteristics. For example, at a time equal to 1tc, the curves are
63% of the way toward their final value. At a time equal to 3tc they are 95% of the
way to their final value. After a time of 5tc they are virtually at their final value (for
all practical purposes).
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Figure 4-7 Exponentjal curves expressed in “time constants.”

The value RC (the value of R times the value of C) is called an RC time
constant and is an important concept. The response of any circuit with a resistance
and a capacitance will follow the shape of an exponential curve and will reach 63%
of its final value in a time equal to R x C. It will reach 95% of its final value within
three RC time constants. For all practical purposes it has stabilized within 5 time
constants.

This has both good and bad implications. For example, a stable resistor
combined with a stable capacitor can be (and is routinely) used as a very accurate
timing circuit. If we combine a 1.0-K resistor with a .001-uF capacitor in a timing
circuit, the voltage across the capacitor will reach .95 V in 3RC or 3(10°)(10°) =3
usec. If the resistor and capacitor are good quality and stable, this will always be
true for the life of the product. RC timing circuits are routinely used in products
ranging from home appliances to cameras to audio sound systems to industrial sys-
tems to spacecraft.

On the other hand, the relationships also show that a circuit requires some
time to respond. AC circuits usually cannot respond instantaneously. If we have an
IC that is switching an output voltage through a 50-Q output resistance into another
IC with 20-picofarads (pF) input capacitance, it will take 3RC = 3(50)(20)(107%) =
3 ns to reach 95% of its value at the input of the receiving IC. That delay may not
be fast enough for certain high-speed circuits.

An inductive circuit works in a very similar way. Figure 4-8 shows a resis-
tor and an inductor in series. When the switch first closes, no current flows because
of the inductive inertia of the inductor. If there is no current, there is no voltage
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across the resistor, so all the voltage appears across the inductor. As soon as some
current flows, voltage is developed across the resistor, so the voltage across the in-
ductor begins to decrease. The shapes of the curves for this circuit are identical to
the shapes of the curves for the RC circuit, except:

1. The voltage across the inductor starts out high and declines, whereas
the current through the inductor starts out low and increases,

2. The voltage across the capacitor starts out low and increases, whereas
the current through the capacitor starts out high and decreases.

| —>
N
10 —= Vv
. x
9 10
05
-1 Voltage
---------- Cuﬂ'ent

Figure 4-8 Charging and discharge curves for RL circuits.

This is another example in which capacitors and inductors are nearly equal
but opposite in their effects.

The formulas for the initial charging curves for the inductor are similar to
those for an RC circuit and are given by Equations 4-9 and 4-10:

i(t) =(V/R)(1 - ™M) [4-9]
VL) = (V)e™h) [4-10]

Just as we developed an explanation for'an RC time constant earlier, we can
think about an L/R time constant here. The circuit will reach 63% of stability in a
length of time equal to L/R and 95% of stability in a length of time equal to 3L/R.
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All of the strengths and weaknesses associated with an RC time constant are also
true for an L/R time constant. We usually do not use inductors in timing circuits,
however, because they tend to be large, bulky, and (often) not as stable as capaci-
tors. In general, RC circuits perform better as timing circuits. (Note: We will leave
the discussion about LC timing and frequency control for later.)

A NOTE ON CHARGE AND DISCHARGE EQUATIONS

The discussion here has focused on charging circuits, when we switch the
circuit to the battery. The description of what happens when we switch the circuit
back to discharge the capacitor or inductor follows the same logic. The charging
and discharge equations are summarized in Table 4-3. Note that the capacitor dis-
charge current flows in a direction opposite to that of the charging current; hence
the negative sign. When the magnetic field around the inductor begins to collapse, it
tries to maintain the current flow around the loop. The voltage across the resistor
(initially) still is V. So the voltage across the inductor reverses (hence the negative
sign) to try to maintain the current flow. That also helps explain why the reverse
voltage protection diode is oriented the way it is.

Table 4-3 Summary of RC and RL charging and discharge equations.

Circuit Parameter Charging Discharging
RC vC Ve(t) = V(l - e"/RC) Ve(t) = Ve'®€
i i(t) = (%)e-ﬂc i(1) = -(-;_’)e-m
RL VL VL(t) = Ve®™* VL(t) =-Ve™*

i i() = 2 (1-6™) i(t) = (e™)



5 RESISTANCE

P eople who study electronic circuit analysis use a lot of calculus. Other
than the basic di/dt term I’ve already introduced, I promise to stay as far away from
calculus as I can in this book, but we can’t stay away from equations. The whole
point of selecting component values in circuits is to obtain a desired result. And the
primary way you select component values is to perform calculations.

This book is not intended to show you how to make all the calculations. If
you want to know that, you should go get your degree. But this book will cover
some of the more fundamental calculations related to electronic circuits. And it will
suggest what some of the more difficult calculations are, without actually trying to
teach you how to do them. The objective is to give you enough familiarity with the
topic that you can do some of the more basic calculations yourself, and can under-
stand some of the more complex ones when someone does them for you. ‘

KIRCHHOFF’S LAWS

Gustav Robert Kirchhoff is credited with (among many other things) two
laws related to how currents flow in circuits. These two laws are almost as impor-
tant to the field of electronics as Ohm’s Law is. Consider Figure 5-1a and Figure
5-1b.

Figure 5-1a illustrates the case of two components (they don’t have to be
resistors) connected in parallel and driven by a voltage source (which could be DC
or AC). Current will flow from the source and divide between the two (or more)
components. The point where the voltage source and the two components come to-
gether is called a node. (This is equivalent to a net in PCB design terms.)

77
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Kirchhoff’s 1* Law states that the current flowing into a node must equal the cur-
rent flowing out of the node. This really makes intuitive sense; it is a statement of
conservation of charge. Since current is the flow of electrons, if the same number of
electrons are not flowing into and out of a node, where do the excess ones come
from or go to?

R1 (V1)
R1 R2 g
§ v =
l l R2 (V2)
i1 i2

(@) (b)

1

I

Figure 5-1 Two resistors connected in parallel (a)
and in series (b).

Figure 5-1b illustrates two components connected in series and driven by a
voltage source (AC or DC). It should be intuitively clear that the voltage across the
series components must equal the voltage source. If not, how is the extra voltage
generated and where does it go? Kirchhoff’s 2™ Law states this in a form that stu-
dents sometimes find a little awkward at first. The law states that the sum of the
voltages around a loop must be zero. This is a conservation of energy law. Consider
how to explain the case where they might not sum to zero.

The way to interpret Kirchhoff’s 2™ Law is to start at the top and move
clockwise around the loop. The first component has a voltage drop across it of V1.
The second component has a voltage drop of V2. So far, the sum is V1 + V2. Con-
tinuing around the loop we come to the voltage source. The voltage at the voltage
source is minus V. It is minus because we are approaching it (measuring it) from the
bottom to the top as we continue to travel around the loop. So now we have Equa-
tion 5-1:

VI+V2+(=V)=0,0r [5-1]
Vi+V2=V
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The trick to applying Kirchhoff’s 2™ Law is to remember that the direction
you are traveling around the loop determines the sign of the voltages you are
considering.

SERIES RESISTORS

There are numerous times in circuits where we want to replace two or more
resistors with an equivalent single resistor, or, occasionally, replace a single resistor
with two of them. Thus, we think in terms of circuit equivalents. In this example,
the question is, “What single resistor is the equivalent of two resistors connected in
series?”

Most of us already know the answer. But the point is not in knowing the an-
swer; the point is knowing how to do the analysis to get the answer, because later on
we will ask the same question about equivalent capacitors and equivalent inductors.
Those analyses will be very similar to the analysis we go through here. Although
many people can talk about equivalent resistive circuits, they really don’t under-
stand similar equivalent circuits when we get to the other types of components.

P— P —

§ Req

(a) (b)

R1 (V1)

|
<

R2 (V2)

Figure 5-2 Equivalent circuit (b) of two resistors connected in series (a).

Figure 5-2a illustrates the case in which we are going to determine the sin-
gle resistance, Req, that is the ec}uivalent of the two resistors, R1 and R2, in series.
First, recall from Kirchhoff>s 2" law that the sum of the voltages around a loop
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must equal zero. If V1 is the voltage across R1 and V2 is the voltage across R2,
then if the sum of the voltages around the loop (from Equation 5-1) must equal zero:

VI+V2-V=0,o0r
V=V1+V2

Also, if Veq is the voltage across the equivalent resistor, then the same
analysis leads to Equation 5-2:

Veq—V =0, 0or
V =Veq [5-2]

Remember, as we go around the loop clockwise, we see the negative side of
the battery first. So, going around the loop, the voltage across the battery is —V.

Remember, also, that the current around a loop is constant at all points in
the loop. Let the current here be designated as i. The voltage across each resistor is
(from Ohm’s Law) V = iR. So we can write Equations 5-1 and 5-2, respectively, as
Equation 5-3:

V =1iR1 +iR2, and
V =iReq [5-3]
This leads to:
iReq=1iR1 +iR2
and dividing through by i, to Equation 5-4:
Req=RI1 +R2 [5-4]
This might seem to be a lot of trouble to get to something that is somewhat

obvious. But before we make that judgment, let’s do a similar thing to parallel resis-
tors. Then, wait until you see how this applies later to the combination of capacitors.
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PARALLEL RESISTORS

Figure 5-3 shows two resistors connected in parallel. Now the question is,
“What value of resistor, Req, is equivalent to the two resistors, R1 and R2, con-
nected in parallel?” Already the situation is going to get a little more interesting.

i — i —

— ?I RI y

i2

|
l

Req

I
f

(a) (b)

Figure 5-3 Equivalent circuit (b) of two resistors connected in parallel (a).

Kirchhoff’s 1* Law states that the current going into a node has to equal the
current going out of a node. This example is actually pretty simple, with just a sin-
gle node at the top and another at the bottom. The current going into the node at the
top is 1. The current through R1 is il and the current through R2 is i2. By
Kirchhoff’s 1 Law we can write Equation 5-5:

i=il +i2 [5-5]

In this example, there are three loops: (a) the loop from the battery through
R1, (b) the loop from the battery through R2, and (c) the loop between the two re-
sistors, R1 and R2. By Kirchhoff’s 2" Law, the voltages around a loop must sum to
zero. So we can write the following three equations to illustrate this:

iIR1I-V=0 [5-6]
2R2-V=0 [5-7]
i2R2 ~ilR1 =0
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These are not really three different equations. Any one of these is a neces-
sary result of the other two. We actually have only two independent equations here,
and the third one is redundant.

We can write Equations 5-6, 5-7, and also 5-3 as follows:

il=V/RI1
i2=V/R2
i=V/Req

Then, substituting into Equation 5-5

1 1 1
—_— =t — {5-8]
Req Rl R2
which can alternatively be expressed as Equation 5-9:
Req = 1 _ R1R2 [5-9]
1,1 RI+R2
R1 R2

The form of Equation 5-8 is important. By extension, it can be shown that if
there are an arbitrary number of (n) resistors in parallel, the equivalent resistance is
found from Equation 5-10:

et — [5-10]

which can alternatively be expressed as Equation 5-11:
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1
I 1 1

—_ ___+.__

Rl R2 Rn

Reg = [5-11]

These are relatively easy forms to use if it is ever necessary to calculate the
equivalent resistance of several resistors in parallel.

It is interesting to note what happens in a few special cases. Suppose R1 is
zero. The equivalent series resistance is still R2, but the equivalent parallel resis-
tance is zero. If R1 is infinite, the equivalent series resistance is infinite, but the
equivalent parallel resistance is R2. Thus, it follows that:

1. In the case of resistors in series, the resistance is never less than the larg-
est resistor.

2. In the case of parallel resistors, the resistance is never more than the
smallest resistance.

Also, if there are n resistors in parallel, and they are all the same value (R),
the equivalent resistance is

Req=R/n

This is very handy to remember when we have multiple loads, for example,
at the end of a trace.

VOLTAGE DIVIDERS

One of the more common resistive circuit configurations is the voltage di-
vider (Figure 5-4). Designers should be able to recognize this particular configura-
tion and the principle behind it.

A voltage source, Vout (from a previous stage in the circuit) is connected to
two resistors in series. Recognize that the current is:

i=Vout/(R1+R2)
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Figure 5-4 Classic voltage divider circuit.

and therefore we obtain Equation 5-12:

Vout =i(R1 + R2) [5-12]
The input (to the next stage) voltage, Vin, is given by Equation 5-13:
Vin =iR2 [5-13]
So, the ratio of Vin to Vout is given by Equation 5-14:
Vin/Vout = R2/(R1 + R2) [5-14]

Or, put more simply, the ratio of the input voltage (to the next stage) to the
output voltage (from the previous stage) is the same as the ratio of the resistance
below the input to the total resistance.

Figures 5-5a and 5-5b illustrate two common voltage divider configura-
tions. In Figure 5-5a the voltage input to the operational amplifier follows equation
5-14. Figure 5-5b illustrates a typical simple volume control application. In this
case, Vin is Vout x R1/R, where R1 is the resistance between the wiper of the con-
trol and the end connected to ground.

This type of configuration, where the result is proportional simply to one
resistance divided by a total resistance, is so common it would be helpful if a de-
signer could readily recognize it.
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Vin Vout Vin
Vout R1

R2
RA1

@) — (®) =

Figure 5-5 Two common voltage divider circuits.

AMPLIFIER FEEDBACK AND GAIN

A more subtle type of circuit will be included here simply for thoroughness.
It is a common circuit, but sometimes the configuration is subtle enough that it
might not be immediately recognized.

In Figure 5-6, Vlout is a voltage signal being fed to the inverting input of
an amplifier stage through resistor R1. V2out is the output of the next amplifier
stage. Vv is the voltage at the input of the amplifier, so V2out is —Vv times the gain
of the amplifier. Assuming the gain is very high, then it is true that

V2out >> -Vv

It is also true that with a high-gain amplifier, whose other input is tied to
ground (zero volts), Vv will be very close to zero; so close in fact that we ean ag-
sume it does equal zero for simplicity. Since there is typically no current into the
high-impedance amplifier, and since the current into a node must equal the current
out of it, the current through R1 (il) must be equal to the current through R2 (i2). If
Vv is (virtually) zero, then the following relationships must hold true:

il =i2
Vlout/R1 =~-V2out/R2
V2out/Vlout =-R2/R1 [5-15]

V2out =—-(R2/R1)Vlout
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Viout R2

Rt bt

. — V2out
W —>

Figure 5-6 The amplifier gain of the second stage is R2/R1.

This is a very common relationship in analog design, where the gain of a
stage is simply the (negative) ratio of the feedback resistor (R2) to the input resistor
(R1). Sometimes, by looking at a schematic, it is not immediately obvious what a
circuit designer has done. And there are many variations on this design concept. But
when a circuit designer points out to you that the gain of a stage is simply the ratio
of two resistances, you can now visualize why that is so.

POWER

We intuitively know that if we short-circuit the terminals of a typical 9-volt
battery found in small electronic appliances, not much happens. But if you have
ever seen an accidental short-circuit of the terminals of a 12-volt car battery, the
result can be severe. (If you haven’t seen it, don’t try it!) The difference is that the
car battery can supply a lot more power than the little 9-volt battery can.

Power is defined as voltage times current. A car battery that supplies 12
volts at 60 amps to a starter motor is supplying 720 watts of power (almost one
horsepower: one hp = 746 watts). A 100-watt light bulb requires almost 1.0 amp at
110 volts. A 15-amp circuit breaker in your home will allow 1,650 watts (at 110
volts) before it trips. An alkaline D-cell (1.5-V) battery is typically rated for 100
hours at 150 mA., meaning it can supply 1.5 x .150 or almost .25 watt of power for
that 100 hours.

Looking at the basic circuit in Figure 5-7, and remembering Ohm’s Law
(V =1R), we can express the formula for power these three ways:
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Power = Vi [5-16]
= V/R
= R

These equations reflect things we may intuitively recognize. For example, if
we increase the voltage across a resistor, the resistor begins to get warmer. That re-
flects the increased power being dissipated within it (VZ/R). If we increase the
amount of current through a PCB trace, the temperature of the trace increases (i°R).
If we put too much current through it, the trace can get so hot it melts. CMOS cir-
cuits run cooler than ECL circuits because, for the same voltage levels, they require
much less current, and therefore much less power.

Figure 5-7 Basic circuit for illustrating power.

It is important to note that in all these cases, the power (and therefore the
temperature) goes up as the square of the voltage or current. Thus, a 100-Q half-
watt resistor can handle 7 volts at .07 amps. But a 1-watt (twice as large) 100-Q
resistor can only handle 10 volts at .1 amps.

Most of the time, PCB designers don’t have to worry much about power.
The exception can be in power supplies, and this can really be a problem if we are
designing large motherboards that supply lots of power to numerous daughter
boards. If we are concerned about power, it is usually a concern about the i’R (pro-
nounced “eye-squared-R”) power dissipation in traces. A discussion about i’R
power capabilities of traces is outside the scope of this book, but the reader can con-
sult several articles on the subject, including the IPC trace/temperature tables.'
There is also a PCB trace temperature calculator available for download from Ul-

'IPC-2221, Generic Standard on Printed Board Design, February 1998, Figure 6-4, p. 38.
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traCAD’s Web site at http://www.ultracad.com/calc. You are particularly encour-
aged to read the Help file that accompanies that calculator.

While the responsibility for power management usually belongs (first) to
the circuit designer, board designers should understand the implications associated
with iR losses and considerations on their boards and be alert to potential heating
problems caused by high currents. The most common and effective ways to deal
with heat range from (a) relocating parts (to avoid heat buildup at a localized area),
(b) resizing parts (for example increasing the size of traces), and (c) improving
cooling techniques (perhaps with fans, board orientation, heat sinks, or even metal
“cores” within boards).

EQUIVALENT CIRCUITS

So far, all the circuit examples we have looked at have been fairly simple,
mostly involving a single power source and one or two resistors. What if we have a
more complicated example like that illustrated in Figure 5-8? How would we go
about analyzing the output voltage of that circuit?

A% alm M
= = Hewwe T
NV T ~ In NV

Figure 5-8 This complex circuit would be difficult to analyze.

Well, it can be done. The process would be a sequential one of taking a
couple of components at a time and finding their equivalents, and then reducing the
circuit almost component by component until it becomes manageable.
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There are two very interesting theorems in electronics that conceptually
make this a very simple task, at least in an empirical (experimental) sense. They go
like this:

Any circuit, such as the one shown in Figure 5-8, can be reduced to an
equivalent circuit containing a single ideal power source and a single resistor, as
shown in either Figure 5-9a or Figure 5-9b.

Figure 5-9a illustrates what is known as a Thevenin equivalent circuit. It
consists of an ideal voltage source, V, with a resistor, R, in series with it. Figure 5-8
can be reduced to Figure 5-9a using the following strategy: The voltage, V, is the
open circuit voltage that would be measured at the output (right) side of the network
if there were no other connections made there. The resistor, R, is determined by di-
viding this voltage by the short-circuit current that would be measured if you
shorted the terminals at the right of the network. Thus, the measured open-circuit
voltage of Figure 5-9a is the same as that of Figure 5-8. Also, the measured short-
circuit current of Figure 5-9a is the same as the short-circuit current of Figure 5-8.
Now, if you connected any resistor to the output of the equivalent circuit repre-
sented in Figure 5-9a, the current through it, and the voltage across it, would be the
same as if you connected that resistor to the output side of the circuit in Figure 5-8.
This is the power and the beauty of Thevenin’s Theorem.

(a) (b)
Figure 5-9 Thevenin (a) and Norton (b) equivalent circuits

Figure 5-9b illustrates a Norton equivalent circuit. It consists of an ideal
current source, I (as opposed to the voltage source, V, in the Thevenin equivalent
circuit), and a resistor, R, in parallel with the current source. In a manner similar to
the preceding, the magnitude of the current source in Figure 5-9b is equal to the
short-circuit current at the output in Figure 5-8. The resistor, R, is determined by
dividing the open-circuit voltage at the output of Figure 5-8 by this short-circuit
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current. As with the Thevenin circuit, if you attach any resistor at the output of the
equivalent circuit of Figure 5-9b, the current through it, and the voltage across it,
will be the same as if you added it to the output of the actual circuit of Figure 5-8.

So what? Does this have any practical value?

I picked up a National Semiconductor data sheet at random. It happened to
be for a DS26F31C/DS26F31M Quad High Speed Differential Line Driver. It, like
Figure 5-8, has a lot of stuff inside it. But it has a typical “high” voltage spec of 3.2
volts and an output short-circuit spec of 60 mA. If we divide the voltage by the cur-
rent (3.2/.06) we get 53 Q. If we want to see how this device will work in a circuit
(at least while its voltage is high) we can simply substitute Figure 5-9a or Figure 5-
9b in its place in the circuit, with R = 53.3 and V = 3.2 (Figure 5-9a) or i = .06 (Fig-
ure 5-9b). We don’t need to know all the circuitry inside it. All we need to know is
the open circuit voltage and the short-circuit current. Virtually all data sheets will
provide this information. The data sheet will also provide other general guidelines,
for example, for the output capability of a device. But using the implied output re-
sistance is a way to determine circuit performance for, perhaps, configurations that
are a little bit different than standard.

As an aside, the value, in this case, for R, 53 Q, is for each side of the dif-
ferential output for this particular device. The differential output pair of this device
is designed to be terminated with a 100-Q resistor. It is not an accident that this
happens to be twice the value for R we just determined. The significance of this re-
lates to transmission line considerations, which we will cover in great detail in
Chapters 10 and 11. There is a very good reason why the implied value for R we
just determined is 53 Q in this equivalent circuit, and not some other value.

The calculations we just made apply to the “high” output voltage. It might
well be that the equivalent circuit will look different when the device is at its “low”
state. That is one problem with analyzing the performance and effects of an active
(semiconductor) circuit. Equivalent circuits are legitimate tools when ICs are in a
“stable” state (at a “high” or a “low,” or at a “one” or a “zero”). They usually don’t
apply during transient switching times between states. But we are usually concerned
about different things then. At a stable state, we are concerned about voltage and
current levels. During switching, we are usually concerned that the device can, in
fact, complete the switching cycle in the appropriate time. We will see later that
other device specifications (especially things like input capacitance and output rise
times) are of interest during switching times.
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PoweR CURVE

Linear ICs can often be looked at from the standpoint of their equivalent
circuits. For example, Figure 5-9a could easily apply to the output stage of a trans-
mitter or to an audio amplifier. When we add a load to such circuits (such as an an-
tenna to a transmitter or speakers to an audio amplifier) it is interesting to see what
happens to output power as a function of that load.

Referring to Figure 5-10, let V be 5 volts and Rs (source resistance) be 50
Q. RL is the load resistance. The short-circuit output current, if we let RL be zero,
would be V/Rs = 5/50 = 100 mA. If we did short-circuit the outputs there would be
5 volts across, and 100 mA through the 50-Q source resistor, Rs. Consequently, .5
watts would be dissipated in the resistor. It is important to note that this power is
dissipated within the device. The power dissipated in the load outside the device
would be i’RL, but since RL is zero (short circuit), there is no power dissipated in

the load.
RS
C\?—/\M § .

Figure 5-10 Voltage source powering a load, RL,
through a source resistor, Rs.

If the load resistor, RL, were 50 €, then the output current would be:
iout=V/(Rs+RL)=5/100= 50 mA

There would be 2.5 volts across each resistor, and therefore .125 watt (2.5
volt x .05 amp) dissipated in each resistor. Now, the power dissipated within the
device is only .125 watt, and the output power, the power in the output resistor, is
also .125 watt. The total power has decreased, since the total resistance looking at
the voltage source has increased, but the output power (the power dissipated in the
load) has increased. Since power usually manifests itself as heat, the heat generated



92 Chapter 5

within the device is much less, as we would expect. Short-circuits are usually hard
on devices.

Now let RL be 100 Q. The total current is now:
iout=V/(Rs+RL)=5/150=33 mA

There is now .055 watts dissipated within the device (in Rs) and .11 watts
in the load resistor, for a total power produced of .166 watts.

What has been illustrated here is a fundamental truth. Output power (the
power dissipated in RL) is maximized when RL equals Rs (Figure 5-11). Total
power decreases as RL increases, but the power in the load is a maximum when the
load resistor is the same as the source resistor. This illustration has been with resis-
tors for simplicity, but this relationship is true, in general, for any type of imped-
ance. Output power is maximized when the load impedance equals the source
impedance. When output power is maximized, an equal amount of power is dissi-
pated within the device and in its load.

That is why we buy audio speakers to match the output impedance of our
audio systems and why antennas are matched to transmitters. Even good CB radios
have antenna-matching adjustments to help match the antenna load impedance to
the output impedance of the transmitter. The reason is so that the available output
power (the power dissipated in the load, i.e., in the speakers or the antenna) is
maximized.
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Figure 5-11 Output power is a maximum when the load
impedance equals the source impedance.
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Do we always want to maximize power? Of course not. Sometimes we want
to maximize signal sensitivity. Then we would design input stages with higher lev-
els of impedance so they don’t “load down” their source (but not too high, because
this might increase noise sensitivity). Sometimes we have to design low-impedance
outputs for a device so that can drive other devices with lower impedance inputs.
With transmission lines, we want to match impedances in order to reduce reflections
(not to maximize power). But, sometimes we do want to maximize power transfer
between devices, and in this case doing so requires that we match the load imped-
ance to the source impedance.

POWER SOURCES

Up until now we have used pure, or ideal, energy sources in our examples.
For example, Figure 5-12a shows a battery and a resistor. We introduced Ohm’s
Law showing that, for example,

i=V/RL

But what if RL is zero? That would imply an infinite current, which we
know intuitively is not possible. The equivalent circuit for a battery (or more gener-
ally for any energy source) is more properly shown in Figure 5-12b, an ideal energy
source with a source resistor, Rs, in series with it.

(b)

Figure 5-12 Battery voltage source shown as an ideal source (a),
and as the more realistic case with source resistance (b).

A 12-volt car battery, for example, might be able to deliver a short-circuit
current of perhaps 80 amps. That would imply a value for Rs of around 12/80 =
.15 Q. Now, when driving the starter motor, we want to deliver maximum current to
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the starter. If the cable between the battery and the starter motor had a resistance of
just .15 Q, we would cut the maximum available current at the starter by 50%. That
is why battery cables are so big. Their resistance must be small compared to the
source resistance, Rs, of the battery.

Looking at this another way, what would the battery cable resistance need
to be if we only wanted to drop a maximum of 1.0 volt across the cable when draw-
ing 60 amps to the starter motor? A resistor of 1.0V/60A = .017 Q will develop a
voltage across it of 1.0 volt at 60 amps, so the total battery cable resistance, includ-
ing the connections to the battery and the started motor, must be just .017 Q if we
want to limit the voltage drop to 1.0 volt. (Keep those battery cable connections
clean!)

A fresh alkaline D-cell battery can (perhaps surprisingly) deliver 10 amps
of short-circuit current (at least for a few moments). So, the initial output resistance
of a fresh battery is

Rs=1.5 volts/10 amps = .15 Q

When the battery appears to be running down, the output resistance is going
up. Therefore, it can deliver less and less current without pulling the output voltage
down across the output resistance. A so-called “dead” battery has a large output re-
sistance and drops virtually all the available voltage across that output resistance at
almost any load.

CONDUCTANCE

Conductance is a term we don’t very often hear used in general engineering
discussions. It is defined as the inverse of resistance. If something offers high resis-
tance to current flow, there will be very little conductance, and vice versa. Conduc-
tance is designated by the symbol G. Thus,

G=1R
The concept of conductance is primarily used to simplify certain kinds of

mathematical analyses. For example, if we express Equation 5-11 in terms of con-
ductances, it would be Equation 5-17:
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1 1

1.1 ., 1 G1+G2+-+Gn

R1 R2 Rn

Req = [5-17]

We will not use conductance again in this book until we discuss lossy
transmission lines in Chapter 17.



6 REACTANCE

As I have indicated, there are only three types of passive components: re-
sistors, capacitors, and inductors. Each of these impedes the flow of current, but
each does so in a different way. We categorize them these three ways:

® Resistance (designated by the symbol R) is the impedance to current flow
that is presented by a pure (ideal) resistor. Resistance is measured
in ohms. Resistance is directly related to the size of the resistor, but
it is not a function of frequency and there is no phase shift associ-
ated with this impedance to current flow.

® Reactance (designated by the symbol X) is the impedance to current flow
that is presented by an ideal inductor or capacitor. Reactance is
measured in ohms. Reactance is related to the size of the compo-
nent but is also related to the frequency of the signal. There is a 90-
degree (only) phase shift associated with reactance.’

o Impedance (designated by the symbol Z) is what we get when we com-
bine resistance and reactance (see Chapter 7). Impedance is meas-
ured in ohms. It is a function of frequency and there is normally a
phase shift associated with impedance. That phase shift can range
between +90 degrees and —90 degrees.*

"Note that this statement says there is a 90-degree phase shift (plus or minus) associated with
reactance. It is exactly +/-90 degrees and nothing else. It is important to understand that re-
actance only has a 90-degree phase shift, and no other value of phase shift. Reactance, for
example, cannot have a 45-degree phase shift under any conditions. (It is only impedance,
discussed in the next chapter, that can have any value of phase shift between +/-90 degrees.)
’It is not wrong to describe resistance as impedance, but more properly resistance is only the
“real” part of impedance. It is not wrong to describe reactance as impedance, but more prop-
erly it is only the “imaginary” (shifted 90 degrees) component of impedance.

97
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Reactance is further divided into two components:

o Capacitive reactance (designated by the symbol X¢) is inversely related
to the size of the capacitor and to frequency. That is, larger capaci-
tors have lower reactance at the same frequency, and a given ca-
pacitor has a lower reactance as frequency increases. Voltage lags
current (current leads voltage) through a capacitor, so there is a
(negative) 90-degree phase shift associated with capacitive
reactance.

o Inductive reactance (designated by the symbol X\ ) is directly related to
the size of the inductor and to frequency. That is, larger inductors
have higher reactance at the same frequency, and a given inductor
has a higher reactance as frequency increases. Voltage Jeads current
(current lags voltage) through an inductor, so there is a (positive)
90-degree phase shift associated with inductive reactance.

It is sometimes helpful to note that capacitive and inductive reactance are
almost exactly opposite in their characteristics and effects. It’s as if they were at
extreme opposite ends of the same scale. Resistance, then, is a very special case
exactly between these two extremes.

CAPACITIVE REACTANCE

It would follow from the preceding that the measure of capacitive reac-
tance, for example, might be given by the formula X¢ = —1/(frequency x C). (The
minus sign means a minus 90-degree phase shift. It is a consequence of the “imagi-
nary operator,” something we introduce in the next chapter.) To use this formula we
need to know what measure of frequency we need to use. Recall from the discussion
in Chapter 1 there are several ways we can measure, or describe, frequency. The
measure used here is the angular frequency, ® (which is 2xf; refer back to Equation
1-2). So the definition of capacitive reactance is as shown in Equation 6-1:

Xc =~1/0C ohms [6-1]

For example, suppose we have a .01 pF (10™®) capacitor at an angular fre-
quency of @ = 10°. (Remember an angular frequency of 10° would equate to a cy-

clical frequency of 10%/27t = 159,155 kHz). The reactance associated with this
capacitor at this frequency would be:



Chapter 6 99

X =-1/(10°x 107%) =-100 ©
(The minus sign means that the voltage phase shift is 90 degrees).

This same capacitor at a frequency 10 times higher (@ = 107) would have a
reactance of:

X=-1/(10"x10%)=-10Q
demonstrating the importance of the frequency of the circuit.

A larger capacitor, say .1 uF (107) at a frequency ® = 10° would have a re-
actance of

X=-1/(10°x107)=-10 Q

These examples illustrate the importance of both the value of the capacitor
and the frequency in determining the reactance (in ohms) the device presents to the
circuit.

The relationship between capacitive reactance and frequency is nonlinear.
That is, a graph of the relationship would be a curved line (see Figure 6-1). Even
though we calculate capacitive reactance as a negative number indicating phase
shift, we graph it with a positive sign. The reason for that will become clearer in the
next chapter, when we show that Z = /X . Since frequencies of possible interest
cover a very wide range (from a few Hz to hundreds of MHz and more), we usually
graph the reactive relationship on “log-log” axes. The scales for both the horizontal
and vertical axes are logarithmic (common log, to the base 10.) See Appendix C for
more information about logarithms. When graphed this way (Figure 6-2) the capaci-
tive reactance relationship is a straight line. Notice in what direction the graphs
move as capacitance changes.

INDUCTIVE REACTANCE

Inductive reactance is given by the relationship shown in Equation 6-2:

XL = +oL [6-2]
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where XL is inductive reactance in ohms
® is angular frequency and
L is inductance in henrys

The + sign (usually understood and not used) means a +90-degree
phase shift.
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Figure 6-1 Capacitive reactance graphed on linear scales.
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Figure 6-2 Capacitive reactance graphed on logarithmic scales.
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For example, consider a component lead with 10 nH (10™®) of inductance at
a frequency o = 10°. X would be (10%)(107*) = 10 m2. But the same lead at a fre-
quency of @ = 10° would present a reactance of X = (10°}(10®)=1.0 Q.

Inductive reactance is a linear relationship. That means that it would graph
as a straight line whether linear or logarithmic scales were used (see Figure 6-3).
We usually use logarithmic scales to graph inductive reactance because the range of
frequencies is so large.

A Reactance
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.’ '-- ’ ---
.’ - - : g
£
_et” Frequency

Figure 6-3 Inductive reactance graphed on logarithmic scales.

OHM’S LAW FOR REACTANCE

Just as Ohm’s Law applies to resistance, Ohm’s Law also applies to reac-
tance (see Equation 6-3):

V=iX [6-3]
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X1
]x1 ]xz
X2

l
(@) (b)

Figure 6-4 Series (a) and parallel (b) combinations of reactance.

Reactances combine just as resistances do (Figure 6-4). The equivalent re-
actance, Xeq, for two reactances in series is shown in Equation 6-4:

Xeq=X1+X2 [6-4]

Reactances in parallel combine using the normal parallel combination formula as
shown in Equation 6-5:

Xeq = [6-5]

From here we can see how the formula for an equivalent capacitance of two
or more capacitors in series is derived (see Equation 6-6):

Xeq=X1+X2+,.+Xn

1 + 1 +.+ 1
oCeq oCl oC2 oCn
1
Ceq=— : ; [6-6]
— + — .+ =
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When we place two or more capacitors in parallel the result is shown in
Equation 6-7:

wCeq - oCl + oC2 +..+ oCn
Ceq=Cl1+C2+..+Cn [6-7]
Similarly, two or more series inductors combine as shown in Equation 6-8:
Xeq=X1+X2+..+Xn
oleq=wL]l + ©lL2 +...+ ®wlLn

Leq=L1+L2+..+Ln [6-8]

Two or more inductors in parallel combine as shown in Equation 6-9:

1
Xeq=
1,1, 1
Xl X2 Xn
Leq = L
N U U
oLl oL2 =~ oLn
Leq= 1

L, 1, 1

L1 L2 7 Ln 16.9]
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SERIES LC COMBINATIONS

It gets more interesting if we combine inductive and capacitive reactances.
Suppose we have a capacitor and an inductor connected in series (Figure 6-5). The
equivalent reactance for this circuit is shown in Equation 6-10:

Xtotal = X1 + X2, or
=XL + XC
=oL - 1/0C
=(0’LC - 1) oC [6-10]

Figure 6-5 Series LC circuit.

Assume we have an AC current flowing through this circuit. Remember
that current must be constant everywhere within a loop. This current (by Ohm’s
Law) generates a voltage across the capacitor, a voltage across the inductor, and a
voltage across the pair. Ohm’s Law applies for each case. Now the yoltage across
the capacitor Jags the current by 90 degrees. The voltage across the inductor leads
the current by 90 degrees. Therefore the voltage across the capacitor must lag the
voltage across the inductor by 180 degrees.

This is a very important point. Since there are only 360 degrees in a cycle,
that means the voltages across the capacitor and inductor are exactly opposite in
phase. And they are always so. Always! Let’s look at a couple of examples. Sup-
pose we let:

C=.1uF=10"
L=4uH=4x10"°
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Let current = S mA at an angular frequency of 27f = 10°

XC =-1/0C =-1/(10%(10"7)=-10 Q
XL=oL=(10%4x10%=40Q
Xtotal =XC+XL= —6Q

(Remember, the minus sign means that the voltage lags current.)

We should get the same total reactance if we calculate it from Equation
6-10:

Xtotal = [(10%)(10°)(1077)(4 x 10™%) — 11/(107)(10°)
=—6l1=—6 Q

The three voltage waveforms, then, would be:
VC =iXC = 5(107)(—10) with —90-degree phase shift
VL =iXL = 5(107°)(4) with +90-degree phase shift, and

Vtotal = iXtotal = 5(107)(—6) with —90-degree phase shift

The three voltage waveforms are graphed in Figure 6-6. There are several
things to note from this example. First, the voltages across the capacitor and the in-
ductor are exactly opposite in phase. Second, the total voltage across the circuit is
the algebraic sum of the two voltages. (It could be determined graphically by simply
adding the two individual curves.) Third, since the reactance of the capacitor is lar-
ger than the reactance of the inductor, the voltage across the capacitor is (naturally)
larger than the voltage across the inductor. Consequently, the voltage phase shift of
the total voltage is the same as the voltage phase shift across the capacitor. That is,
for the total circuit the phase shift is —90 degrees, the voltage lags the current.
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V capacitor
————— V inductor
------- V total

Figure 6-6 Plots of the three voltages at @ = 10°,

It is important to recognize that since the phase shift of the pair of compo-
nents is —90 degrees, this circuit looks more like a capacitor than an inductor. This
makes sense since the capacitive reactance is more than twice the magnitude of the
inductive reactance. We call this circuit capacitive (at this frequency).

Now let’s make just one change in this example. Let’s change the frequency
from = 10° to @ = 2 x 10°. Intuitively we expect that the capacitive reactance will
go down and the inductive reactance will go up. We calculate:

XC=-1/oC=-1/(2x 10°(107)=-5 Q
XL=oL=(2x10%4x10%=8Q
Xtotal = XC + XL =3 Q

Now the total reactance phase shift is +90 degrees, which means the total
voltage is exactly in phase with the voltage across the inductor. The voltage curves
now are shown in Figure 6-7. This figure looks very similar to Figure 6-6, except
the voltages across the two components are different (they are still 180 degrees dif-
ferent in phase from each other), and the total voltage is now in phase with the volt-
age across the inductor.



Chapter 6 107

V capacitor
————— V inductor
------- V total

Figure 6-7 Plots of the three voltages at @ =2 x 10°.

It is important to recognize that since the phase shift of the pair of compo-
nents is +90 degrees, this circuit looks more like an inductor than a capacitor. This
makes sense since the inductive reactance is now larger than the capacitive reac-
tance (totally because the frequency, and nothing else, has changed). We now call
this circuit inductive (at this frequency).

Note that this circuit has gone from a capacitive circuit to an inductive cir-
cuit without changing any component values at all. The change is solely the result
of a change in frequency. The change in frequency wasn’t really very much, just
from o = 10° to @ = 2 x 10°. ‘This example could be that of a normal bypass capaci-
tor with lead inductance. Figure 6-5 could describe such a bypass capacitor exactly.
(We introduce the impact of series resistance, ESR, in Chapter 15.) The bypass ca-
pacitor changes from a capacitive device to an inductive device simply as a result of
the frequency increasing beyond a certain value.

PARALLEL LC CIRCUITS

Figure 6-8 illustrates a parallel LC circuit formed with the same compo-
nents used in the series LC example. Now, however, the total reactance presented
by the parallel combination is shown in Equation 6-11:
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Xtotal = 1/ [(1/XC) + (1/XL)]
= 1/[-oC + 1/®L]
= oL/(1 — ®’LC) [6-11]

Figure 6-8 Parallel LC circuit.

At a frequency of @ = 10° the values work out to be:

XC =-1/aC =-1/(10°(107) =-10 Q
XL=woL=(10°%4x10°)=40Q
Xtotal = (10%)(4 x 107°)/[1 — (10°)(10°)(4 x 107°)(107)]
= 4/.6= 6.66 Q

(Note: Xtotal does not equal XC + XL in this case, as you might expect,
because XC and XL are connected in parallel, not series.)

If the voltage across the parallel combination is held at 5 volts with zero
phase shift, we can calculate that the current through the components will be:

iC =5/(-10) =—.5 amps
iL = 5/4 = +1.25 amps
itotal = 5/6.666 = +.75 amps.

These waveforms are graphed in Figure 6-9. The minus () signs mean that
the current through the capacitor leads the voltage (the voltage lags the current) by
90 degrees. The current through the inductor lags the voltage (the voltage leads the
current) by 90 degrees. Therefore, the current through the capacitor leads the cur-
rent through the inductor by 180 degrees. This relationship (between the parallel
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capacitor and inductor) cannot change; their currents are always out of phase by this
180 degrees.

i Total
————— i capacitor
------- i inductor

Figure 6-9 Parallel currents for @ = 10°,

The total current is the sum of the two currents, consistent with Kirchhoff’s
1* Law (the current into a node must equal the current going out of a node). Since
the sign of the total reactance is positive, we say this parallel combination is induc-
tive at this frequency. That is, most of the current is flowing through the inductor,
with only a small amount through the capacitor. If we extend this toward the limit at
very low frequencies, the capacitor would have almost no effect on the circuit at all.

As we did before, let’s just change one thing, frequency, to @ =2 x 10°.
Now we find:

XC=-1/aC=-1/2x 10°(107) =5 Q
XL=0L=02%10%4x10%=8Q -
Xtotal = (2 x 10%)(4 x 107°)/[1 — (2 x 10°)(2 x 10%)(4 x 107°)(107)]
= 8/(—.6) =-13.3333 Q '
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If the voltage across the parailel combination is held at 5 volts with zero
phase shift, we can calculate that the current through the components will be the
following:

iC = 5/(-5)=-1 amp
iL = 5/8 = .625 amps
itotal = 5/(—13.333) = —-375 amps

These waveforms are graphed in Figure 6-10. As before, the minus (-)
signs mean that the current through the capacitor leads the voltage (the voltage lags
the current) by 90 degrees. The current through the inductor lags the voltage (the
voltage leads the current) by 90 degrees. Therefore, the current through the capaci-
tor leads the current through the inductor by 180 degrees. This relationship (be-
tween the parallel capacitor and inductor) cannot change; their currents are always
out of phase by this 180 degrees.
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i Total
————— i capacitor

------- iinductor

Figure 6-10 Parallel currents for o =2 x 10°,

Note also as before, the total current is the sum of the two currents, consis-
tent with Kirchhoff’s 1* Law. But this time, since the sign of the total reactance is
negative, we say this parallel combination is capacitive at this frequency. That is,
most of the current is flowing through the capacitor, with only a small amount
through the inductor. If we extend this toward the limit at very high frequencies, the
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inductor would have almost no effect on the circuit at all, and all the current would
flow through the capacitor.

RESONANCE

When we plot the impedance of a circuit against frequency, we often refer
to the graph as an impedance plot. Such a graph is usually plotted against log—log
axes. Figure 6-11 shows impedance plots of the serial and parallel LC circuits de-
scribed in Figures 6-5 and 6-8, respectively. Even though the reactance of a capaci-
tive circuit is negative, we plot the impedance as a positive number on the axes.
More properly, we say we plot the absolute value (the value without regard to

sign).’

A Reactance (ohms)
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------- Parallel LC

Figure 6-11 Impedance plots for the series and parallel
circuits of Figures 6-5 and 6-8.

*When you stop to think about it, you can’t have negative impedance. That would imply that
a positive voltage, for example, would result in a negative current, a current flowing in the
wrong direction. We will see in the next chapter how we get a positive impedance value
from a negative reactance.
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We often say that the capacitive portion of an impedance curve is “down-
ward sloping to the right.” This is true for both of these curves. On any impedance
curve, for any area in which the impedance is falling as the frequency is increasing,
the circuit will look capacitive (the current will lead the voltage through the circuit
at those frequencies). ‘

Each of the curves in Figure 6-11 exhibits an interesting characteristic at a
particular frequency. The frequency is the same in each curve, about 250 kHz,
where @ = 1.58 x 10°. To see what is special about this point, look at Equations
6-10 and 6-11. Consider the term @’LC. If this term exactly equals 1.0, then the
numerator of the series reactance term (Equation 6-10) goes to exactly zero. That
means there is zero reactance (impedance) through the series LC circuit. (Not just a
small reactance; absolutely zero reactance.®) The frequency at which this term goes
to zero is found by setting (in Equation 6-12):

@’LC =1 [6-12]
o’ =1/LC=1/(4x 10°°(107)=2.5x 102

©=158x%10° =27f
f=1.58x 10%21 = 251,646 kHz

This does not mean that there is no voltage across each component. There is
current flowing, and by Kirchhoff’s 2™ Law (see Chapter 5), the current is constant
everywhere in the loop. The reactance through the capacitor is not zero, nor is the
reactance through the inductor. Since there is reactance through each component,
then the current will introduce a voltage across each component, even at this par-
ticular frequency. What is special about this particular frequency is that the reac-
tance of each component is exactly equal at this frequency. That means a common
current will create exactly equal voltages across each component. And since the
voltages across a capacitor and an inductor are exactly 180 degrees out of phase,
their sum is exactly zero and they exactly cancel. That is why there is no voltage
that can exist across the series pair at this particular frequency.

At this same frequency, the denominator of the parallel LC reactance term
(Equation 6-11) also goes to zero. At that point, the parallel reactance goes to infin-
ity. (Not just very high; infinitely high.) It’s as if there is an open circuit at that par-
ticular frequency.

*From a practical standpoint there must be some residual (parasitic) resistance in any circuit.
In this chapter, however, we are considering “ideal” capacitors and inductors, those without
any resistance.
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That does not mean that there is no current flowing through the compo-
nents. As can be seen from Figure 6-8, the voltage across the capacitor is exactly the
same as the voltage across the inductor. At this particular frequency, the reactance
of the capacitor is exactly the same as the reactance of the inductor. Therefore, the
current through the capacitor must be exactly the same as the current through the
inductor. But since the phase of the currents differs by exactly 180 degrees, the cur-
rents are equal and opposite. Therefore, the current into the node from one compo-
nent is exactly the same as the current out of the node toward the other component.

By Kirchhoff’s 1* Law the total current into the node must equal the total
current out of the node. Under this condition that means there is zero current that
can enter the node from the voltage source. Since there is zero current from the
voltage source, the voltage source must be looking into an infinitely high
impedance. '

This ‘very special frequency (defined by Equation 6-12), where

’LC=1
@’ =1/LC
o=1/JLC =2nfor
f=1/2n~LC) [6-13]

is called the resonant frequency of the circuit (see Equation 6-13). Resonance is a
very important concept. One place where its use might be obvious is in a tuning cir-
cuit. If we placed a series LC circuit between two stages of an amplifier, we can
envision that the only frequency that would pass through from one stage to another
is the resonant frequency. All other frequencies would (tend to be) blocked by the
LC circuit. If we placed a parallel LC circuit to ground between two stages of an
amplifier, the resonant frequency would be passed on to the next stage. All other
frequencies would be shunted toward ground. Of course, in real life, circuits are a
little more complicated than this, but this principle is the one on which most tuning
circuits are based.

Consider the case of a typical bypass capacitor, say one with a value of .01
uF and a lead inductance of 5 nH. This would look to the circuit like a series LC
circuit whose reactance would be given by the expression:
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X=XL+XC
= a(5)(107°) — 1/(107%)
= [50*(107°)(107%) — 1]/e(107%)

Since this capacitor has some associated inductance, there must be a reso-
nant frequency. The resonant frequency of this capacitor is

f=1/2nLC)=22.5 MHz
(22,507,926.92 Hz to be more exact!)

Figure 6-12 is a plot of this impedance function for this bypass capacitor.
Included also is a plot of an ideal .01 capacitor and an ideal 5 nH inductor. Note that
the bypass capacitor plot is capacitive (what we refer to as downward sloping to the
right) until the resonant frequency, then becomes upward sloping (inductive) past
that point. Beyond 25.5 MHz the capacitor actually starts looking like an inductor.
That is the point beyond which the inductive reactance begins to exceed the capaci-
tive reactance.
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Figure 6-12 Impedance plot of the bypass capacitor and
each component individually.

At frequencies well below the resonant frequency, the capacitive reactance
dominates; the inductive reactance is so small that it is negligible. At frequencies
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well above the resonant frequency the inductive reactance dominates and the ca-
pacitive reactance is so small that it is negligible. But at frequencies near resonance,
the two interact in such a way that the combined effect is lower impedance than ei-
ther component taken separately.

There are two important points to recognize in this example. The first is that
the phase shift caused by this bypass capacitor is either —90 degrees (capacitive) or
+90 degrees (inductive). It is never anything else (except that the phase shift is ex-
actly zero at exactly the resonant frequency). We sometimes think of this as “shoot-
ing” rapidly from —90 degrees, through zero, to +90 degrees. In fact it does not
progress somehow from one extreme to the other. There is a discontinuity at the
resonant frequency. It is —90 degrees below the resonant frequency, no matter how
close to the resonant frequency you want to get. It is +90 degrees above the resonant
frequency, no matter how close to the resonant frequency you want to get. It is ex-
actly zero at exactly the resonant frequency. It is never anything else. (Remember,
We are assuming no resistance at all.)

There are those who might say that above the resonant frequency this by-
pass capacitor (a) looks like an inductor and therefore (b) is useless in the circuit.
Comment (a) is true, but (b) does not follow logically from it. First note that even
(for a little ways) above the resonant frequency the impedance of the real device is
still below that of the ideal capacitor, because of the interaction with the inductance.
This effect becomes more pronounced in circuits that have many capacitors, as we
will see in Chapter 15. Second, it is not necessarily the bypass capacitor effect that
is important in our circuits; it is often the net impedance offered by the device. Even
in the inductive region the net impedance can be very small, and therefore the de-
vice is providing a “service” to the circuit. Be careful of people who make absolute
statements about components either having or not having an effect at certain fre-
quencies. It is not necessarily that simple.

POLES AND ZEROS

Figure 6-13 illustrates a case with two series LC circuits in parallel. We will
look at them for now as just that; but later we will see that this is exactly the case
that we have when C1 and C2 are bypass capacitors and L1 and L2 represent the
stray inductance contributed by leads, pads, vias, and traces.
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ﬁ

C1 C2

Figure 6-13 Schematic of two parallel capacitors,
each with associated lead and mounting inductance.

Let these components have the following values:

L1=10nH=10"
L2=.1nH=10"
Cl=.1uF=10"

C2=.01uF=10"

Remember that the resonant frequency of a series LC pair is given by Equa-
tion 6-13:

f=1/27LC)

Using this formula we can find that these pairs will resonate at about 16
MHz and 160 MHz, respectively. Figure 6-14 plots the impedance function of each
of these LC circuits. At lower frequencies each circuit looks more like a capacitor
than an inductor. But above each resonance, along the upward-sloping part of the
reactance curve, each circuit looks more like an inductor than a capacitor. Over this
rising portion of the curve the sign of the reactance would be positive.

Now here comes some interesting stuff. Look on the graph at about where
the frequency would be 50 MHz. The left-hand curve (Pair 1) is inductive and its
reactance has a positive sign here. The downward-sloping curve (Pair 2) is capaci-
tive and its reactance here is negative. The curves are plotted for each one sepa-
rately, as if the other one weren't there. But in the circuit, of course, they are both
there and their effects combine. One hint about the way they are going to combine
is the fact that at (approximately) 50 MHz their reactances are equal and opposite.
This implies another resonance point. But these pairs are not in series, they are in
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parallel. So, if there is another resonance point, it w1ll be a parallel resonance point
and the effect must be infinite reactance.

OA'Reéctance (ohms)

0.01
[
'
3
0.001 :
1
1 Frequency in MHz
* LY AN L l
1107 (4
10 100 1000 10000

Series L1 + C1
------- Series L2 + C2

Figure 6-14 Impedance function of each capacitor separately.

Another way to view this is to recognize that the four components do form
a parallel circuit of Ls and Cs. At some frequencies one side will look mostly like
an inductor and the other side will look mostly like a capacitor. Therefore, it makes
sense that there would be a parallel resonance formed by this set somewhere in that

frequency range.

And indeed there is! Figure 6-15 plots the combined effect of all the com-
ponents making up this circuit. The parallel resonance point between the two series
resonance points is very clear. Not coincidentally, it is at the precise point where the

two individual curves cross.

The series and parallel resonance points in Figure 6-15 are very sharp be-
cause we have included no resistance effects in the analysis. In real life there is al-
ways some resistance around, so results on a PCB would normally not be as sharp

as is shown here, which is fortunate for all of us. The impact of resistance on LC
circuits will be explored in the next chapter and in Chapter 15.



118 Chapter 6

The series resonance points, where the impedance goes to zero, are called
(appropriately enough) zeros. The parallel resonance points are called poles. It
seems intuitive that they are called that because they stick up on the frequency plots.
In a 3D reactance or impedance plot the poles and zeros can look just like they are
holding up or tying down a sheet of canvas for a circus tent.

AReactance (ohms)

10
A
0.1
0.01
0.001
o 10 100 1000 = i: c:i::

Figure 6-15 Combined impedance of L1 and C1 in Parallel with L2 and C2

There is another reason for looking at the concept of poles and zeros. It is
true that:

1. If there are two zeros, there will be a pole in between.

2. If there are two poles, there will be a zero in between.

3. Anytime there is a pole, there will also be a zero.

4. Anytime there is a zero, there will also be a pole.

5. It is possible that some the poles and zeros occur at the same
frequencies.
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This can be helpful in understanding how circuits will react and a where
certain unexpected results might be coming from.

Now, perhaps you have already said, "Well, wait a minute. If I have a single
capacitor with a zero at infinity, where is the pole?" The answer is at DC (zero fre-
quency.) An inductor, with a pole at infinitely high frequencies, has a zero at DC. A
single series combination LC circuit has a zero at its resonant frequency. It has
poles at DC and at infinite frequency. A parallel LC circuit with a pole at its reso-
nant frequency has zeros at both DC and at infinite frequency. Poles and zeros exist
in pairs and one will always be accompanied by the other.

Later we will see that capacitors almost always have some associated induc-
tance with them, so every capacitor probably has a series resonant point (a zero).
One could wonder if we have 200 bypass capacitors on our board, and therefore 200
zeros, will we also have 200 parallel resonance points, or poles? The answer is yes,
this is true. This can have a serious impact on bypass capacitor and power supply
strategy, and can be an important design consideration. We will talk more about this
later, particularly in Chapter 15. One clue why we don't have more problems than
we already do, however, is because there are a lot of effective resistance paths that
help attenuate the sharp peaks. The real world situation is not quite as bad, there-
fore, as is suggested by Figure 6-15.

SUSCEPTANCE

In the interest of thoroughness I introduce here the term susceptance. Sus-
ceptance is the inverse of reactance, just as conductance is the inverse of resistance
(see Chapter 5). Susceptance is denoted by the symbol B and is defined as:

B=1/X

The phase shift associated with susceptance is the same as the phase shift
associated with reactance. That is, if the capacitive (voltage) phase shift is -90
degrees, then capacitive susceptance will also have a (voltage) phase shift of 90
degrees.



7 IMPEDANCE AND PHASE SHIFT

IMPEDANCE

Mst people find that analyses regarding resistance are fairly easy. Analy-
ses regarding capacitive reactance aren’t too difficult, because capacitive effects
seem to be somewhat intuitive to a lot of people. The effects of inductors are much
less intuitive, and people tend to have more problems with them. And then there is

impedance.

Table 7-1 Summary of the Effects of the Primary Passive Components

Component “Impedance” | Measured | Voltage | Frequency | Impedance
P to Current in Phase | Dependent? | Is High if
R Resistive (R) ohms 0 No R = high
Inductive L = high
L reactance (X) ohms +90 Yes f = low
Capacitive C = low
C reactance (X) ohms —90 Yes f = high

Consider the simple RC circuit shown in Figure 7-1, driven by an AC con-
stant current source.' If the value of the capacitor is very large, there will be very
little voltage across it. The voltage across the RC pair will be almost identical to the

'A constant current source maintains a constant current and phase under all conditions. Con-
stant current sources are harder to design than constant voltage sources, but they are not

uncommon in circuits.

121
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voltage across the resistor, and it will be in phase (i.e., zero phase shift) with respect
to the current. If the value of the capacitor is very small, then the voltage across it
will be much larger than the voltage across the resistor. The voltage across the RC
pair will be almost equal to the voltage across the capacitor. Its voltage phase will
be —90 degrees (90 degrees behind) the phase of the current.

—

Figure 7-1 Simple RC circuit driven by a constant current source.

Cc

Therefore, the voltage across the RC pair ranges from 0-degrees phase shift
for large values of capacitance to —90-degrees phase shift for small values of ca-
pacitance. There must, therefore, be a large number of values of capacitance for
which the phase shift across the RC pair will be somewhere in between these val-
ues, say 45 degrees, 57 degrees, or 82 degrees, for example.

Resistors offer resistance to the flow of current. Resistance is really a very
special case of impedance, that of zero phase shift. Capacitors and inductors resist
the flow of current with reactance. Reactance is also a very special case of (exactly)
90-degree phase shift (either plus or minus). The general case of resistance to cur-
rent flow is called impedance and it covers all cases of phase shift from +90 degrees
10 —90 degrees (including +90 degrees, —-90 degrees and zero-degree phase shift).
Since impedance is the general case, we can say that pure resistance is always a
measure of impedance, but only in a very special case would impedance be purely
resistive.

Formally, impedance (Z) is the combination of resistance (R) and reactance
(X) of a circuit according to the expression shown in Equation 7-1:

Z=R+jX [7-1]
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The symbol j stands for the square root of —1, \/—_1 , which, of course,
doesn’t exist (see the Chapter Endnote on imaginary numbers at the end of this
chapter and also see Appendix E). The impedance expression has what we call a
real part (R) and an imaginary part (X). The practical distinction between these
parts is that they are orthogonal, or perpendicular, to each other. That is, they are
shifted from each other by 90 degrees. This is, in fact, the 90-degree phase shift be-
tween reactance and resistance.

When we look at impedance we usually picture it as being graphed on axes
as shown in Figure 7-2. R is usually graphed on the horizontal (zero phase) axis,
and reactance is graphed on the vertical (90-degree phase) axis. So inductive reac-
tance (+90 degree) would be plotted on the vertical axis above the horizontal axis,
and capacitive reactance (—90 degree) would be plotted on the vertical axis below
the horizontal axis.

Figure 7-2 For any given R and X, impedance is the vector
to their intersection and the phase shift is the angle between
that vector and the horizontal axis.

Impedance is referred to as a vector, Z. A vector has magnitude and it has
direction (angle from some reference, usually the origin, the intersection of the
horizontal and vertical axes). Z can be found graphically by plotting the intersection
of R and X (Figure 7-2). The magnitude of Z is the length of the vector from the
origin to the intersection. The phase shift is the angle (®) formed between the vec-
tor and the horizontal axis. The magnitude of Z can also be solved for mathemati-
cally. It is the hypotenuse of the right triangle formed by R, X, and Z and is found
by the Pythagorean theorem (Equation 7-2) we all learned in trigonometry.”

“Now we can see why we treat negative capacitive reactance as a positive impedance. IfR =
0 and XC is negative, Z = [(xc)’ = XC (a positive value).
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Z=JR*+X? [7-2]

Return now to Figure 7-1. If the capacitor is very large, X is very small, and
Z is almost the same as R, with no phase shift. But if the capacitor is very small,
then X is very large, Z is almost the same as X, and the phase shift is almost the
same as that for a pure capacitor, —90 degrees. '

Let’s look now at a more normal case. Let’s say R = 100 Q and C = .02 pF.
But wait a minute! We can’t plot that yet because we haven’t specified a frequency.
We must know the frequency before we can calculate X. So let’s let o = 10°,

Now we can calculate X as follows:
~1/oC=-1/(10°x .02x 10°%)=-50 Q

(Remember, the minus sign means a capacitive, or negative, phase shift.) So Z,
now, is given by Equation 7-3:

Z=4J100* + (-50)> =111.8 O [7-3)

The angle, ©, is the resulting phase shift of the RC pair. Clearly ® will be
negative because the circuit must look at least a little capacitive (there is no induc-
tance). We can measure the angle ® graphically, or we can calculate ® from trigo-
nometry. The tangent of an angle is the ratio of the side opposite (X) over the side
adjacent (R). So the phase angle is found by finding the angle whose tangent is X/R,
or by the expression in Equation 7-4:

® = tan '(X/R) [7-4]
The expression tan™ is called the arctangent, and almost all current spread-
sheets and many handheld calculators calculate it (be careful to know whether your

calculator or spreadsheet is working in degrees or radians). In our illustration, we
use Equation 7-5 to find ©:

® = tan™'(~50/100) = —26.6 degrees. [7-5

Figure 7-3 shows the waveforms for the circuit in Figure 7-1 for the follow-
ing values:
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i = sin(®)
o = 10°
R =100Q
C =.02 pF
XC=-50Q

VRC

Figure 7-3 Voltage waveforms for the circuit in Figure 7-1.

The voltage across the resistor is:

VR = iR = 100sin(®)

It is in phase with the current and it is the curve in Figure 7-3 that goes
through the origin (i.e., the value is 0 at 0 degrees).

The voltage across the capacitor is:

VC = iXC = —50sin(®) = 50sin(® — 90)
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Here the minus sign means a phase shift of 90 degrees. So the voltage
curve for VC is the curve whose value is 0 at 90 degrees (the 90-degree voltage
lag). The voltage across the RC pair can be found two ways:

(a) We found from Equations 7-3 and 7-5 that Z = 111.8 Q with a phase
shift of —26.6 degrees. So we can use:

VRC =iZ = 111.8sin(® — 26.6)

This is the curve in Figure 7-3 that crosses the origin between the curves for
VR and VC,

(b) We can also simply sum the two curves for VR and VC. That is:
VRC = VR + VC = 100sin(®) + 50sin(® — 90)

You can verify visually from Figure 7-3 that VRC is the arithmetic sum of
the other two curves. If you go back to high school trigonometry, you can work this
out through those formulas, but we won’t do that here.

Now let’s look at the same circuit, at the same frequency, but this time

make both R and C a little smaller. Thus the resistance will drop but the capacitive
reactance will increase. If we let:

R =50Q
C =.01pF
o = 10°

XC =-1/aC =-1/(10°)(10%) = 100 Q
The voltage across the resistor is:
VR = Ri = 50i = 50sin(®)
The voltage across the capacitor is:
VC =XCi= -100i = 100sin(® — 90)

When we calculate the impedance we get:
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Z =507 +100°

=111.8Q, and
® =tan” (X/R)
=tan™ (~100/50)
= —63.4 degrees, and
VRC =Zi=111.8sin(G—63.4)

These curves are drawn in Figure 7-4. Note that the relative phase of VR
and VC has not changed, but their magnitudes have. The phase relationship
between VR and VC cannot change. Voltage across a resistor is always in phase
with the current and the voltage across a capacitor always lags current by exactly 90
degrees. As before, VR goes through the origin of the graph and VC crosses the
horizontal axis at 90 degrees. Their magnitudes changed by such an amount that
their combined impedance didn’t change (I did that on purpose). Because the circuit
is more capacitive now, the total voltage, VRC, has shifted further in phase. We can
see this by comparing the impedance plot in Figure 7-5 with Figure 7-2.

Figure 7-4 Voltage waveforms.
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Figurg 7-5 Impedance plot for Z=111.8 Q
and ® =-63.4 degrees.

EFFECT OF FREQUENCY

Reviewing what we have just done with our circuit in Figure 7-1, if:

R =50Q
C =.01yF
o=10°

XC=-100 Q, then:
Z =1118 Q, and
® = —64.3 degrees.

This is what is plotted in Figure 7-5. Now let’s change nothing exéept to let
o = 107, With this change, XC = —1/&@C = —10 Q. We have changed no components,
only frequency. Now: '

Z=+/50> +10°

=51.0Q, and
© = tan™'(X/C) = tan™'(—10/50) = —11.3 degrees.

This impedance is shown graphically in Figure 7-6, illustrating the truly
dramatic effect that frequency has on impedance. All other things being equal (i.e.,
the Rs and Cs don’t change), impedance and phase shift will change dramatically
with frequency.
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Even if we have a relatively low clock frequency associated with our cir-
cuit, if that clock signal has a fast rise time there will be some high-frequency har-
monic signals through our circuits. In fact, there will be several transient harmonics
at several different frequencies. Each of these harmonics will see our circuit differ-
ently because the impedance that our circuits present to a signal, and the phase shift
it causes with our signal, is dependent on the frequency of the particular harmonic.
Thus, if we are not careful, the string of harmonics (say representing a square wave)
we inject into a circuit may look quite different when they come out of the other end
of the circuit. One name for this difference in signal shape is distortion. This is what
can make high-speed signal analysis so difficult, and why we have to design our
circuits so they present as little distortion to our signal waveforms as possible.

e R
X §Z

Figure 7-6 Impedance plot for Z=151 Q2 and ® =-11.3 degrees.

It is beyond the scope of this book to cover how to make impedance meas-
urements and calculations. The purpose instead is to give you an appreciation of
what good, experienced engineers are faced with when they design fast, complex
circuits. The rest of this chapter covers some simple concepts, such as RC filters,
how impedances combine in circuits, and voltage waveforms in RLC circuits.

ANOTHER RC EXAMPLE

The illustration in Figure 7-1 used a constant current source to drive the RC
circuit. Let’s do the same analysis with the same circuit, but this time with a con-
stant voltage source as shown in Figure 7-7.

Let:
V =100sin(®)

® = 10°
R =100Q
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C =.02yF
XC=-50Q

©
|

Figure 7-7 Simple RC circuit driven with a constant voltage source.

We have already calculated (Equations 7-3 and 7-5) Z as 111.8 Q with a
voltage phase shift, ®, equal to —26.6 degrees. So current, by Ohm’s Law, is:

i=V/Z=100/111.8 = .894 amps with a phase of +26.6
(capacitive, current leading voltage), or
i=.894sin(® + 26.6)

The voltages across R and C, then, are:

VR = Ri = (100)(.894)sin(® + 26.6)
= 89.4sin(® + 26.6), and
VC = XCi = (50)(.894)sin(® — 63.4)
= 44.7sin(© — 63.4)

(that is, VC lags both the current and the resistive voltage by 90 degrees).
It is tempting to look at this and say, therefore, that the total maximum volt-
age can be 89.4 + 44.7 = 134.1 volts. Don’t make this mistake. We can’t just total

these coefficients. We must first adjust them for the phase and then add them. The
* total voltage is graphed in Figure 7-8 and is found by:

Vtotal = 100sin(©) = 89.4sin(® + 26.6) + 44.7sin(® — 63.4)
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_____ Ve
V Total

Figure 7-8 Voltage waveforms for this new example.

Table 7-2 in the notes at the end of this chapter shows the calculations for
these terms for various angles between 0 and 90 degrees, showing that the calcula-
tions do, in fact, work.

Crassic RC FILTER

Remember our discussion about voltage dividers (Chapter 5)? Let’s look at
a classic RC filter circuit (Figure 7-9) from the standpoint of a voltage divider. This
is called a filter circuit because we are going to filter out (shunt to ground) the
higher frequencies and pass through only the lower frequencies. You have probably
seen many of these circuits at the power input section of most PCBs.

Just as the voltage ratio of a resistive voltage divider is RL/RT, the voltage
ratio here is:

Vout/Vin = ZC/ZRC
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where ZC is the impedance of the capacitor and ZRC is the total impedance seen by
Vin.

Vin Vout
c =
N

Figure 7-9 Classic RC filter commonly found in power supply circuits.

Since:
ZC=1/0C
Ztotal =R +jX =R + 1/joC

The voltage ratio, then, becomes

Vout _ Zc _ %)C _ 1
1 2 2
Vin  Ztotal \/Rz . ( % ) \/ﬁ (oRC)
o

If we plot this equation against frequency (using a logarithmic scale), the
curve looks like Figure 7-10. Lower frequencies are passed without attenuation, but
higher frequencies get shunted to ground through the capacitor. The frequency
where the voltage ratio falls to .707 is commonly called the cufoff frequency for the
filter. That is the point at which ® = 1/RC. We recognize 1/RC as the RC time con-
stant we talked about in Chapter 4. Remember also that power is related to voltage
squared. Noting that (.707)° is .5, we see that the RC filter cutoff point, 1/RC, the
RC time constant, also represents the point on the curve where power is reduced by
50%.
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Figure 7-18 Frequency response of an RC filter.

COMBINING IMPEDANCES

We have already looked at how resistors, capacitors, inductors, and reac-
tances combine in series and parallel. What about impedance? How do impedances
combine in series and parallel?

Two impedances in series (Figure 7-11a) combine easily. If:
Z1 =R1 +jX1, and

Z2 =R2 +jX2, then
Ztotal =(R1+R2)+j(X1+X2)
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z1 zz

Z2

(a) (b)

Figure 7-11 Combining impedances.

Parallel impedances pose a problem that is beyond the scope of this book.
For practical purposes, the approach to this problem would be to reduce the imped-
ances to their real and imaginary components, combine each of these components
separately, and then recombine them into an impedance expression. The general
solutions to complex impedance analyses can be very difficult. Since the reactive
terms are functions of frequency, it is often easier to assume a specific frequency,
and then work with the numerical values. Of course, if there are several frequencies
of interest, this can be tedious, time consuming, and difficult to do without making
errors. There comes a point where we stop doing this manually and start using
higher order calculus and transforms and computerized programs to aid in the
analyses.

RESONANCE AND Q

It is almost impossible to have an LC circuit without some resistance
somewhere. Even if we don’t add a resistor to achieve some effect, there is still
parasitic resistance at other places in the circuit.

The impedance equation for a series RLC circuit can be developed as
follows:

Z=+R? +X? where
R = resistance and
X = reactance = oL — 1/&0C = (0’LC — 1)/0C
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Figure 7-12b illustrates a series RLC circuit. We willlet L =.1 pH and C =
.1 uF. The resonant frequency for this LC pair is:

1

2r/LC

Figure 7-12a shows the impedance curve for this circuit as a function of
frequency. It is centered on the resonant frequency. Three curves are shown, each
for progressively higher values of R1. (The resistor R2 is there simply to establish a
uniform maximum impedance for visual purposes.)

f= =316 kHz

Ampedance

R1

R
AAVAY,
N

_Frequency

R1a a))

— ———— R1b > R1a
------- R1c>R1b>R1a

Figure 7-12 Series RLC circuit (a) and its impedance plot (b).

Recall from the discussion in Chapter 6 how sharp the resonance point
could be at resonance. These curves illustrate how the frequency selectivity of an
RLC series circuit depends heavily on the series resistance. Low values of series
resistance (curve Rla in Figure 7-12a) result in a very sharp resonance point, or a
very selective filter, while higher values of R1 (R1b and Rl1c in Figure 7-12a) create
broader patterns as frequency varies. If we were tuning a radio, for example, we
would likely want a very sharp selectivity. But we might want a broader pattern if
we were building a band pass filter and wanted to pass a range of frequencies.
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Figure 7-13b shows a parallel RLC circuit, this time driven by a current
source. The plotted curves (Figure 7-13a) show the voltage across the RL.C circuit
as a function of frequency. The values of L and C are as before, with a resonant fre-
quency of 316 kHz. If the parallel resistor, R1, is not there (or is a very high value),
the voltage, at least in theory, can become almost infinitely high at resonance. This
is because we are assuming a constant current driving an almost infinite parallel LC
impedance at resonance. The resulting voltage, from Ohm’s Law (V = iX) must also
be almost infinite. But if there is some resistance in the circuit, the peak voltage will
be limited by the value of that resistor times the current (Vmax = iR1). Thus, a
lower value of parallel resistance, R1, will result in a lower peak voltage across the
circuit. (As before, R2 is included in the circuit simply to improve the visual charac-
teristics of the graph.)

Aimpedance
] R2§
' 15T
R1< C~ L y4
— 1?2 |
: ¥
@ R <Ria ®)
— e R1c <R1b <R1a

Figure 7-13 Impedance plot of a parallel RLC circuit.

The more sharply peaked curve in Figure 7-13 is for the highest resistance
value for R1. The other curves are for progressively lower values of resistance. As
before, the selectivity and effectiveness of this RLC filter depends heavily on the
value of R1. '

We sometimes talk about the Q of an RLC circuit. Q is called the quality
factor of the circuit. For a series RLC circuit Q is defined as

Q=olL/R
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where @, is the resonant frequency. As R gets very small, the bandwidth of the cir-
cuit gets very narrow and the Q of the circuit increases, sometimes to a quite high
value.

The corresponding measure for a parallel RLC circuit is (perhaps not
surprisingly)

Q=R/oL

again where o is the resonant frequency. In the parallel circuit, as R increases, the
bandwidth of the circuit gets narrower and the Q of the circuit increases.

On our circuit boards, bypass capacitors are really series RLC circuits. The
C is, of course, the value of the capacitor. L is the inductance associated with the
leads and terminals that are a part of the capacitor as well as any additional induc-
tance associated with mounting the capacitor on the board. R is often referred to as
equivalent series resistance (ESR) which is usually a part of the specification for a
capacitor or capacitor family. Since bypass capacitors are really RLC circuits, they
have a resonant frequency and a Q associated with them. If we connect two differ-
ent capacitors together in parallel, there can be a parallel resonance between them,
also characterized by a frequency and a Q. We will look more into these effects in
Chapter 15.

Note: The design of frequency selective filter circuits (whether they are LC
or RLC) can become very complicated very quickly. Filter design is a specialty by
itself within the field of electronics, and is well beyond the scope of this book. All
we can do here is give you a flavor for the most basic concepts behind filter design.

SERIES RLC CIRCUITS

A series RLC circuit can be really interesting to look at. Consider the circuit
in Figure 7-14.
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@)
T

Figure 7-14 Series RLC circuit.

Let’s let:
Vin = 10sin(®)
R =1Q
L =5nH
C =.1ypF
o =50x10°

You might recognize that these are reasonable values for a bypass capacitor.

We pointed out earlier that the way to calculate the impedance of this RLC
circuit is to first define its resistive and reactive parts. The resistive part is simply
.1 Q. Its reactive part is the series combination of the capacitive and inductive reac-
tances, or

X=oL + (-1/0C)
50(10%)(5)(10°%) + (~1/50(10%)(1077)
.250—.200 = (+).05Q

Since the sign of X is positive, this circuit is slightly inductive at this fre-
quency. Based on this, we can now calculate:

Z=+.1"+.05 =.112 Q
©® =tan"'(.05/.1) = 26.6 degrees
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Since V = iZ, then the current, i, is found by

i=(10/.112) sin(® — 26.6) = 83.3sin(O — 26.6)
(Current lags voltage.)

The other voltages, then, are as follows:

VR = (.1)(83.3)sin(® — 26.6)
= 8.33sin(® — 26.6)

VL = .250(83.3)sin(® — 26.6 + 90)
= 20.83sin(® + 63.4)

VC = .200(83.3)sin(® — 26.6 — 90)
= 16.66sin(® — 116.6)

Remember, if the circuit is slightly inductive, then the current lags the volt-
age by a little bit (in this case by 26.6 degrees). VR is always in phase with the cur-
rent, so it lags the overall voltage by the same 26.6 degrees. VL and VC will lead
and lag the current by 90 degrees, respectively. These voltages are graphed in
Figure 7-15.

Figure 7-15 Voltages in the RLC circuit.
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Looking at Figure 7-15, the overall voltage, Vin = 10sin(®), is the curve
that goes through the origin. VR, in phase with the current, crosses the x-axis 26.6
degrees later (current is lagging voltage). The curves for VL and VC are each
shifted 90 degrees from VR and 180 degrees from each other. That is the first
observation.

A second, really interesting observation is this. Consider the voltages at a
point, say @ = 0 degrees. At this point:

Vin = 10sin(0) = 0
VR =833sin(-26.6) = -3.7
VL =20.83sin(+63.4) = 18.6
VC =16.66sin(—116.6) = —14.9

The latter three voltages sum to the input voltage (zero), as they must.” But
note that the absolute value of both VL and VC are larger than Vin ever is. It is not
intuitively obvious that this can happen, but it can. This case illustrates clearly that
it can. The total voltage never exceeds the input voltage, because VL and VC tend
to cancel each other at every point in time. In fact, the total voltage must always
equal the input voltage. But there can be some interesting dynamics within the loop
when both capacitive and inductive influences are present. And, in particular, the
voltage across the inductive and capacitive devices can be considerably larger than
the input voltage.

SERIES RLC AT RESONANCE

It gets even more interesting at the point of resonance. Remember that at
the point of resonance XL and XC are equal and opposite. So let’s look at this ex-
ample at the resonance point:

= 1 = 1 = 6
® /\/L_C /,————5(10_9)(10_7) 44721 x 10

If you try to replicate these calculations or use a different set of values there are almost cer-
tain to be minor round-off errors. Impedance calculations typically must be carried out to a
large number of decimal places to eliminate these round-off errors.
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1

1
= =7.117 MHz
2nVLC  2m5(10°)(107)

R=.1Q
XL = 5(107°)(44.721)10° = 2236

XC =-1/(10")(44.721)10° = — 2236
Xtotal = XL + XC = 2236 — 2236 =0

Z=+.1+0” = .1 (same asR)
© = tan™'(0/.1) = 0 degrees

So current, and then the individual voltages are:

i =(10/.1)sin(®) = 100sin(®)
VR =.1(100)sin(®) = 10sin(®)
VL =.2236(100)sin(® + 90) = 22.36sin(® + 90)
VC = .2236(100)sin(® — 90) = 22.36sin(® — 90)
Vtotal = VR + VL + VC = 10 x sin(®)

These voltages are graphed in Figure 7-16.

VL and VC are equal and opposite (180-degrees difference, exactly oppo-
site in phase) at every point in time, so their voltages sum to zero. There is never
any voltage across the pair of them. But each one individually has a voltage wave-
form across it that has over twice the amplitude of the input voltage. VR is identical
to the input voltage, as it must be, since the other voltages cancel.

You can work out for yourself what happens if R decreases. If R decreases,
then current increases. Since there is no reactive component (i.e., X = 0), the current
is totally determined by the value of R. So if R were, say, .05 Q, then the peak cur-
rent would be 200 amps (200sin(®)), and the peak voltage across each reactive
component would be about 44 volts. Some strange and exotic things can happen at
resonance.
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VR=VIN

....... Ve

Figure 7-16 Voltages for the RLC circuit at resonance.

ADMITTANCE

In the interest of thoroughness, I add here the concept of admittance. If you
are not an active circuit design engineer you probably will never use this term (and I
fear even some engineers don’t fully understand it). Admittance is simply the in-
verse of impedance (just as conductance is the inverse of resistance and susceptance
is the inverse of reactance; see Chapters 5 and 6). Admittance is designated by the
symbol Y and is defined as:

Y=1/Z

Ohm’s Law applies to admittance (indeed as it must). If Z = V/i, then it fol-
lows that Y = i/V.

Just as impedance is related to resistance and reactance by Equation 7-2,

Z=+R? +X?
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admittance is related to conductance and susceptance by the relationship shown in
Equation 7-6;

Y =+JG* +B? [7-6]
The phase shift associated with admittance must be the same as the phase
shift associated with impedance. The phase shift is associated with the components
and their values, not by how we manipulate the definitions of the terms. So, instead
of defining the phase shift in terms of resistance and reactance (from Equation 7-4):
® = tan” (X/R)
we can define it in terms of conductance and susceptance (Equation 7-7):

® = tan"'(B/G) [7-7]

I do not use the term admittance again in this book!
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Chapter Endnotes

DETAILED CALCULATIONS FOR FIGURE 7-8

Chapter 7

Table 7-2 These Calculations Demonstrate that VR and VC for the Example in
Figure 7-8 do Add up to Vtotal.

Angle=A Vin = 100(sin(A)) VR vC Vtotal Difference
0 0.00 40.00 -40.00 0.00 0.00
26.6 44.78 71.59 -26.81 44.78 0.00
45 70.71 84.85 -14.14 70.71 0.00
90 100.00 80.00 20.00 100.00 0.00
5 8.72 46.82 -38.10 8.72 0.00
10 17.36 53.28 -35.92 17.36 0.00
15 25.88 59.34 -33.46 25.88 0.00
20 34.20 64.95 -30.75 34.20 0.00
25 42.26 70.06 -27.80 42.26 0.00
30 50.00 74.64 -24.64 50.00 0.00
35 57.36 78.65 -21.29 57.36 0.00
40 64.28 82.06 -17.79 64.28 0.00
45 70.71 84.85 -14.14 70.71 0.00
50 76.60 87.00 -10.39 76.60 0.00
55 81.92 88.48 -6.56 81.92 0.00
60 86.60 89.28 -2.68 86.60 0.00
65 90.63 89.41 1.22 90.63 0.00
70 93.97 88.86 5.1 93.97 0.00
75 96.59 87.63 8.97 96.59 0.00
80 98.48 85.73 12.75 98.48 0.00
85 99.62 83.18 16.44 99.62 0.00
90 100.00 80.00 20.00 100.00 0.00

VR = (100)(.894)sin(A + 26.6)

VC = (50)(.894)sin(A - 63.4)
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RLC SIMULATION

UltraCAD has developed a simulation program for use in exploring these
relationships further. It is available for download from UltraCAD’s Web site. The
program will show the waveforms for VR, VL, VC, Vin and Iin for a serial RLC
circuit (see Figure 7-17). The program is dynamic in that you can change any one
component and watch the waveforms shift in real time. This will give you a per-
spective on how voltages in a circuit shift in phase as the values of the circuit com-
ponents change. The instructions for obtaining and running the program can be
found in Appendix D.

Figure 7-17 UltraCAD’s RLC simulation tool.



146 | Chapter 7

Imaginary Numbers

In the calculus derivation of the expression Z = R + jX, it turns out that the
value of j is v~1. You should recognize that the square root of —1 does not exist.
That is, there is no number that, when multiplied by itself, equals —1.

Electronics is not the only discipline in which this happens. Several other
areas of study also have similar expressions, and the common symbol used for /-1
is 1. In electronics we use j instead so as not to confuse this symbol with the symbol
for current.

Expressions of the type R + jX constitute an area of mathematics called
complex algebra. Since the square root of —1 doesn’t exist, we often call the jX term

imaginary and we sometimes call complex algebra imaginary arithmetic. The two
terms making up the expression are called the real part (R) and the imaginary part

X
See Appendix E for a more in-depth discussion of complex algebra.

We can now look again at why capacitive reactance is given a negative
sign. Suppose we have a single capacitor, so X = XC. XC is given by:

XC=1/jwC
If we multiply the numerator and denominator by j:
XC =jlifeC

Since:

this becomes
Xe =—/oC =j(-1/0C)

This fits the format of Equation 7-1. This is where the minus sign for XC comes
from.



PART 2

SIGNAL INTEGRITY ISSUES

Ten or 15 years ago most people treated printed circuit boards as totally
passive devices for connecting components together. As long as the traces were
connected to the correct pins, boards almost never had a negative impact on circuit
performance. In more recent years, this is becoming less and less true. Many board
designers now need to worry about the parasitic elements of traces (resistance, ca-
pacitance, and inductance), the interaction between individual traces, and even the
interaction between traces and the outside world. Part 2 explains why this is so and
what the designer needs to do about it. Many different topics are covered, including
EMI, crosstalk, transmission lines and reflections, and power system decoupling.
You will learn what a fundamental role signal rise time has for all of these issues,
and then what design rules you need to consider as a result.



8 SIGNAL INTEGRITY OVERVIEW

One time I served on a panel where I was asked, “At what point does sig-

nal integrity become a problem?” The intent of the question was to ask at what fre-
quency signal integrity becomes an issue for board designers, but as stated, the
question was more general. That got me thinking about how broad the term signal
integrity really is, even though we have come to think of it in terms of more nar-
rowly defined high-speed issues.

A not-really-facetious answer to the question is that we have a signal integ-
rity problem whenever the signal begins to lose its integrity. And this is not neces-
sarily related to its frequency. Two of the more obvious and common ways a signal
can lose integrity is when it becomes distorted or when the signal-to-noise ratio
(S/N) begins to degrade.

Signal distortion typically means that the waveform of interest begins to
change shape. The degree to which this can happen before it becomes a problem
depends very much on the application. Digital signals, which we typically think of
as being rectangularly shaped pulses, usually carry one bit of information per clock
cycle. They can often withstand a fair amount of distortion without obscuring the
bit state they are in. Analog signals, on the other hand, such as we find in video and
audio systems, can be very sensitive to distortion. A change in the waveform will
often be seen or heard. Your home stereo system, for example, probably has a
specification for harmonic distortion, which relates to the “purity” of the audio sig-
nal as it is processed.

In my lifetime, home entertainment harmonic distortion specifications have
improved greatly, and today’s audio and home entertainment systems are, for all
practical purposes, distortion free. The most common way to make a distortion-free
system is to design it so that the gain is absolutely linear over the frequency range
of interest.

149
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S/N issues come into play whenever an unwanted noise becomes detectable
or interferes with the signal we are concerned with. For example, if you hear a
60-Hz hum (which is, of course, very low frequency) from your home audio system,
you have a S/N or a signal integrity problem. Signal integrity issues and solutions
are not new. People who have spent part of their careers designing power or elec-
tromagnetic switching systems have understood the importance of decoupling and
separation of power supply and grounding systems for decades. Problems associ-
ated with reflections, and their transmission line solutions, have also been around
for years. Radio frequency engineers (even with “low” AM transmitting frequencies
below one MHz) have needed to understand transmission line techniques since the
broadcasting industry began. Signal integrity issues at the circuit design level have
been around for a long, long time.

In our industry (circuit board design) we have come to equate signal integ-
rity with high speed only in recent years. Up until now the circuit board has been a
purely passive device with virtually no circuit impact (unless you were among the
very few designers putting RF or microwave circuits on the board). However, in
recent years, the board itself has begun to cause S/N degradation. The reason is al-
most exclusively because the rise times of the signals we work with have decreased.
These decreased rise times, in conjunction with trace inductance and capacitance,
now cause noise signals of greater magnitude than in the past.

Let’s use inductance for our illustration. Traces have always had induc-
tance. That is important for new board designers to understand. Inductance isn’t
something that just raised its ugly head in the last few years. The voltage generated
across an inductor can be approximated by V = L x di/Tr, where L is, in this case,
the inductance of the trace (measured in henrys), di is the change in current (in
amps) being switched, and Tr is the rise (fall) time (in seconds) associated with the
switching current. V gets larger as (among other things) Tr gets smaller. V, in this
case, can be considered a noise voltage. Thus, the S/N ratio gets worse as V gets
bigger (or, as Tr gets smaller). Therefore, signal integrity gets worse (because the
S/N ratio degrades) as Tr gets smaller (i.e., rise time gets faster).

This illustration used inductance. We can use stray trace capacitance to il-
lustrate exactly the same point. There is stray (parasitic) inductance and capacitance
all over our boards.

So, back to the initial question: At what point does signal integrity become
a problem? For board designers, the answer is: When the rise time decreases to the
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point where the parasitic inductances and capacitances on the board begin to result
in noise signals and transients that become troublesome. When is that? Well, it de-
pends, of course, on the circuit specifics, so it is very difficult to generalize on a
specific value. Some typical symptoms that might accompany signal integrity prob-
lems might include:

Design fails FCC compliance testing (a sure sign!).
. Design fails intermittently, often without discernable pattern.
. Design did work reliably, now it doesn’t, after:
Nothing.
Changing IC supplier.
Changing board fabricator.
Boards must be selected to work together.
Design is sensitive to power supply variations.
Design is sensitive to temperature variations.
Design works in the lab, but is intermittent in the field.

ww:—-

Nowa

Symptom 3 is a particularly subtle problem, but one that is becoming in-
creasingly common. Consider the following situation: A component (IC) supplier
improves its processes. The process results in smaller die, better yields, lower cost,
and improved performance, especially with regard to rise time. No announcement is
made regarding these improvements, which are introduced in-line without fanfare
or part number modification. It is hard to be critical of this—after all, everybody is
a winner here, right? Well, almost everyone.

Consider a design that has been proven over the years and one that has been
highly reliable. Suddenly, reliability problems begin to appear and they are difficult
to diagnose, in part because they are so unexpected. Sometimes problems like this
have been traced to unannounced improvements in the designs of the components
used. The faster rise times caused signal integrity problems that were not there be-
fore. Board design techniques that were acceptable with lower rise time circuits
were no longer acceptable. Similarly, problems like this can occur when switching
from one component supplier to another. The parts may be considered substitutes
from the standpoint of form, fit, and function, but may have subtle rise-time or tim-
ing differences that cause them to react differently in circuits. N

Circuit board materials can also play a significant role in signal integrity.
Factors like board thickness are obvious. But many people don’t understand the im-



152 Chapter 8

portant role that other parameters, such as relative dielectric coefficient, can play in
controlling signal integrity. If a company changes board fabricators, and appropriate
control over fabrication parameters, including relative dielectric, is not maintained,
unexpected problems can be introduced during this type of changeover.

In general, signal integrity problems on circuit boards fall into four areas,
all of which are related to rise time (or related frequency harmonics). They are:

¢ EMI (radiations beyond the board or susceptibility to radiations
from outside the board)

* Reflections on a single net

¢ Crosstalk between two or more nets, in many ways a special case
of EMI

¢ Power system stability during component switching

We are going to talk about each of these areas in this part of the book. We
will cover the nature of the problem (i.e., what causes it), how the problem is mani-
fested in circuits, and what design solutions can be employed to minimize its
effects.

You may be surprised at the number of solutions we are going to offer.
There aren’t very many, because, in part, there aren’t very many causes to the prob-
lems. The primary cause is the decreasing rise (or fall) time of our signals and its
interaction with the reactive characteristics of the stray inductances and capacitan-
ces on our boards.

Thus, you will notice that the same figure sometimes pops up in several dif-
ferent chapters. There are certain design “errors” we can make that have multiple
consequences. For example, a slot in a plane can cause EMI problems (Chapter 9),
reflection issues (Chapters 10 and 11), and crosstalk problems (Chapters 12 and 13).

One aspect to the solution to signal integrity problems is usually a real eye
opener for designers just learning about these issues. Three of the important elec-
tronic principles covered in Part 1 of this book are: "

1. Current is the flow of electrons.
2. Current flows in a closed loop.
3. Current is a constant everywhere in a closed loop.

This has fairly basic consequences for designers:
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1. Every signal has a return.
2. You need to know where it is!

When you stop to think about it, designers often spend an enormous amount
of time and effort planning and strategizing how to route 50% of the signals, and
then leave the other 50% (the returns) to chance. One of the primary causes of sig-
nal integrity issues is the lack of control over signal return currents. This will be a
common theme in almost every chapter.

Control over signal return currents is almost totally achieved by using
planes. One solution that’s common to every area is the use of reference planes. It is
pretty much axiomatic that (for most of us) good signal integrity performance re-
quires reference planes. Planes play an integral role in:

¢ Controlling EMI

 Stabilizing trace impedance, an integral part of controlling signal
reflections

» Controlling crosstalk

¢ Providing high-frequency decoupling for our power systems.

Another solution that is common to at least two areas is the minimization of
the distance between the trace and the reference plane (i.e., the height of the trace
above the plane). Minimizing this distance (a) minimizes EMI and (b) minimizes
crosstalk.

A third solution relates to the general problem of minimizing inductance.
This is especially important around connections to devices (pads, vias, soldered
connections, etc.). Minimizing inductance is generally even more important around
power and ground planes.

A few other solutions will be offered at various specific places. But the
point remains. It may seem like there are a lot of potential signal integrity issues
with our boards, but there are only a few causes. Therefore, there are only a rela-
tively few required solutions. You will find this out by the end of the book.

A student in one of my classes once observed (and I am paraphrasing here),
“I can look at boards from (and he named some large computer and memory manu-
facturers) that seem to violate everything you and the other instructors are teaching
in these seminars. How come?” This is an excellent question, To start with, all the
potential signal integrity problems highlighted in this book and in the various semi-
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nars are just that, potential problems. The rules we provide are ways to solve these
potential problems if they do occur. Will the problems always occur? No, but they
often do. Will these solutions always work? Usually, but not every single time.

Here is another viewpoint: If (and this is a big if) you are thoroughly famil-
iar with every aspect of every signal on the board, then you will know, for example,
if two traces will or will not crosstalk to each other during operation. Therefore, you
will know whether the crosstalk guidelines need apply to these particular traces. If
you have control over every aspect of the design of the system, then you can opti-
mize the pin outs from the various devices so that signal integrity problems are
minimized. If you have unlimited resources, you can have several people make sev-
eral design iterations, testing different concepts, until you find an optimum set of
rules for your particular design (recognizing that several of the iterations are likely
not to work well at all).

A friend told me once that his company went through thirteen design itera-
tions before they finalized their board design for production. He proudly explained
that the last 12 were just “tweaks.” After all, the system did boot up with the first
try. They had the resources to keep trying alternative strategies until they truly op-
timized the design.

But if you live in the more real world that the rest of us live in, then for all
practical purposes you have only one or two shots to get the design right. In that
case it is often easier to simply follow good design rules, just to be sure. A less-
than-optimum design is usually more cost effective than multiple design iterations.
If compromises must be made, knowing the proper design rules will help you trou-
bleshoot a board later to determine which compromises turned out not to work and
need to be corrected.

We often make trade-offs in our designs. That is not uncommon, and it is
acceptable. What’s important is that we do so with our eyes open, so we are alert to
potential problems in the future and how to correct them. It is for these reasons that
studying books like this and taking as many seminars as you can are important.



9 ELECTROMAGNETIC INTERFERENCE
(EMI)

BACKGROUND

Current is the flow of electrons. When electrons move down a trace or a
wire, current flows. Electrons are negatively charged particles. Therefore, we can
envision that there is an electrical (negative) charge around a wire as current flows,
and the magnitude of this charge depends on the number of electrons (magnitude of
the current). We call this charge an electric field. Furthermore, as the current flow
changes in magnitude, this electric field changes in intensity.

Also, as electrons flow, a magnetic field is generated around the wire or
trace. Andre Marie Ampere, for whom the measure of current is named, is credited
as the first person to state this law. This is the basic relationship behind an electro-
magnet. The strength of the magnetic field is related to the magnitude of the current
flow, so the magnitude of the magnetic field will change with changing current
levels.

Therefore, around any wire or trace carrying a current, there will be an elec-
trical field (often designated by the letter E) and a magnetic field (often designated
by the letter H). Together, these two fields form an electromagnetic field, as de-
scribed in Chapter 2. The two components of the field (electrical and magnetic)
must flow together at the same speed. The speed at which they can travel is deter-
mined by the medium they travel through, the medium surrounding the current
flow, and specifically the relative dielectric constant of that medium. Thus, the
propagation speed of a signal is determined by how fast the electromagnetic field
can travel through the surrounding medium (see Chapter 2).

165
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In 1831 Michael Faraday published Faraday’s Law of Magnetic Induction.
This law states that a changing magnetic field (itself caused by a changing current
flow) can induce an electrical current in an adjacent wire. So if we send a changing
(AC) current down a wire or trace, it can induce a similar current in an adjacent
wire or trace. This can be a good thing: It is the basic principle behind radio and
television transmission and reception. But it can also be a bad thing: It is the cause
of crosstalk and FCC compliance testing problems. As board designers, our chal-
lenge is to design boards that maximize this effect when we want to transmit a sig-
nal and minimize this effect when we don’t. Transmissions we don ’f want are called
EMI (in this chapter), or crosstalk (in Chapters 2, 12, and 13.)

In one sense, all of our traces are antennas. A good transmitting antenna is
also a good receiving antenna. Therefore, any trace that is a good “radiator” is also
a good receiver. Designs that emit EMI are also more susceptible to EMI. In this
chapter we will look at design techniques that help reduce EMI. We will see later
that the very same techniques also help minimize crosstalk.

FIELDS AND CANCELLATIONS

Figure 9-1 illustrates the magnetic field lines around a wire when the cur-
rent is flowing out of the page. The direction of the magnetic flux lines can be de-
termined by the right-hand rule. Point the thumb of your right hand in the direction
of the current flow. The magnetic flux lines curl in the direction of your fingers.

Figure 9-1 Magnetic flux lines curl around a wire
following the right-hand rule.

Now consider Figure 9-2. Here there are two conductors, one with current
coming out of the page and one with current going into the page. If these two wires
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are carrying a signal and its return current, then the currents will be equal and oppo-
site. Therefore the magnetic fields will also be equal and opposite. Think of your-
self as positioned off to the right-hand side of this page. One of these wires will be
closer to you than the other (the one with current going into the page). Thus the
EMI radiation from that wire will be greater than that from the other. You will be
able to measure this EMI radiation, and under the right conditions this radiation
might be significant.

Figure 9-2 A signal and its return have magnetic fields that
approximately cancel.

But if we move the two wires closer together, then you, as an observer off
to the right, would begin to see radiations from each wire that are more equal. And
since they are opposite in phase, or polarity, they tend to cancel. In the limit, if the
wires were very close together, their EMI radiations would completely cancel and
would not be measurable. Herein is one of our most basic principles: If you want to
minimize EMI radiation, keep the signals and their returns close together. That, of
course, may be easier to say than to do.

This is why wires formed into a twisted pair work fairly well in AC envi-
ronments. Consider Figure 9-3. The twisted pair of wires carries a signal and its
return to and from an operational amplifier. Again, position yourself off to the right
of the page. At any given point along the twisted pair, one wire will be closer to you
than the other, so the EMI radiation from it will be slightly larger than from the
other. But since the wires are twisted, on average they are the same distance from
you, S0 on average, the radiation from each one cancels the other. Therefore, you
receive very little net radiation.
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Figure 9-3 A twisted pair has desirable features
from an EMI standpoint.

Of course, the wires in a twisted pair can act as an antenna and receive
noise, also. Twisted pairs usually feed into differential circuits that are (a) very sen-
sitive to the difference in signal between the pair, but (b) relatively insensitive to
any (common mode) signal that exists on both wires. The common mode rejection
specification is one measure of a circuit’s insensitivity to common mode signals.
We explore this more fully in Chapter 14.

SOME BASIC “TRUTHS”

There are a few truths you should always keep in mind. The first, and per-
haps most important, is that current always flows in a closed loop. Remember, cur-
rent is the flow of electrons, and if current does not flow in a closed loop, where do
the extra electrons come from or go? Because we know we don’t have to deal with
buildups of stray electrons on our boards, it seems reasonably intuitive that currents
really do flow in a closed loop.
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That means every signal has a return, somewhere. And you (as the de-
signer) need to know where that is. It sometimes amazes us to discover that we de-
signers spend an inordinate amount of time worrying about, considering, and
strategizing about 50% of the signals, and then leave the other 50% (the return sig-
nals) somehow to chance. So the first truth is that every signal has a return and you
need to worry about and control where it is.

A second rule is that the return current will always follow the path of least
impedance. We all have heard the rule that signals follow the path of least resis-
tance, but that is a special case, not the general one. It only applies to low-frequency
signals. The general rule, for all signals, and particularly the high-speed signals we
worry about, is that return currents follow the path of least impedance. This may not
always be where you think it is.

SIGNAL COUPLING

Consider Figure 9-4. A changing current il is flowing down Trace 1. The
changing current creates a changing magnetic field around Trace 1. That changing
magnetic field couples into Trace 2 with a coupling coefficient whose value is k.
The coupling generates a current in Trace 2 whose value is k x il and whose direc-
tion (by Lenz’s Law, see Appendix B) is opposite to il. This is exactly how a trans-
former works, and is the fundamental basis behind all transformer designs.

Trace 1

Trace 2

i2=kxil ¢—

Figure 94 Traces can and do couple into each other.

The coupling coefficient will have a value somewhere between 0 and 1.0.
Zero means no coupling whatsoever, which can occur if (a) the traces are very far
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apart, or (b) the current is not changing (i.e., is DC). A coupling coefficient of 1.0
means perfect coupling, which of course cannot be achieved. The value of k, for our
purposes, depends primarily on (a) how fast the current is changing, or the rise time
(di/dt), and (b) how closely the traces are spaced (D in the figure). Fast rise times
and closely spaced traces lead to higher coupling coefficients. Realistic values for k
on circuit boards where the traces are close together are in the range of .4 to .6.

Consider the special case where il is a signal and i2 is the signal return.
Therefore, i2 = —il. The coupled signal, k x i1 actually helps boost the return signal.
But the return signal, i2, also couples into Trace 1, boosting the primary signal, il.
So, the mutual coupling of the signal and its return work to reinforce, or boost, each
other. We can interpret the effect of this two ways: (a) It takes less force (voltage)
to push the same amount of current through the circuit, since these currents rein-
force each other; or (b) more current can flow for the same voltage, since reinforc-
ing currents are generated on each trace. By Ohm’s Law, V = iZ. No matter which
interpretation you prefer, it means that the impedance goes down when there is cou-
pling of this type. Furthermore, the impedance gets progressively lower as the cou-
pling increases, or as k increases. And k increases as (a) the distance between the
traces decreases, or as (b) the rise time decreases (gets faster).

‘Now consider Figure 9-5, which illustrates the simple case of a microstrip
trace placed over a plane. Assume there is a current flowing down the trace and the
return current is on the plane. A good question is: “Where is the return current?”
Assume the return current is at Point a. Following the preceding discussion, there
will be some mutual coupling between the signal and its return current, resulting in
some mutual reinforcement. Now let’s assume the return current is, instead, at Point
b. Here, the coupling is stronger, because the signal and its return are closer to-
gether. Since the coupling is stronger, the overall impedance will be less. Therefore,
Point b is a lower impedance path than Point a. Point ¢ represents a signal return
path that is even closer to the signal, so the coupling will be even stronger at Point ¢
and the impedance will be even less. Point ¢ represents the closest point between
the signal and its return—it is directly under the signal trace—and therefore the
point of maximum coupling and lowest impedance.

This is why high-speed signals want to return directly underneath the signal
trace: It is the path of lowest overall impedance. Be careful to note, however, that
this argument depends completely on the coupling coefficient between the two sig-
nals. The coupling coefficient depends, among other things, on di/dt, or rise time. If
there is no rise time (e.g., the signals are DC power signals) there is no coupling and
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the return signal might be anywhere. In fact, the DC return will truly follow the path
of least resistance anywhere on the circuit board.

EEE——— Trace 1ayer

Plane layer

Figure 9-5 Cross-sectional view of a trace and undetlying plane.
A return current will “want” to follow the path
of least impedance, Path (c).

To summarize, DC signals might return anywhere on the board. But AC
signals want to return directly underneath the trace carrying the signals. This ten-
dency increases as the rise time decreases (gets faster).

LooP AREA

Consider a simple configuration with a trace directly over an uninterrupted
plane. The signal travels down the trace and the return signal comes back on the
plane directly under the trace. Conceptually, we can define a loop that the signal
travels as being the length of the trace from the driver to the receiver, down through
the receiver to the plane, back under the trace, and back through the driver again. In
simple terms, the area enclosed by this loop would be the length of the trace multi-
plied by the height of the trace above the plane (Figure 9-6). We call this the loop
area of the signal. The loop area is the area defined by the signal as it travels down
the trace and returns back to the source. (This is one reason you need to know
where the return signal is on your boards.)

Now loop area is important for this reason. From a practical standpoint, for
high-speed signals, EMI is related to loop area. If you want to minimize EMI, you
must minimize loop area. It’s as simple as that. Most of us are intuitively aware that
traces, even microstrip traces, routed close to planes generally perform well from an
EMI standpoint. That’s because their loop areas are small. For the next few pages
we’ll look at illustrations where loop areas might get out of control, perhaps unex-
pectedly so.
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Figure 9-6 Loop area, in this illustration, is 10 x length mil®.

Slots in Planes 1 Figure 9-7 is an illustration you will see three times in
this book. There are many reasons you don’t do what is shown there. The figure
shows a trace crossing a slot or discontinuity in the plane.

Trace Layer

Ground Plane

Figure 9-7 If a trace is routed across a slot, the return current must
go around the slot, creating a larger loop area.

What might cause a slot or discontinuity in a plane? Perhaps you have fin-
ished the design and then your engineer comes to you with “one more little part”
that needs to be added. Making provisions for the routing of this new part may in-
volve a significant amount of rerouting of already routed nets. But, perhaps you
could just put a little slot in one of the planes, route one or more of the new traces in
that slot, and finish the board quickly. Or, perhaps the plane has been partitioned in
some way, creating a discontinuity. Or, perhaps there is a special component re-
quirement nearby that results in a small discontinuity.
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No matter what the cause of this slot or discontinuity, if a high-speed trace’
is routed over it, the return signal will be unable to travel underneath that trace.
When the return signal hits the discontinuity, it must travel around it and then come
back to its position under the trace again. This trip around the slot or discontinuity
creates a loop. Since EMI is related to loop area, you have now created a possible
EMI problem where none existed previously.

Return Pathways Figure 9-8 illustrates a case where two boards are con-
nected through a connector. The signal between IC1 and IC2 travels through con-
nector Pin A. What provision should be made for the return signal?

If we use Pin B for the return signal, the loop area will be pretty small. EMI
performance should be satisfactory. But if we use Pin E for the return signal, a sig-
nificant loop will result. This loop may cause an EMI problem.

This illustration highlights the importance of pin assignments in our devices
and connectors. It should also be noted that some connectors are better than others
with regard to their internal paths. Some poorly designed connectors introduce loop
areas even between adjacent pins.

Signal A
Return B

I R I L.
o IC2

Figure 9-8 If provision is not made for a signal return (ground)
through a connector, a larger loop area might be created.

Figure 9-9 illustrates another common problem. The figure shows a row of
clearance holes for pins for perhaps a component or connector. In Figure 9-9a and
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Figure 9-9b, a signal trace connects to one pin and the return (ground) pin is on the
back side. In Figure 9-9a the clearance holes are wide enough to remove all the
copper from the plane under the connector or the device. The return signal, travel-
ing under the trace, must then travel around the copper void area to get to the
ground pin. This creates a loop that might become an EMI problem.

OO0
COGMPO
] ' Signal
| |
| | — — — —  Return
po
©

Figure 9-9 Good practice includes providing copper paths
between through hole pins and assigning
pins to minimize loop areas.

A better solution is shown in Figure 9-9b. The clearance holes are smaller,
so that they do not remove all of the copper from the plane in this area. Now there is
a path for the return signal to travel between the pins to the return (ground) pin.
This approach is marginally better than Figure 9-9a and results in a smaller loop
area. And this illustrates why it is usually preferable to provide a copper path on the
planes through all areas like this.

However, Figure 9-9c shows an even better solution. If you have the flexi-
bility to do so, it is best to assign pins so that there is always a ground (return) pin
beside every signal pin. This provides the absolute minimum loop area for the sig-
nal and its return, resulting in the best EMI performance.

Power Plane Returns Now is the time to introduce an interesting complica-
tion to all this. We earlier pointed out that the return signal will follow the path of
least impedance. That is the point on the plane closest to the signal trace. What if
that plane happens to be a power plane rather than a ground plane? How does the
return signal get back from the power plane to the ground pin of the device?

First, DC voltage has no meaning to a high-speed return signal. The return
signal can be just as happy on a power plane as it is on a ground plane. From an AC
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standpoint there is no difference between a power and a ground plane. The most
obvious evidence of this point is all the bypass capacitors we have connecting the
two planes together. From an AC standpoint the planes are shorted together all over
the place.

So, what happens if the return is on a power plane? The exact answer may
not be satisfying or may not even be known, but the practical answer is that the re-
turn signal probably transitions from the power plane to the ground plane through a
nearby bypass cap. And if we have very high frequency harmonics, the transition
may be through the planar capacitance between the two planes themselves, if such
planar capacitance has been designed into the board.

It may not be a satisfying answer that the signal passes through a nearby
bypass cap. After all, that leaves the definition of the loop area somewhat up to
chance. I have heard a few people, for example Howard Johnson and Henry Ott
(two highly respected experts in the field), sometimes advocate the placement of
bypass caps near connectors or devices such as that shown in Figure 9-9 simply to
provide a path for the return current. The bypass capacitor would not be intended to
provide a decoupling function at all. Its sole purpose would be to control the loop
area for the return currents on the power plane and therefore control EML

A few people advocate never routing such a signal adjacent to a power
plane. They advocate routing all such signals adjacent (referencing) to only ground
planes. Most people (including us at UltraCAD) consider this position too extreme.
If your engineer (customer) insists on this constraint, however (after all, the cus-
tomer is the boss), EMI and loop area are two possible reasons.

Changing Trace Layers Figure 9-10 illustrates another interesting case.
Figure 9-10a shows a simple signal referenced to a plane. Figure 9-10b illustrates
the trace transitioning to the other side of the same plane. In this case the return sig-
nal would simply transition to the other side of the same reference plane, and there
should be no effect on loop area.

What about the case shown in Figure 9-10c? Here the signal transitions to
an entirely different trace layer and reference plane. A legitimate question is, “How
does the return signal get back under the trace on the new signal layer?”
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Figure 9-10 Some engineers are concerned about the location
of the return path, and possible loop area problems,
if signals are allowed to transition to different trace layers.

Again, the not very satisfying answer is through a nearby bypass cap.
Again, some people advocate placing a bypass cap near each via for the single pur-
pose of providing a path for the return signal and reducing loop area. A few circuit
design engineers even prohibit transitions of traces from one trace layer to a com-
pletely different one because of the potential for increased loop areas and EMI
problems (although most people would call this an extreme position to take).

On the designs we do at UltraCAD there are typically quite a few bypass
capacitors. We generally take no particular special precautions when transitioning
signals to different trace levels, nor do we pay particular attention to which plane
(power or ground) the return signal is on. We are not aware of any customer design
failures that can be traced to either of these practices.

Unrelated Planes Many boards have separate, well-defined areas on them
for different power systems. There may be both 3-volt and 5-volt power supplies,
for example, or perhaps separate analog and digital power supplies (or even trans-
mitter and receiver power supplies, etc.). Often, in such cases, we define planar ar-
eas for these supplies.

Figure 9-11 illustrates a situation in which there are separate analog and
digital power supplies and planes. Consider a trace that must be routed between the
digital ICs 1 and 2. Ideally, the trace would be routed exclusively over the digital
power plane.
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Figure 9-11 Never route a trace over an unrelated plane.

What if we took the shorter path and routed it over the analog plane? The
question then is, “Where is the return signal?”” There are two possible answers to
that question, both of which are bad.

One possible answer is that the return signal stays on the digital plane and
flows around the analog plane. But this creates a wider loop area and therefore po-
tential EMI problems. Another possibility is that the return signal somehow finds a
path onto the analog plane and continues on under the trace. We may not have an
EMI problem in this case, but what we do have now is a digital signal on the analog
plane. This digital signal might interfere with other analog signals in the area and
create a crosstalk or ground noise problem. After all, the whole reason we have
separate power systems is to keep the analog and digital signals separated in the
first place. Either of these possibilities is bad. So the right answer is: Don’t route
traces over unrelated planes.

Stripline We intuitively know that a shielded wire (e.g., a coaxial cable)
performs well from an EMI standpoint. We probably are aware that another defense
against EMI is a shielded enclosure. So we can understand that traces shielded be-
tween planes probably perform well, too. This is true, within limits.

The single most important rule for EMI control is to control loop area. Even
in a stripline environment (where traces are shielded between two planes) a large
loop area can cause EMI problems both externally (EMI radiation) and internally
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(crosstalk). But all other things being equal, a stripline environment adds an extra
measure of EMI control. So, even though microstrip traces can be designed to per-
form fully satisfactorily from an EMI standpoint, designers sometimes opt to place
all critical signal traces in a stripline environment for an added measure of safety.

STuBS

Stubs are short trace segments that extend, unterminated, from (an often
controlled impedance or transmission line) main trace. Most commonly they con-
nect a pad, and therefore a device, to a net. Figure 9-12 illustrates four stubs, S1
through S4. S1 and S3 are normal stubs that we all use. Stub S2 is too long and
should be avoided in high-speed designs. Route the trace closer to the pad as shown

for Stub S1.

82
(/ 83 S4

Figure 9-12 Various examples of stubs.

There are two reasons for avoiding long stubs. One relates to transmission
lines and is covered in Chapter 10. The other relates to EMI.

Look at your cell phone. There is probably a short antenna extending ouit
from the top. Now look at Stub S2 in Figure 9-12. This unterminated stub looks a
lot like the antenna that extends out of your cell phone. Stubs like this can radiate
just like antennas and should be avoided.
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The stub shown as S4 is particularly harmful. This might have been created
when a trace was rerouted and the designer forgot to remove a short segment from
the original route. This is an antenna. Its results might not be harmful, depending on
the circumstances, but they are never beneficial. Never allow such stubs to exist on
your board.

Antenna theory is a very complex area that is not well understood by most
people. There are a huge number of variables that affect whether a wire or trace can
function well as an antenna. Some of these include the environment the wire or
trace is in—the degree to which it is shielded by the planes, its length, the surround-
ing material and its relative dielectric coefficient, the specific shape of the wire or
trace, and so on. Another variable is the frequency of the signal (or its harmonics).
So it is difficult to look at a stub and say with certainty whether it will create a
problem. But the general rule is that stubs create problems, so minimize them. Be
sure to take the time to trim back any trace that is left “hanging” and not connected
to anything.

ComMoON MODE

Loop areas are one of the two most common causes of EMI. The other
cause is referred to as common mode problems. The problem is that common mode
is a poorly understood and frequently misused term. Before we can talk about this
part of the EMI issue, we must spend a little time talking about the term and its
misuse.

One of the most frequent explanations of common mode is made in contrast
to another term, differential mode (not to be confused with differential traces or sig-
nals). Differential mode is the mode we are usually familiar with. That is, a signal
travels down a well-defined path and returns, in the opposite direction, on another
well-defined path. Since the signal and its return flow in opposite directions, the
term differential is used. Following this logic, common mode then refers to the case
where the signal flows in the same direction on both the trace and the return.

Since all signals, by Kirchhoff’s Laws, must flow in closed loops, this ex-
planation becomes troublesome when you really start to think about it. If common
mode currents flow in the same direction, how do they return to their source? Then
there is the confusion caused by the term differential mode in this context, and dif-
ferential mode in the context of differential signaling and differential traces. We
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will find later (in Chapter 14) that the term differential mode is actually misused in
the latter case.

We are going to leave the differential signal case to Chapter 14 and talk
about common mode EMI issues here only in the context of a single-ended, indi-
vidual trace. But the extension of the problem to the case of differential traces, and
then how to deal with it, will be somewhat apparent, even if the actual causes of the
problem will not.

Let’s define common mode a little differently from the definition we are
normally familiar with. Let’s use the term differential mode (in the context of a
single-ended trace) to mean the currents that flow where we expect them to flow
based on the schematic and the layout. If we are worried at all about EMI, we have
already learned that we want to minimize loop areas and route traces directly over,
and close to, reference planes. Therefore, the differential mode signals travel down
the trace and return on the plane directly under the trace.

Common mode currents are those that flow anywhere else.

This raises several obvious questions. (a) How can this happen? (b) Even if
it happens, what’s the problem? (c) What'’s the relationship between this definition
and the normal one generally used? (d) What, if anything, can be done about it?

How Can This Happen? Figure 9-13 illustrates one example of common
mode currents based on our definition. A signal travels down the trace and returns
on the ground plane directly underneath the trace. This is the differential mode sig-
nal current, id. Another part of the signal travels down the trace and returns through
a completely different unintended path. This is called the common mode signal
current, ic.

This can happen for several reasons. One is that the ground plane is not a
perfect conductor. There is some inductance (admittedly small) associated with it.
There can be a voltage divider action involved where the return current splits along
the intended path (id) and some other paths (ic).
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Figure 9-13 Differential mode, id, and common mode, ic, currents.

Or, perhaps there is a wire, stub, or cable shield (e.g., a coaxial cable) at-
tached to the trace. Very fast rise-time transients may travel along such paths and
radiate to other traces or surfaces. The characteristic impedance of a wire in space is
generally known to be on the order of 370 2, which means the impedance along
another unintended path could be in this range.

If the impedance along the plane is a fraction of an ohm and a radiated sig-
nal is on the order of 370 €, the amount of current flowing in the alternative path
would only be a tiny fraction of the primary (differential) current. But it would not
be zero. And that is the point. There can be unintended (although very small) com-
mon mode currents flowing in places we don’t expect.

So What'’s the Problem? We have already learned in this section that to
control EMI we want to minimize loop areas. The problem with common mode cur-
rents is we don’t know where they are flowing. They may be flowing in very (rela-
tively) large loop areas. If so, they may be radiating very significantly. So a
common mode signal may only be a tiny fraction of the magnitude of a primary
signal, but if it is radiating many times more loudly, it can still become a significant
EMI problem.

Relationship to Conventional Definition Figure 9-14 illustrates the conven-
tional definition of common mode current (ic). It is usually shown as appearing on
both the trace and ground, flowing toward the receiver.

First, there is no necessary reason that it flows toward the receiver; com-
mon mode could just as easily exist on the trace and plane flowing away from the
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receiver (though we might have trouble envisioning how such a signal might be
generated).

Vce Vce

id ic
—

Figure 9-14 Any signal can be separated into
differential and common mode components.

We suggested that common mode current is any current that flows in the
circuit along a path other than the one we intended. 4ny combination of signal and
return current can be broken into differential and common mode components sug-
gested in Figure 9-14, assuming common mode currents exist at all. For example,
assume that the signal current on the trace is 10,000 pA (10 mA) and the return sig-
nal on the plane under the trace is slightly smaller, say 9,950 pA. This, then, means
that there is 50 pA flowing back to the driver along some other path. The differen-
tial and common mode components of Figure 9-14, therefore, under these assump-
tions, are id = 9,975 pA and ic = 25 pA.

What Do We Do About It? Since common mode currents are unintended,
it seems like they would be difficult to control. Indeed, that can be the case. There
are a few basic ground rules for controlling common mode problems:

1. Use good high-speed design techniques everywhere in your design.

2. In particular, maintain a solid, continuous reference plane for every trace.

3. Common mode problems are smaller for stripline traces contained be-
tween planes. If possible, route all critical traces in stripline
environments.
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4. Minimize the presence of any stubs or extraneous trace lengths associ-

ated with any high-speed trace. Try'to eliminate any path for a sig-
‘nal to flow on other than the intended path.

5. Since all signals ultimately flow from the power plane through a driver to
a receiver to the ground plane and back to the power plane, mini-
mize this path length. One way to do this is to use power and
ground plane pairs in your board stackup. Then ensure there is good
capacitive decoupling between these two power sources.

THE 20-H RULE

A rule that is sometimes proposed has been nicknamed the 20-H rule. It has
been credited originally to W. Michael King and a thorough explanation can be
found in one of Mark Montrose’s books." The rule argues as follows: If there are
high-speed currents on the board, there are electromagnetic fields associated with
them. At the edge of the planes (presumably at the edge of the board) these fields
will fringe outward from the board as shown in Figure 9-15a. But if one of the
planes is recessed, as the power plane is in Figure 9-15b, the fringing tends to be
directed downward to the other plane instead of outward. Thus, outward EMI radia-
tion is reduced and there is less chance for an external EMI problem.

(a)L Ground Plane - Ground Plane - (b)

Figure 9-15 Recessing a plane (b) may reduce outward fringing.

‘ Power plane + Power plane +

The reduction in fringing is directly related to the amount one plane is re-
cessed from the other. The argument goes that the reduction in field intensity is
about 70% if the recess is 20 times the distance between the planes (H); hence the
name of the rule.

'Printed Circuit Board Design Techniques for EMC Compliance, Montrose, Mark; IEEE
Press, 1996, p. 26.
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A few studies have tried to examine or measure this effect. In general they
all seem to come to the same conclusion: The 20-H rule is not particularly
effective.

There is a certain intuitiveness to this conclusion. The high-speed signals
are carried on the traces. On well-designed boards, the signal returns are confined to
the planes directly under the traces. Therefore, there should not be a great deal of
radiation at the edge of the board anyway, assuming we have done everything else
well. At UltraCAD we have never used the 20-H rule on a board and we have had
no particular EMI problems. Our position is that if this is the worst problem you
have with your design, you are already in pretty good shape.

PICKET FENCES (FARADAY SHIELDS)

Some people advocate placing closely spaced vias between two ground
planes to form a type of shield around the perimeter of the board. This technique is
sometimes called a picket fence because of the obvious resemblance. The idea is
that if any stray EMI is generated within the board, it can’t get past the shield
formed by the vias and radiate into the outside world.

People differ on how closely the vias should be placed, but you can hear es-
timates as close as 1/20 wavelength (which could be roughly every inch for a 1 ns
rise time signal). Wavelength is discussed in Chapter 2.

Not all engineers like the idea of picket fences. UltraCAD has never made
such a design for any of our customers. A picket fence isn’t needed if there is no
EMI generated in the first place. My philosophy and advice is to concentrate design
efforts on preventing EMI generation in the first place, rather than in controlling it
after it is generated.

*See, for example, “Effects of 20-H Rule and Shielding Vias on Electromagnetic Radiation
From Printed Circuit Boards,” Chen, Huabo and Fang, Jiayuan, Dept. of Electrical Engi-
neering, University of California at Santa Cruz. They conclude, “For the two-plane struc-
ture, 20-H rule yields much more radiation than the normal structure. For the multiple plane
case, no significant change in radiation is found if the 20-H rule is applied to the internal
planes.”



10 REFLECTIONS AND TRANSMISSION
LINES

COMMUNICATIONS MODEL

F igure 10-1 illustrates what we sometimes call a general communications

model. Any time there is a communication, we can think in terms of there being (a)
a sender of that communication, (b) a message that is being sent, (c) the media over
which the message is being sent, and (d) the (intended) receiver of the message.

General Communications Model

Message
Sender < > Receiver
Media

Figure 10-1 A general communications model.

For example, at this moment you are reading something “sent” by Doug
Brooks, author of this book. The message is what is written on this page. The media
is the page you are reading, and the receiver is you, the reader.

On PCBs, the sender is the driver, the message is typically the change in
state from a high to a low signal or from a low to a high signal, the media is the

trace, and the receiver is the receiving circuit.

175
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The evening news is “sent” by the news anchor (and his or her team behind
the scenes). The message is what you see on TV, and might be designed to be enter-
taining as well as informative. The media can be thought of in simple terms as the
television system. In reality it can be a much more complex system of microphones,
cameras, switchers, satellites, retransmitters, and so on. The receivers are those
watching the program.

In advertising, we think of the sender being the advertiser (e.g., Nike). The
message is the advertising message. The media is the media chosen. The receivers
are those targeted to receive the message. When we think about advertising in this
context, we begin to think about some of the issues that advertisers face:

How do you select which receivers to target?

Where are they?

What media will reach those targeted receivers most efficiently?

How do we structure our message so that the receivers “hear” it
while being bombarded with thousands of other messages at the
same time from other senders trying to get their attention?

How do we make sure the receiver “hears” the same message the
sender thinks he or she is sending? It is fairly common for tar-
gets of advertising messages to perceive a different message
than that which the advertiser intends to send.

Think about this communication problem: Picture yourself sitting down at
the end of a high school gym at assembly time. The football coach is at the other
end handing out the team awards. He is speaking through a handheld public address
(PA) system. The floor is made of hardwood, the walls are concrete, the ceiling is
metal, and the echoes are awful. It is almost impossible to understand what the
coach is saying. The media is the primary cause of this particular communications
problem.

Now, this time, picture yourself positioned along a PCB trace. The driver is
sending a signal down the trace and you are trying to “hear” it. But here is the prob-
lem: Any time a signal travels down a wire or a trace, it reflects. Every time—(well,
almost). Notice what I said and what I didn’t say. I did not say “often” reflects. I did
not say “sometimes” reflects. I did not say “under certain circumstances” it reflects.
It always reflects. (Well, it turns out there is one very special case when it doesn’t.
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But this special case doesn’t happen by accident, as you will see. It is this special
case that is, in fact, the point of this chapter.)

So, in both our examples, the high school gym and the PCB trace, there are
reflections and echoes that can interfere with the receiver understanding the mes-
sage being sent. Here are some solutions to these communications problems:

1. We can encode the message, so we can pull it from the noise level.
There is an entire science related to encoding and decoding
messages in noisy environments, and this certainly a legitimate
solution. It’s not particularly practical in the gym environment,
however, and probably not in our PCB environment, either.

2. We can listen “harder,” or become better listeners. In the gym, we
can concentrate harder on what the coach is saying. On our
boards we can use better, more selective, but probably more
expensive receivers. Again, these are legitimate solutions, but
perhaps not desirable.

3. We can shorten the distance the message travels. In the gym, we can
get up and move closer to the coach. We can shorten the trace
on the board. On the circuit board, this is usually a highly de-
sirable alternative, but we probably have already designed the
traces about as short as they can be, so further shortening them
is usually no longer an alternative.

4. A particularly interesting solution is to slow down the message. If
the coach will speak more slowly it will clearly be easier to un-
derstand him.' The analogy on our boards is to use signals with .
slower rise and fall times. This, too, is a desirable solution.
Many people recommend using circuits with the slowest rise
and fall times we can get away with to avoid reflection (and
most other high-speed design) problems. The problem is (a) we
may not have control over the rise time of the circuits we are
using and (b) we may have already chosen the fastest rise time
circuits available to meet other circuit requirements.

These are four legitimate solutions to our communications problem, but
none of them may be practical for our specific situation. But there is one more:

'See Appendix G for information on how to download three audio files that illustrate this
point.
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5. We can acoustically engineer the gym to absorb reflections. Next
time you are in a hotel or convention center conference room or
hall, look closely at the surroundings. Chances are very good
the room has been acoustically engineered to absorb echoes and
reflections. It will have a soft carpet, cloth-paneled walls, and
sound-absorbing ceiling tiles. Speakers are probably placed
where there will be no phase shift between the sound coming
from the presenter (wherever he or she is) and where you are
sitting.

Similarly, we can (not acoustically, but) electrically engineer our trace to
absorb reflections. Then there will be no reflections going back and forth on the
trace to interfere with the receiver’s ability to receive and understand the message
the sender is sending.

The problem is this: In general, we don’t know how to do that. We do know
how to acoustically engineer a room, but we don’t know how to electrically engi-
neer a wire or trace to absorb reflections—with one very special exception. We do
know what to do if we are dealing with what we call a transmission line.

TRANSMISSION LINES

‘ So what makes transmission lines so special? Consider a long, straight wire
or trace with its return wire or trace nearby. The wire has some inductance along its
length. There is also some capacitive coupling between the wire and its return (see
Figure 10-2). Figure 10-2 shows what we call a lumped model of the wire pair. It is
called a lumped model because we show the capacitors and inductors as individual,
lumped components. In reality, the inductance and capacitance are spread continu-
ously along the wires. We don’t know how to show that in a drawing, so we ap-
proximate it with a lumped approximation. On the other hand, this is fine because
we are going to think of this wire as being infinitely long. Therefore, the part shown
in Figure 10-2 is just an infinitely small part of the total length.
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Figure 10-2 A transmission line is made up of
an infinitely long network of capacitors and inductors.

Now, if these wires are infinitely long, there will be no reflection. At least if
there is a reflection, it will take an infinitely long time for it to return, so we can
assume it doesn’t exist.

It takes at least one other thing to avoid reflections. The wires must be ab-
solutely uniform. The little Ls and Cs must be identical everywhere along the wire.
If the wires are not uniform, then we can consider them to be multiple sets of wires,
each with different characteristics. Individual sets of wires will not be infinitely
long, and therefore there will be reflections from each individual set. Therefore, the
way to avoid reflections is to use an infinitely long, absolutely uniform wire or trace
pair. We give such a wire or trace pair the special name transmission line.

It can be shown mathematically that if we look into the front of this wire
pair there is an input impedance we can calculate. We give it the symbol Zo, and
call it the intrinsic impedance of the line. If we could calculate the “lumped” values
of inductance (L) and capacitance (C ), the impedance would be calculated as

shown in Equation 10-1:
— L -
Zo ,’%: [10-1]

Now here is a clever twist. If you look into the transmission line at the
front, it looks like it has an impedance of Zo. Let’s take our infinitely long trans-
mission line and break it in two parts. If we look into the second part, it also looks
like an infinitely long transmission line with an input impedance of Zo. What if we
simply replaced the second part of the line with an impedance equal to Zo.(see Fig-
ure 10-3)? From the front of the first line, it still looks exactly like an infinitely long
line. It turns out it behaves that way, too. 4 transmission line of finite length, termi-
nated in its characteristic impedance, Zo, looks like an infinitely long transmission
line. Therefore, even though it has a finite length, it still will have no reflections. In
this case it is not the infinite length that makes reflections irrelevant. It is the fact
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that the energy traveling down the line is exactly absorbed (dissipated) in the
termination. There is no energy left to reflect back. The net effect is the same thing.
There are no reflections to worry about.

s nhiies st nhhhe
N e e

Figure 10-3 If we terminate a finite-length transmission line in its characteristic
impedance, it looks infinitely long.

These are the two actions we need to take to control reflections on PCBs:

1. We need to make our traces look like transmission lines.
2. We need to terminate them in their characteristic impedances, Zo.

Of course, we can also make our traces short enough that reflections don’t interfere
with the receiver’s ability to hear the signal in the first place, or we can slow down
the rise time enough that the receiver can hear through the echoes.

There are certain types of transmission lines that are commonly used
around us everyday. The coaxial cable leading to our cable TV is a 75-Q2 transmis-
sion line. If you use 10Base2 coaxial cable for networking, that is a 50-Q transmis-
sion line. The 300-Q “twin lead” cable from your TV “rabbit ear” antenna to your
TV is a transmission line. And it is no accident that those high-power electrical
lines from the power generating plants to our cities are called transmission lines,
strung along transmission line towers. Even power system engineers need to worry
about reflections if the lines are long enough (about 480 miles or so).

The rest of this chapter is concerned with how to make our traces look like
transmission lines, and what the implications are if we don’t do that.
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CRITICAL LENGTH

I have suggested that reflections (echoes) are not too bad a problem if the
receiver is close enough to the sender. There is also less of a problem if the message
is slowed down (the rise time is slowed down, or lengthened). If we think of a sig-
nal traveling down a trace, these two things are actually equivalent. The issue is
this: What is the length of the signal path (in propagation time) relative to the rise
(or fall) time of the signal?

For example, consider Figure 10-4. There are two cases shown, Driver A is
driving a signal to Receiver B1, or to both Receivers B1 and to B2. B2 is much fur-
ther away from the driver than B1.

The driver signal propagates down the trace. The horizontal axis represerits
both distance and time, because all signals on a particular trace layer (usually)
propagate at the same, constant speed. Pick a spot (xX) on the lower portion of the
rising edge of the driver signal. Now move horizontally from that spot to the slope
representing B1. This horizontal distance represents the propagation time between
the driver and B1. Move horizontally an equal distance again, and then move up
vertically to the driver slope (Point y). Notice that the driver is still driving at this
point in time. We can think of the driver having momentum and overpowering the
reflection, so the reflection has no effect on the circuit. (This is not an entirely accu-
rate view of the dynamics going on here, but this helps to visualize what is happen-
ing.) B1 is “close” to the driver in this example.

On the other hand, move horizontally from the same point, X, to the point
representing B2. This represents the propagation time to B2. Now, extend beyond
B2 another similar increment in time, and then rise up vertically to the driver signal.
By now, the driver signal has long since stabilized at its upper value, and the reflec-
tion may be significantly apparent on the trace, possibly disrupting the operation of
the circuit. B2 is a “long” way away from the driver in this example.

The distance from the driver to B1 is intuitively short in this example, and
the distance to B2 is intuitively long. Reflections have minimal impact on short
traces and may have significant impact on long traces. How do we define the differ-
ence between a short trace and a long trace? The general rule of thumb accepted by
most people goes like this:
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o If the propagation time down the trace and back again is less than the
rise time of the signal, then we can consider the trace to be
short.

o Ifthe propagation time down the trace and back again is longer than
the rise time of the signal, then we must consider the trace to be
long, and we must therefore consider whether terminations
might be necessary.

/|

Time

X

Figure 10-4 Receiver B1 is within the critical length, but
B2 is beyond it.
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The boundary between these two lengths is called the critical length and is
often defined as the length where the two-way delay of the line is less than the rise
time of the pulse.

REFLECTION COEFFICIENTS

What causes reflections and what do they look like? If we construct our
traces to look like transmission lines, we call them controlled impedance traces. We
then should be able to control reflections. But if we don’t control them correctly,
reflections may still exist. The question is why and how large might they be.

If we have (tried to) use controlled impedance traces (transmission lines), at
least two things might still cause a reflection in the system: (a) an impedance dis-
continuity along the line, and (b) an improper termination. Recall that the character-
istic impedance of a transmission line is defined by its geometry (and the dielectric
coefficient of the material surrounding the line). Any change in the geometry, or in
the dielectric coefficient, will cause a change in the characteristic impedance of the
line at that point. That may (and probably will) cause a reflection at that point. It is
imperative that the geometry of our transmission lines be held constant everywhere
along the line. (The implications of having lines change layers will be covered in a
minute.) Also, if we want to control the characteristic impedance of a trace over
several board fabrication runs, we need to fully specify (ideally in conjunction with
the board fabricator) the materials to be used and their relative dielectric coefficient,
If the geometry remains constant, but the materials change from run to run, the im-
pedance will also change from run to run. At a minimum, this will require changing
the termination values from run to run, something that might not even be possible.

Suppose we take as a given that the trace has been designed and constructed
carefully with a constant and controlled characteristic impedance. If it is terminated
correctly, there will be no reflection from the far end. But if the terminating resistor
is not selected properly, there will be a reflection. The magnitude of the reflection is
determined by a measure we call the reflection coefficient, p. In the case of a single,
parallel terminating resistor at the far end of the trace, the voltage reflection coeffi-
cient is defined as shown in Equation 10-2:

_ RL-Zo

= =2 10-2
P RL+ 20 [10-2]
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where RL is the terminating, or load, resistor.

Note that if RL = Zo, then the magnitude of the reflection coefficient goes
to zero, and there is no reflection. If the trace is left unterminated (i.e., RL is infi-
nite), then the reflection coefficient becomes RL/RL = 1. This means the reflection
is 100% and it is positive in sign. So, if we send a 3-volt signal down an untermi-
nated trace, the initial reflection back will be 3 volts for a total of 6 volts on the
trace (at least at that moment).

Note also that if we short-circuit the trace, so that the terminating resistance
is zero, then the reflection coefficient will become —Zo/Zo = —1. This means the
reflection will be 100% but with the opposite sign. So, if we send the same 3-volt
signal down a shorted trace, the initial reflection will be —3 volts, and the net signal
on the trace will be zero volts (at least at that precise moment). (You might ask how
you can put a voltage down a shorted trace. Remember that there is a propagation
time before the signal reaches the far end. When the signal starts down the trace, it
simply sees the characteristic impedance of the trace, Zo. It doesn’t know the trace
is shorted. It doesn’t find that out until it reaches the far end. We’re dealing with
very short transient times here.)

The value of the reflection coefficient can range between —1 and +1. It is +1
for an open trace and —1 for a shorted trace. A reflection coefficient value of zero
means the trace is “perfectly” terminated.

VISUALIZING REFLECTIONS

It can be difficult to visualize what reflections look like. One reason is be-
cause it depends on where you are looking at them. For example, do you want to see
their impact along the trace, at the far end, or back at the near end? Do you want to
look at them over time or at a single point in time? What does the basic signal look
like before the reflections begin interfering with it? Are there multiple signals in-
volved that are all interacting? UltraCAD has created a Transmission Line Simula-
tor that you can download from the Web, described in Appendix F (Figure 10-5).
This is one tool that can be used to help visualize the effects of various termination
situations and problems.
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- Transmission Ling Simulation

Figure 10-5 UltraCAD’s Transmission Line Simulator,
illustrating distortion along a trace cause by reflections.
The driving input signal is a square wave.

Various commercial simulators exist to model transmission lines. One of
them, Signal Vision, is used to illustrate various termination situations in the next
chapter. Figures 10-6 and 10-7 illustrate simulations of terminations that are too low
and too high, from both the Signal Vision tool and from the Hyperlynx LineSim
tool. Both tools are products of Mentor Graphics.

DETERMINING TRACE IMPEDANCE

With the exception of the effect of the material’s relative dielectric coeffi-
cient (g,), the characteristic impedance of a trace is determined purely by its geome-
try. That means the board designer has complete control over it (at least in theory).
The formulas for determining and defining impedance are very complex. The
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Figure 10-6 Simulation of a driver driving a 50-) transmission line
with 1,000-Q termination. Upper illustration is from the Signal Vision
tool, lower one from the Hyperlynx LineSim tool.
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Figure 10-7 Simulation of a driver driving a 50-Q transmission line

with 10-Q termination. Upper illustration is from the Signal Vision
tool, lower one from the Hyperlynx LineSim tool.
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primary ones are shown in the Endnote at the end of this chapter. These formulas
can be very difficult to work with and therefore are not particularly useful.

Fortunately, many alternatives have become available for designers to use
for calculating the impedance of their traces. UltraCAD has made available a free-
ware calculator for doing these calculations (Figure 10-8). Refer to Appendix H for
information about UltraCAD’s freeware calculators. Polar Instruments has a par-
ticularly good commercially available calculator available in several versions from
their Web site (also shown in Figure 10-8). Many of the higher-end PCB design
packages include built-in trace impedance calculators. Numerous other Web-based
or Web-obtainable design aids have been developed in the last few years. Do a
search on the Web for “PCB trace impedance” or variations on this.

Both propagation time and characteristic impedance can be impacted by ca-
pacitive loading along the trace. Every receiving device on the trace adds a small
increment of lumped capacitance to the trace. Even vias can contribute small incre-
ments of capacitance.

The adjustment factor commonly used is shown in Equation 10-3:

Cd
Coxl1

1+

[10-3]

where Cd is the total amount of all such capacitances added, Co is the characteristic
capacitance of the line, per unit length, and ! is the length of the trace. The applica-
tion of this adjustment factor to characteristic impedance and to propagation delay
is shown in the Chapter Endnote.

Despite any claims to the contrary, impedance calculations are by their very
nature approximate. The calculations are based on approximations that are reason-
able, but cannot be exact. That is because, in part, the nature of the physics involved
is just too complex to model exactly without any error. Therefore, it is expected that
calculations based on tools from different sources might reach slightly different re-
sults. The better tools, however, should agree within about 2%.

Your board fabricator, however, will usually be doing well to hit the im-
pedance target within about 5% because of the many variables (times, temperatures,
pressures, material dimensions, and even humidity) that exist in the chemically
based board fabrication process itself. If you want impedance control tighter than
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Figure 10-8 Two impedance calculators: UltraCAD’s freeware
calculator, UltraCL.C, and Polar Instruments SI6000
QuickSolver, both available from their respective Web sites.
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about 5%, your selection of board fabricators that can do the job will shrink signifi-
cantly and the prices will start going up.

Not only do these tolerances cause impedance to vary from board to board,
they will cause impedance variations from place to place on the same board. In
1994 UltraCAD partnered in a study to determine the effects of vias on traces. An
unexpected by-product of that study was information regarding the variation of im-
pedance between boards fabricated in the same batch process and even along traces
on the same board. Figure 10-9 is taken from that study. It shows a TDR pattern of
one of the traces on a test board. The trace is 15 inches long and has three vias
along its length, but the trace does not pass through the via. Instead, the trace stays
on the same layer for the entire 15 inches. The impedance varies by about 3% along
this trace.”

There are several reasons for this kind of result along a trace: temperature
gradients during fab, pressure gradients during fab, nonuniform thicknesses and
etching, material nonlinearities, and so on. Polar Instruments has done some inter-
esting work to show that another effect can also come into play. One of the most
common board materials used in board fabrication is FR4. FR4 is a blend of resin
and glass, but it is not a uniform, homogeneous blend. The glass tends to form in
clumps and the resin fills in around it (see Figure 10-10). The glass has an effective
€, of approximately 6.0 and the resin an ¢, of approximately 3.0. These combine, on
average, to yield an effective &, of approximately 4.0 to 4.3. But the &, can vary
dramatically from this at any specific point, depending on the specific mixture of
glass and resin at that point. Since the effective & can change so dramatlcally from
point to point, so can the impedance that depends on that &, .

TERMINATION TECHNIQUES

It is one thing to know that an impedance-controlled trace needs to be ter-
minated correctly. It is quite another thing to know how to do that. It is important to
note, however, that it is not the PCB designer’s job to design the termination
scheme. It is the circuit design engineer’s job to do that. The board designer’s job is
to know whether or not a termination scheme is being used at all, and to raise the
question if it appears that a termination scheme has been inadvertently overlooked.

2See “The Effects of Vias on PCB Traces,” 1994, available from UltraCAD’s Web site. This
article also appeared in Printed Circuit Design magazine in August 1996. Also see Appen-
dix I for information on how TDRs measure the impedance of traces.
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Figure 10-9 TDR results of a PCB trace illustrating impedance variations
at different points along the trace (courtesy UltraCAD Design, Inc.).

Figure 10-10 FR4 is made up of glass and resin. The apparent combination of
these can vary from point to point on the board. This is a copy of a
microsection cut from a test board (courtesy Polar Instruments).

I can tell you from personal experience that everyone wins when you raise
the question about terminations. If no change is necessary, you look intelligent sim-
ply for knowing about transmission lines, impedances, and terminations. If a change
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is necessary, you become a hero for being the one to call it to your engineer’s or
customer’s attention. Either way, you gain in stature.

In this chapter we discuss the five most common forms of transmission line
terminations.’

Parallel Parallel termination (Figure 10-11) is the most intuitive to under-
stand. A single resistor equal to the characteristic impedance of the line (RL = Zo)
is attached to the end of the line. All the energy flowing down the trace is absorbed
in the resistor and there is no reflection. The terminating resistor can be connected
to either Vcc or ground.

RL

Figure 10-11 Parallel termination.

This technique has several advantages: (a) the value of the resistor is rela-
tively easy to determine, (b) there is only a single component, (c) it is easily con-
nected, and (d) it performs well with distributed loads (i.e., loads that are distributed
along the trace). There is only one drawback to this type of termination: It provides
a continuous DC path to ground. Therefore, continuous DC current can flow
through it at all times. This may or may not be an issue for a single trace. But if
your design has 1,000 or so impedance-controlled nets, the total power dissipation
in 1,000 terminating resistors can become quite significant.

Thevenin A closely related variation of the parallel termination strategy is
the Thevenin termination (Figure 10-12). This consists of a pair of resistors, one
going to ground and one going to Vcc. The pair of resistors provides a
pull-up/pull-down function as well as a termination function. Therefore, it can im-
prove noise margins in certain situations and performs as well as the parallel termi-
nation with distributed loads.

*For a good discussion of trace terminating techniques see Ethirajan and Nemec, “Termina-
tion Techniques for High Speed Buses,” EDN, February 16, 1998, p. 135.



Chapter 10 193

R1

R2

Figure 10-12 Thevenin termination.

On the one hand, it would appear that the selection of resistor values would
be relatively straightforward. The parallel combination of the two resistors must
simply equal Zo, or (c.f. Equation 5-9):

Zo=———
1

Rl R2

But Ethirajan and Nemec showed that there are optimum values for R1 and
R2 based on the specific characteristics of the driver. The optimum values for R1
and R2 primarily optimize (minimize) the power dissipated in the circuit. This op-
timum value can be difficult to determine. Other drawbacks to this strategy include
the addition of an additional component, and the fact that DC current still flows
through the resistor pair at all times. Finally, this strategy is only well-suited for
bipolar (two-state) devices, not for tristate logic families.

Some people have reported that there can be an EMI problem with this ter-
mination strategy. Note that there are different currents flowing between Vcc and
ground, through R1 and R2, depending on the logic state. This current changes at
the same rate (di/dt) as the logic state changes (the rise/fall time of the signal). In
this respect, the two resistors look exactly like a switching logic gate. Therefore,
they might need to be decoupled (with bypass capacitors) just as a logic gate might
need to be decoupled (with bypass capacitors). The issue really is related to loop
areas and currents, which are one of the primary causes of EMI. Thus, you may oc-
casionally hear people say that Thevenin terminations may also require decoupling
capacitors to quiet down EMI emissions.
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AC Termination Yet another variation is the addition of a capacitor in series
with the parallel terminating resistor (Figure 10-13). The primary advantage of this
is that the capacitor blocks DC current, so there is no steady-state current flowing
through the termination. At first glance it would appear that this strategy otherwise
has all the advantages of the parallel termination strategy. However, the “cost” of
this, of course, is the added component.

RL

—

Figure 10-13 AC termination.

There are some other subtle and some not-so-subtle problems with AC ter-
mination. If a large capacitor value is used, there can be considerable power dissipa-
tion, and the strategy is little different from normal parallel termination. If a very
small capacitor is used, it will cause overshoot and may interfere with the rise and
fall times of the signal.

There are also some subtle interactions that take place with AC termination
using a small capacitor. As the voltage across the terminating resistor changes, the
current through the capacitor changes. This causes the capacitor to charge or dis-
charge with an RC time constant related to the component values. If the time con-
stant is too short, the capacitor charges during the half-cycle and the voltage at the
receiver changes (and distorts) accordingly. Very long lines can also lead to signal
distortion.*

Series Series termination (Figure 10-14) is becoming more and more com-
mon in today’s high-speed designs. It has the two desirable attributes of a single
component and no DC current draw at all. The series termination resistor is placed
at the front of the trace, however, not the end; the end is left open-circuited. There-

“Brooks, Douglas, “Transmission Line Terminations, It’s the End That Counts!” available
from Mentor’s Web site at www.mentor.com/pcb/tech_papers.cfim.
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fore, there is a 100% positive reflection from the far end of the trace that reflects
back toward the front.

Figure 10-14 Series termination.

The fact that there is a single reflection traveling back up the line is of little
consequence if there are no devices along the line; that is, if the loads are lumped at
the far end of the line. But if the loads are distributed along the line, the loads will
see different signal (voltage) levels depending on which way the signal is traveling.
Some designs actually take advantage of this and are designed to switch only at the
higher signal level. The computer PCI bus is one example of this.

The value for the series termination resistor is set so that the sum of it and
the output impedance of the driver totals to the impedance of the trace. That way,
there is no secondary reflection from the driver. The voltage pattern we expect to
see is a single, positive reflection from the far end of the trace that travels to the
front of the trace and is completely absorbed in the source resistor and driver.

That means that we have to know the output impedance of the driver. That
isn’t too serious a problem, since the output impedance should be specified by the
manufacturer. But an additional complication is that the output impedance is often
different depending on the output state. That is, the output impedance of the logical
high state may be different from the output impedance of the logical low state, mak-
ing it impossible to properly terminate both states with a single series resistor.

Diode The diode termination technique is not designed to minimize reflec-
tions, only to limit them. Two diodes are place on the line as shown in Figure
10-15. Reflections can exist at both ends of the line and will travel back and forth
along the line. This technique simply limits the magnitude of the reflection to be-
tween Vce and ground (or more properly, one diode drop above or below these lev-
els, respectively). There is no power impact of this technique, and the diodes can be
placed anywhere along the line. In high-speed designs, the diodes must be very fast
switching devices.
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Figure 10-15 Diode termination.

SoME DESIGN ISSUES

In this section we discuss a few design issues related to controlled imped-
ance traces that can be very important.

Changing Trace Layers 1 We have indicated that for there to be impedance
control, and therefore control over reflections, the impedance of the trace must be
constant over its entire length. Since impedance is a function of geometry, this im-
plies the geometry must be constant, also. Consider, however, what happens when a
trace changes layer (Figure 10-16). It is important that the impedance of the trace
stays constant. But the geometry has changed, the relationship to the planes has
changed, and the (relative dielectric constant of the) material may have changed.
Therefore, it is highly likely that if we keep the same trace width, the impedance
will change.

Since the environment often changes when we change layers, we usually
have to also adjust the trace width when we change layers. This is necessary be-
cause what is important is maintaining a constant impedance (not just a constant
geometry) on each layer. If we are designing with a certain impedance in mind (say
50 Q2) we have to determine what a 50-Q trace looks like on each layer of our
board. Then, if we move a 50-Q2 trace to that layer, we may have to change the
trace’s properties to maintain the desired impedance on that particular layer.
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Figure 10-16 When changing layers, care must be taken to ensure that
the impedance of the trace is constant on all layers, even if that means
the geometry needs to change.

Power Planes The location of the return signal is an integral part of the ge-
ometry of impedance determination and control. This point simply cannot be over-
emphasized. For coaxial and twin lead cables, the location of the return current is
fixed by the design of the cable. On PCBs, the return signal wants to return directly
underneath the trace (refer to Appendix B). This simple concept has some signifi-
cant implications.

All signals have a return signal associated with them. Every single one. You
(as the PCB designer) need to know where they are. It is ironic that some designers
spend an enormous amount of time worrying about, strategizing about, and routing
50% of the signals. They then ignore the other 50% of the signals (the return sig-
nals) assuming they will take care of themselves.

It is (almost) impossible to achieve impedance control on a PCB without a
reference plane for the return signal to travel on. Thus, unless you are really good,
and have some really well-thought-out strategies, all high-speed designs need power
and ground planes. It is (almost) impossible to achieve impedance control without
them.

The return signals can, and do, travel on either the power or the ground
plane. Power and ground planes are the same thing to AC signals. The distinction is
only a DC distinction. (If you have trouble visualizing this, consider how many ca-
pacitors—which pass AC currents—there are between the power and ground
planes.) Typically, the return signal will be on the closest plane to the signal trace,
which we then call the reference plane. ‘

Changing Trace Layers 2 1f we do anything to prevent the return signal
from following directly underneath the trace, we impact the geometry. This, then,
impacts the magnitude of the impedance, causes an impedance discontinuity, and
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therefore causes a possible reflection. Therefore, we must be careful in our designs
to never do anything that restricts the return signal.

Figure 10-17 illustrates three typical routing situations. (Note that this is the
same figure as Figure 9-10 in Chapter 9. In Chapter 9 we talked about this issue
from the standpoint of loop areas and EMLI.) In Figure 10-17a, a trace is routed
above a reference plane and the return signal (dotted line) returns on the plane di-
rectly under the trace. In Figure 10-17b, the trace routes through a via and proceeds
on the trace layer on the other side of the reference plane. The return signal crosses
over to the other side of the plane, and remains directly under the trace. In neither
case are we interrupting the return signal path. There is no impedance discontinuity
in either of these situations (assuming we have constructed the trace itself correctly
on each layer).

(@ (b) ©

Figure 10-17 It is important to know where the return currents
~ are to maintain impedance control.

What about Figure 10-17¢? Here the trace routes through a via to a com-
pletely different trace layer. To maintain impedance continuity, the return signal
must find its way to a new reference plane several layers away. A good question is
this: How does it do that? Unfortunately there is not a really satisfying answer.

We know this situation works because lots of people (including us) do this.
The practical answer is that the return signal travels to the other plane through a
nearby bypass capacitor (since there are lots of them distributed around our board).
But it is possible that the path to the bypass capacitor and back under the trace cre-
ates an impedance discontinuity that may then create an unwanted reflection.

Different engineers have different attitudes toward this:
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1. Some ignore the problem as being relatively minor.

2. Some (e.g., Henry Ott and Howard Johnson in some e-mail forums)
have suggested we might consider placing bypass capacitors
beside each via for the specific purpose of providing a path for
the return signal (for both impedance control reasons and EMI
loop area reasons).

3. A few take the position that no traces at all shall be routed in this
manner to ensure that this type of reflection problem cannot
happen.

Most people consider the third option to be extreme. But if your engineer
takes this position, at least you now understand what his or her thinking is. After
all, the engineer is the customer and we do what the engineer asks.

Note: If you want to know what UltraCAD does, we follow the first option,
and so far have not experienced a problem. If you fell into the trap of considering a
“hard” or solid via between the two planes, consider the consequences if one plane
is ground and the other is Vcc. You can end up with a lot of angry electrons this
way, at least for a moment.

Slots in Planes 2 As we have emphasized, the geometry associated with the
traces must be controlled. This means, in particular, that the return signal must be
allowed to follow directly on the plane underneath the trace. Consider a situation
illustrated in Figure 10-18. (Note that this is the same figure as Figure 9-7. In Chap-
ter 9 we said this could cause an EMI problem. You will see this figure yet again
when we talk about crosstalk. There are several reasons not to allow slots on
planes.) A slot exists, for some reason, on the plane. A controlled-impedance trace
routes across the slot. The return signal must loop up around the slot and back again
to the trace. The geometry of the trace has changed at this point, causing an imped-
ance discontinuity. This is analogous to cutting a coaxial cable and then resplicing it
as suggested in the figure. If you have ever done this with your TV cable, you ended
up with a severe ghosting problem on the TV caused by the reflections, which were
in turn caused by the impedance discontinuity at the splice.
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Trace Layer

Ground Plane

Figure 10-18 A discontinuity on the plane can cause the return
signal to loop, causing, in turn, an impedance discontinuity.

STuBS

In the last chapter we talked about stubs from an EMI standpoint. There is
also an impedance aspect to stubs that is important. Figure 10-19 (the same as Fig-
ure 9-12 from the previous chapter) illustrates how stubs can exist when we make a
connection from a trace to a pad or device. The stubs are unterminated sections ra-
diating away from a controlled impedance trace, almost like the “Y” problem we
will talk about in the next chapter. Signals can reflect from the far (unterminated)
end of the stub and cause signal integrity problems.

Stubs S1 and S3 are short enough (well within the critical length) so as not
to cause much of a problem. Stub S2, however, will result in a significant imped-
ance discontinuity and damaging reflections, and such long stubs are to be avoided.
Obviously, Stub S4 will cause a reflection problem.
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Figure 10-19 Stubs are unterminated transmission line
segments and must be kept short to avoid reflections.

The rule for stub length most people use is about 1/10 or 1/12 the rise time.
For a 1 ns rise time (about 6 inches) the rule would be about 75 to 100 ps, or about
.5 inche. I have run simulations with signal integrity models and found that reflec-
tions are just becoming detectable in this range. Nevertheless, good design practice
would be to keep stub lengths shorter than this. Lengths less than .25 inches are
usually easily achievable.

ABSOLUTE VS. RELATIVE VALUE OF ZO

A common question board designers ask is “What should the value of Zo
be? What value should I use?” With a few exceptions, the answer is that it doesn’t
matter much. The value of Zo is not nearly as important as is the fact that (whatever
it is) (a) it is constant everywhere along the trace, and (b) that it is terminated prop-
erly with that value (whatever it is).

The absolute value of Zo is important under these conditions (there may be
other special cases that should be obvious when they come up):

1. If the trace is mating to the outside world, usually through an
impedance-controlled connector, then the trace must match the
connector.
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2. If the trace is mating with a trace on another board, again probably
through a connector, a specified impedance is probably neces-
sary because all boards must “play” together without special
matching.

3. A very few special components have strict impedance-matching
requirements.

4. The circuit designer may specify an impedance level because it is
easier to select or specify termination resistors or circuits for
the board. (Note that this is not a technical requirement, but is a
policy requirement.)

Otherwise, devices are reasonably tolerant of the impedance of the trace,
and a specific value of trace impedance is not particularly important.

We do a lot of boards in the video processing industry. The signals fre-
quently come onto and leave the board through 75-C connectors. Obviously the
traces leading to and from these connectors must also be 75-Q traces. But the traces
on the inner circuits don’t need to be 75 Q. Nevertheless, some of our customers
require 75-Q traces everywhere on the board, because “these are video signals.” It’s

as if there is something special about a video waveform that only works on a 75-Q
trace.

There is not uniform agreement among engineers regarding whether we
should use relatively higher trace impedances (say 80 Q or more) or relatively
lower trace impedances (say 30 Q or so). If you subscribe to various e-mail forums
you will hear different theories about either of these extremes, as well as why we
should all stick with 50 Q.

One argument says that higher impedance results in lower currents and
therefore lower EMI problems. Others argue that there are offsetting voltage issues
with higher impedances that negate any EMI gains. Another argument is that higher
impedance creates more voltage-related noise problems on the board. Still others
argue that lower impedances cause increased current and therefore power supply
requirements. Still others try to offer proof that 50 Q offers the best overall com-
promise. I have not heard any convincing argument that there is any impedance
level that is inherently better than any other within the reasonable range of about 30
Q to about 100 Q.
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Chapter Endnote

ON FORMULAS

These are the generally accepted formulas for impedance-related calcula-
tions and can be found, except where noted, in several publications.’

In the following formulas:
Dimensions are in mils
&, = Relative dielectric coefficient
€ = base of the natural logarithm (= 2.71828)
Ln = natural logarithm.

Microstrip:

—T‘
H

Zo— 87 Ln( 5.98H )
Je t141 (8W+T

IPC-D-317A, “Design Guidelines for Electronic Packaging Utilizing High-Speed Tech-
niques,” January 1995, IPC p. 22ff.
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67(e. +141
Co= (8‘ 4 )

L‘{S'%%sw ) T)}

Stripline:
W
1.9(2H+T
Zo= 60 In ( )
Je 8W+T
Co= — 141e,
3.81H
L‘{ /(.SW + T)}
Dual Stripline:

7o~ 80 L 1.9(2H+T) . H
Je. 8W+T 4(

Chapter 10
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2.82¢,

LD{Z(H _ %&zw + .335T)J

Embedded Microstrip:*®

Co=

Zo = 60

5.98H )

\F | [1 o } Ln(.sw T T

Propagation Time (nanoseconds/inch):

Stripline:
PropagationTime(T,,) = \/8_% 8
Microstrip:’
PropagationTime(Tpd)) =Brx \/8_% 8
Where:

Br =.8566 +.0294Ln(W) —.00239H — .0101¢,

W = trace width (mils)

H = distance between the trace and the plane (mils)
¢, = relative dielectric material between the trace and

the underlying plane
Ln represents the natural logarithm, base e
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®Brooks, Douglas, “Embedded Microstrip Impedance Formula,” Printed Circuit Design

magazine, February 2000.
’See Chapter 2.
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Corrections for capacitive loading:

The commonly used correction factor for capacitive loading of a trace is

Cq
Coxl1

1+

where Cd = capacitance added by the device loads
Co = intrinsic capacitance of the line per unit length
1 =length of the line

Its proper usage for this correction factor for impedance (Zo) and
propagation times (Tpd) is:

Zo'= Zo
0 c,
1+
Coxl
T,)=T, 1+ S,




11 SOME TRANSMISSION LINE
SIMULATIONS

M entor Graphic’s Signal Vision simulator is a useful tool for illustrating
transmission line issues. In this chapter we look at several simulations of both good
and bad designs to see what the differences are between them.

BASsIC SIMULATION

Figure 11-1 illustrates a basic simulation setup. The individual elements of
the simulation are selected and placed on the work surface and connected together.
The elements are then given values for analysis.

driverl xlinel resistl

z20: 50.00 ohms 50.00 ohms
Delay: 10.0ns oc.o00v
IBIS Comp: tech_als Layer: 1

Pin model: cuals

Figure 11-1 Basic simulator setup.
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Figure 11-2 shows the various screens for defining the values. It is almost
always necessary with any manufacturer’s simulation tool to define a software
model for any active device used, in this case the driver. These software models are
usually (but not always) IBIS models.

Figure 11-2 Submenus for setting the element parameters for the simulation.

Double-clicking the driver element produces the first submenu shown in
Figure 11-2. We have selected a generic IBIS model provided by Mentor Graphics,
designated as “tech_als.” We select this model because it is convenient and because
it has a fast rise time (approximately 1.0 ns).

Double-clicking the transmission line element brings up the second sub-
menu. We can define the transmission line in terms of its board stackup parameters
or by its electrical parameters. The board stackup parameters have obvious value if
we are investigating real board parameters or if we are integrating the Signal Vision
tool with the Expedition board design tool and analyzing an actual design in pro-

gress. In this instance we select electrical parameters to define a 50-Q line 10 ns
long.

Finally, we double-click the load resistor and select the loading for the line,
shown in the third submenu. Here we have selected 50 Q for our initial simulation,
tied to zero volts (ground).

We could add other elements to the simulation and change any of the pa-
rameters through these various screens.
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Finally, we set up the simulator control, Figure 11-3. Here we are telling the
simulator to cover a time period of 20 ns with a pulse that is starting low and rises,
and stays “high” for 19 ns. That is, we a simulating a step function rise in signal and
looking at it for 19 ns.

[ simulator Cont

Figure 11-3 Simulator control submenu.

The result is shown in Figure 11-4 and looks just like we would expect for a
properly terminated transmission line. The driver signal immediately rises to 2.5
volts and 10 ns later the voltage at the load resistor rises to 2.5 volts. This time de-
lay is the propagation time down the 10 ns transmission line. Since the transmission
line is terminated correctly, there are no reflections.

Now let’s do something more interesting. We’ll terminate the line with a
150-Q resistor and see what the results are. To see the results clearly, we’ll need to
extend the simulation time much further out, in this case to 100 ns. The result of the
simulation is shown in Figure 11-5.
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Viavescope SastcOMudedsvn

BasicHodel.svm

1.5

on 2n 4n én Bn ion 12n ldn lén ien 20n
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Fasu Mo

| !

BasicModel.svn

Figure 11-5 Simulator response for a 150-C2 termination.
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To fully appreciate what is happening here, we need to look at the equiva-
lent circuit of the simulation, including the Thevenin equivalent circuit of the driver
in its “high” state (see Chapter 5). The tech_als software driver model used here has
an output impedance of about 18 Q in the “high” state (Figure 11-6). The trick is,
the equivalent circuit for the simulation is different for the very first instance than it
is in the steady state. In the very first instance (fast rise time), the transmission line
looks (to the driver) like a 50-C2 load (a). The driver has not yet seen the load
(whatever value it is) at the far end of the trace. In the steady (low-frequency) state
the driver sees only the load at the end of the line (b) and no longer the transmission
line. Figure 11-5 is a representation of what happens as we transition between these
two times (initial response and long-term stabilization).

Figure 11-6 shows the equivalent circuit for this simulation. At the very
first moment, the driver sees the 50-Q load of the transmission line. The 50-Q
transmission line and the 18-Q source impedance of the driver combine to form a
voltage divider (see Chapter 5). The voltage at the driver output immediately rises
to (50/68)3.4 = 2.5 volts. This 2.5-volt signal propagates down the transmission line
to the load and arrives at the load 10 ns later.

(a) 50Q

34V (b) 150 Q

tech_als

Figurer 11-6 Thevenin equivalent circuit for the driver.
The transient load (a) the driver sees is different from
the steady state load (b).

Because the line is not terminated correctly, the signal reflects off the load
with a positive reflection coefficient (see previous chapter) of
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p = (RL — Zo)(RL + Zo) = (150 — 50)/(150 + 50) = .50

A reflection of .5 x 2.5 = 1.25 volts occurs, so the reflected signal traveling
back up the line toward the driver is the initial 2.5 volts plus the 1.25-volt reflec-
tion, or 3.75 volts. Note that this is higher than the maximum output available from
the driver itself (3.4 volts).

Ten ns later (at 20 ns) this reflected signal arrives back at the driver. But
now there is a negative reflection because the 50-Q transmission line sees a source
impedance (at the driver) of only 18 Q. At the source end the reflection coefficient
is

p = (RL — Zo)/(RL + Zo) = (18 — 50)/(18 + 50) = —.47

The 1.25-volt reflected signal is reflected again, this time with a magnitude
of —47 x 1.25 = —.59 volts. The voltage at the driver is now 3.75 minus this re-
flected .59 volts or 3.20 volts. The reflected signal continues back and forth in this
manner until it dies out and stabilizes at its long-term (DC) value.

The long-term DC value is found from Figure 11-6 using the long-term load
value of 150 Q. The long-term stable value is (150/168)3.4 = 3.0 volts, which can
also be seen from simulation, Figure 11-5."

Now let’s look at the same model with only a 20-Q load resistor. The
model result is shown in Figure 11-7. As before, the voltage at the driver output
immediately rises to (50/68)3.4 = 2.5 volts. When that 2.5-volt signal arrives at the
far end of the transmission line, it reflects with a negative reflection coefficient
equal to

p= (RL - Zo)/(RL + Zo) = (20 — 50)/(20 + 50) = —.43

The magnitude of the reflected signal is —.43 x 2.5 = —1.07 volts. So the
immediate signal at the load is 2.5 — 1.07 = 1.43 volts. This signal travels back
toward the driver, where the reflection coefficient is —47, as before. So the magni-
tude of the next reflection is .47 x 1.07 = .50 volts. Therefore, the signal level at the
driver output just after 20 ns is 2.5 — 1.07 ~ (-.5) = 1.93 volts.

'This kind of problem is solved manually through a lattice diagram. There are numerous
sources, including the Web, for information on using lattice diagrams to solve reflection
problems.
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WaveScope

BasicModel.swm
Volts

2.51

T - — T T T T 7 v T
On 10n 20n 30n 40n 50n &0n 70n 80n S0n 100n

Seconds

driverl Output driverl

resistl Resistor driverl

Figure 11-7 Simulator response for a 20-£2 load.

As before, the reflections continue until they die out. The system will stabi-
lize at a DC value. The 20-Q2 load combined with the 18- source impedance yields
a (20/38)3.4 = 1.79 final voltage.

As one final basic illustration, let’s select a perhaps more realistic simula-
tion. We’ll set the trace length at 2 ns (equal to about 6 in) and simulate a square
pulse width of 12 ns high and then 12 ns low. If we perfectly terminated the line, we
would expect a perfect square wave at the load end on the line. Each waveform
would be stable at either 0 volts or 2.5 volts, and the load waveform would follow
the driver waveform by 2 ns. Figure 11-8 illustrates the case of a poorly terminated
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line (150 Q). As can be seen from the figure, the waveforms are not very clean and
could very well cause system logic errors because of the incorrect terminations.

YWavescope  Basn™Model.svn

BasicModel. svn

driverl Output
tesist! Resistor

Figure 11-8 Simulator response of a poorly terminated (150-€2)
line to a repetitive square wave input signal.
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SERIES TERMINATION

As described in the previous chapter, series termination allows for a fuil re-
flection at the far end of the line. The reflection is absorbed at the source end, how-
ever, and no further reflections exist. Figure 11-9 is an equivalent circuit for our
simulation of series termination.

Figure 11-9 Equivalent circuit for a series termination.

The series terminating resistor, Rs, is chosen so that the sum of it and the
source impedance of the (tech_als) driver equal the Zo of the line (50 Q). Figure
11-10 is our Signal Vision model for simulating this circuit. The far-end 10k resis-
tor is used to simulate an unterminated line yet make provision for a measuring
point to display on the model output. It has negligible impact on the actual simula-
tion.

The result of the simulation is shown in Figure 11-11. The two curves shown in
Figure 11-11 are for the signals at the driver output and at the far end of the 50-Q
trace. The source resistance of the driver and the series terminating resistor together
form a voltage divider with the 50-C trace. So the voltage at the near end of the
trace rises to one-half the 3.4-volt source voltage. Two ns later this 1.7-volt signal
arrives at the far (unterminated) end of the line where the reflection coefficient is
100%. The reflected signal is then 3.4 volts. When this reflected signal arrives back
at the source resistor, the
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driverl sres2-1:2 xlinel resist2

32.00 ohms 20: 50.00 ohms 10.0k ohms
Delay: 2.00ns 0.000¥
IBIS Comp: tech als Layer: 1

Pin model: ouals

| driverl Output 336 driverl

Series Termination.swvn
Volts
34
24
14
o
T ——— T T — T T T T
On 10n 20n 30n 40n 50n 60n 70n 80n 90n 100n
Seconds

resist2 Resistor 333 driver!

Figure 11-11 Simulation of a series terminated trace.




Chapter 11 217

energy is absorbed and the signal stabilizes at the 3.4-volt source level without fur-
ther reflections.”

PLACEMENT ISSUES

Figure 11-12a shows the ideal termination placement for a parallel termina-
tion. Figure 11-12b shows a resulting simulation. The results seem pretty clean. But
what if we have to place the terminating resistor perhaps an inch in front of the re-
ceiver? (Note: Admittedly an inch might be a worst-case scenario, and there might
be some other solutions available, such as internal routing channels and populating
the back side of the board. Nevertheless, we sometimes are faced with dimensions
of this magnitude.)

driverl

xlinel resistl

(a) (b)

Figure 11-12 Ideal placement of a parallel termination.

If we place the terminating resistor an inch in front of the receiver, that
means there is an unterminated transmission line segment between the terminating
resistor and the receiver. The simulation for this, and its result, are shown in Figure
11-13a and 11-13b. There are some pretty healthy spikes that result from this
placement.

“The signals are not perfectly clean in the simulation because the source impedance in the
model is not perfectly linear, nor is the source resistance the same for both the high and low
signal states.
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driverl loadl

*linel *line?

Figure 11-13 Placing the terminating resistor before the final
device can cause reflections.

driverl

¥linel xline2 resistl

P ROV e
Pin medel: cuals

Figure 11-14 Placing the termination resistor after the final device is nearly iden-
tical to the ideal placement.

A better solution is simple but the implications are not always recognized
by designers. Instead of placing the termination resistor before the receiver, place it
after the receiver. Seems simple, doesn’t it? The difference is that now there is a
terminated transmission line segment between the device and the termination. Be-
fore, there was an unterminated segment; now there is no unterminated segment.
Figure 11-14a and 11-14b show this simulation and its result. The results are virtu-
ally identical to Figure 11-12a and Figure 1-12b.

The simple act of placing the termination after the receiver instead of be-
fore the receiver makes all the difference in the world.
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BRANCHES, OR YS

It is not uncommon for a trace to branch into two or more segments some-
where along its length. We often call this a Y. If we are dealing with controlled im-
pedance traces we must be very careful how we handle these branches.

Figure 11-15 illustrates three different branch situations. The first (a) illus-
trates a 50-Q2 trace that branches into two individual 50-Q traces. A designer might
incorrectly interpret the design rule that trace impedances must be constant every-
where along the trace as applying here, believing that this approach is correct. In
fact, the impedance is not constant everywhere along this trace. Two parallel 50-Q
traces (like two parallel 50-Q resistors) look like a single 25-Q trace. Therefore, the
50-Q trace from the driver “sees” a shift to 25 QQ at the point where the traces Y and
there will be a reflection from that point.

\ 500 > 50 Q
(a) M TN 500
100 QQ
50Q
®) N -~ 1wa

©

o F
S )&
< |0

Figure 11-15 Different techniques for handling
branches, or Ys, in a trace.

There are two possible ways to handle such a branch correctly. Either one
will produce a clean waveform with no reflections. One of these is shown in Figure
11-15b. Design the traces after the Y as 100-Q traces. Two parallel 100-Q traces
will look like a single 50-Q trace and there will be no impedance discontinuity or
reflection at the Y. The 100-Q traces, of course, must then be terminated correctly
with 100-Q resistors.
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The other way to handle a Y is shown in Figure 11-15c. Bring the branch in
very close to the driver so that the impedance discontinuity happens well within the
critical length. Then the discontinuity will have little effect.

WaveScope - Y Poor.svn

Y_Poor.svn

driver2

v
Z0n

Output

— —
40n 60n
Seconds

driver2

—_—
80n 100n

[ load2

Input

driver2

Invalid

| load3

Input

ditver2

Irwalid

Tesistd

Resistor

diiver2

Figure 11-16 Simulation of an improperly constructed branch, or Y.
The driver signal is denoted by (a). The reflection from the
improperly constructed branch occurs 10 ns later (b).

The final signal at the termination is denoted as (c).

Figure 11-16 illustrates the results from a simple simulation of the improper
way (Figure 11-15a) tohandle a Y. A 50-Q trace extends 10 ns and then branches
into two 50-Q traces for another 10 ns. The end of each branch is terminated in a
50-Q resistor. There is an obvious reflection caused by the Y. The pattern is typical
of a load (in this case 25 Q) that is lower that the characteristic impedance of the
trace (starting out at 50-Q, see Figure 11-7). The reflection at the Y (at 10 ns) is

evident.



12 CROSSTALK

I n Chapter 9 we talked about how current flowing along traces can radiate

EML. In Chapter 10 we talked about how traces couple to adjacent planes, how that
relates to return currents, and then to impedance control. In Chapter 16 we will talk
about differential traces coupling to each other and the implications that has for sig-
nal integrity and impedance control. All of those coupling mechanisms are essen-
tially the same; they rely on the facts that (a) like charges (electrons) repel each
other, and (b) flowing electrons can create magnetic fields that induce currents in
other conductors. In this chapter we look more closely at the specific coupling
mechanism that can occur between adjacent traces on the board itself.

FORWARD VERSUS BACKWARD CROSSTALK

Consider the case where we have two traces adjacent to each other (Figure
12-1). Current (the flow of electrons) flows down one of the traces (we call this
trace the aggressor or driven line). That current will couple into the adjacent trace
(called the victim line) and create two different noise signals. One of those noise
signals will flow in the victim trace in the same (forward) direction as the aggressor
current. The other noise signal will flow in the victim trace in the opposite (back-
ward) direction. These two currents have different characteristics and degrees of
importance in our circuits.

Consider a current flowing down the driven line (in Figure 12-1) and con-
sider an electron as it passes by the specific point X. Electrons are negatively
charged particles. Since like charges repel each other, electrons at that point along
the victim line will be “repelled” or will move away from point X. They will move
in either direction (arrows labeled (3)), so there will be both a backward and a for-
ward component to this reaction. This kind of coupling is almost exactly what we

221
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see in capacitors (electrons flowing onto one plate “repel” electrons from the other
plate) so this is often referred to as capacitively coupled crosstalk.

) @

Victim Line

Driven Line

X

Figure 12-1 There are two causes of crosstalk, inductive and
capacitive coupling, which lead to two types of
crosstalk, forward and backward.

The current flowing in the direction of the arrow on the driven line will
generate a magnetic field around the line. That field will intersect the victim line
and induce (or generate) a current going the opposite direction in the victim line.
This mechanism is exactly the same mechanism we find in transformers and in mo-
tors and generators. In fact, we can think of the driven and victim lines as being the
primary and secondary windings of a poorly designed transformer. The induced
current (2) always goes in a direction opposite that of the driven current. We call
this induced current inductively coupled crosstalk.

Note that both these mechanisms (capacitively and inductively coupled
crosstalk) depend on the fact that the driven current is changing. No coupling occurs
if no (or a constant DC) current is flowing. The faster the current is changing (i.e.,
the higher the frequency or the faster the rise time) the stronger the coupling be-
tween the traces. It also seems intuitive that the closer the traces are, the stronger
the coupling will be. Already we have two secrets for reducing crosstalk (coupling):
Slow down the signals and spread the traces further apart. (Wasn’t that easy?)

There is one other point we talk more fully about later. Note that ca-
pacitively and inductively coupled crosstalk tend to reinforce themselves in the
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backward direction. Both create components flowing in the reverse direction. But
they tend to cancel each other in the forward direction. Capacitively coupled
crosstalk creates a forward component that flows in the same direction as the driven
current, but inductively coupled crosstalk flows in the opposite direction. These
components almost exactly cancel, particularly in stripline environments. This intui-
tively leads to another design rule: If crosstalk is an issue, try to keep all the sensi-
tive traces in a stripline environment.

Backward Crosstalk There are significant differences in the nature of for-
ward and backward crosstalk. Consider Figure 12-2. This figure is in two rows,
Row (1) and Row (2), with four frames each. Look first at Figure 12-2a, Row 1.
The two rows of dots at the top represent elements of a victim trace. There are two
rows because we are going to let the top one represent backward crosstalk and the
other one represent forward crosstalk. The single row underneath them represents
elements of the aggressor (driven) trace. There will be a signal, transversing from a
low signal level to a high signal level, flowing from left to right along the aggressor
trace.

The two rows, 1 and 2, differ in that the victim trace in Row 2 is terminated
in a high impedance at the near end. The victim trace in Row 1 extends indefinitely
in the backward direction.

.....Q‘..'l
oo,

4

ool

00000000

9088000000

(a) (@)

Figure 12-2 Forward crosstalk has a pulse width approximately equal to
the rise time of the aggressor pulse with an amplitude that increases over
the coupled length. Backward crosstalk has an approximately constant
amplitude but increases in pulse width as the coupled length increases.

In the first frame (Figure 12-2a), the aggressor signal is just starting down
the trace. In the second frame (Figure 12-2b), the signal has started part way down
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the trace. In the third frame (Figure 12-2¢), the signal has moved well along the
trace and by the last frame (Figure 12-2d) the signal has reached the far end of the
trace.

Let’s look first at backward crosstalk (top pair of dots) for Row 1. Note
how, as the driven signal moves down the aggressor trace, each time it passes by a
victim element it kicks that element to the left. Each element, in turn, starts moving
backward before the next element gets kicked. What results is a string of elements
moving to the left (backward) stretching out in length. Especially note that by the
time the aggressor pulse gets to the far end of the aggressor trace, the backward
string of elements is twice as long as the coupled length between the victim and ag-
gressor traces is. This happens because the first element starts moving at the same
moment the aggressor trace starts moving. When the aggressor signal reaches the
far end, the first element has moved equally far in the opposite direction. But the
last element along the victim line doesn’t even start to move backward until the ag-
gressor signal reaches the far end. Thus the string of backward-flowing elements
stretches twice as far as the length of the coupled region between the traces.

There are two extremely important things to notice here. First, we are talk-
ing about #ime, not units of distance. It takes a certain amount of time for the ag-
gressor signal to travel down the trace. We call this the propagation time of the
signal traveling along the trace. Second, if we assume the signal flows at 6 inches
per ns, and each circular element represents .25 ns, then the coupled region between
the two traces is 2.5 ns, or 15 inches. The backward crosstalk signal stretches twice
as far, or 5 ns.

We can generalize this as follows: The backward crosstalk pulse is (almost)
constant amplitude in magnitude but twice as wide as the propagation time repre-
sented by the coupled region. This backward crosstalk pulse width is what so many
people have trouble understanding. The width is not a function of coupling strength.
Width is purely a function of the length of the coupled region. The statement is
worth repeating: The backward crosstalk pulse width is purely a function of the
length of the coupled region.

Now, Row 2 shows exactly the same thing with one modification. The ver-
tical line at the left of the victim trace represents the beginning of the trace. It might
represent a driver or a load. As the first element of the backward crosstalk row gets
kicked backward by the aggressor signal, it reflects off the end of the trace and be-
gins flowing in the forward direction. This is not to be confused with forward
crosstalk. It is simply a reflected backward crosstalk signal. (One obvious question
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is this: Could we eliminate this reflection if we correctly terminated this end of the
victim trace using the transmission line termination principles we learned about in
Chapter 10? The answer is “Yes.” More on that later.) In this case, the first element
of the backward crosstalk signal reaches the forward end of the trace at the same
time the aggressor signal does. But the last element on the victim trace has just
started its travel in the reverse direction. Before the show is over, it must travel all
the way back to the beginning of the trace, reflect off the beginning of the trace, and
travel all the way back to the forward end again—a distance that takes twice as long
as it took the aggressor pulse to travel the length of the coupled region. Again, we
see that the backward crosstalk pulse width is twice as long as the propagation time
down the coupled region.

A word about the magnitude of the backward pulse: If the coupled region is
short, the magnitude of the backward signal will be small. It will grow as the cou-
pled length increases. But there is a limit to how high the magnitude will grow until
it stops and just levels off. That limit in magnitude is reached when the coupled
length is about equal to the so-called critical length we have already discussed
(Chapter 10). That is, the magnitude of the backward coupled pulse reaches its
maximum about when the length of the coupled region equals one-half the rise time
of the aggressor signal. This should be considered more as a rule of thumb than as a
factual statement, but it is a rule that seems to hold approximately true most of the
time..

What that maximum level actually is is a different story altogether. We talk
more about that later on.

In summary, backward crosstalk grows fairly quickly to a constant magni-
tude pulse whose pulse width is swice as wide as the propagation time down the
coupled region.

Forward Crosstalk The second row of dots for each victim trace represents
what happens with forward crosstalk. In Figure 12-2b Row 1 or Figure 12-2b Row
2, as the aggressor signal just starts to propagate along the trace, the first element in
the forward crosstalk row is kicked forward. It immediately bumps into the next
element. As the aggressor signal moves forward one more increment, the first two
victim elements get kicked further along and bump into the third element.

This continues as the aggressor keeps kicking the forward crosstalk ele-
ments along. By the time the aggressor signal reaches the end of its trace, the for-
ward crosstalk elements are all bunched together at the far end of the victim trace.
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Note that the forward crosstalk illustration is exactly the same for Row 1 and Row
2. It does not matter whether the victim trace begins at the beginning of the coupled
region or extends further back. Since the forward crosstalk signal never travels in
the reverse direction, it doesn’t care whether there is a reflecting barrier or not.

The quantity of the forward elements represents the magnitude of the for-
ward crosstalk signal. As suggested in Figure 12-2, the forward crosstalk signal will
continue to increase in magnitude the longer is the coupled region. Although there
is a theoretical limit to how high the forward crosstalk signal can grow, we are
never likely to reach that limit on circuit boards (the coupled region can’t be long
enough). For our purposes, the forward crosstalk signal simply continues to grow
larger and larger as the coupled region increases.

There is one other distinctive thing about the forward crosstalk signal. All
the elements representing the signal are clustered on top of each other. This repre-
sents the width of the forward crosstalk pulse. In theory, the width of the forward
crosstalk pulse is no wider than the rise time of the aggressor signal that creates it.
The pulse starts to build as the aggressor signal starts to rise, and it has finished
building when the aggressor signal has reached its maximum value.

In summary While the backward crosstalk signal is relatively constant in
magnitude and has a pulse width twice as wide as the propagation time down the
coupled region, the forward crosstalk signal has an amplitude that continually in-
creases as the coupled region increases and has a fixed pulse width equal to the
rise time (or the fall time) of the aggressor signal. Simulations in Chapter 13 will
illustrate these differences quite clearly.

We also show in Chapter 13 that for all practical purposes, forward
crosstalk is very small in microstrip environments and virtually nonexistent in strip-
line environments. Therefore, for the rest of this chapter, we focus only on back-
ward crosstalk.

ESTIMATING CROSSTALK

Calculations We can develop theoretical formulas for calculating crosstalk
based on some simplifying assumptions, but the practical reality is that crosstalk is
very difficult to calculate, at least without special tools. The HyperLynx tool does a
credible job simulating crosstalk, as will be shown in the next chapter. Otherwise,



Chapter 12 227

there aren’t very many good ways for quantifying what the level of crosstalk might
be in your particular design.

There are three things that affect the magnitude of the (backward) crosstalk
noise signal:

1. The degree of coupling that exists between the aggressor and victim
traces.

2. The distance over which that coupling occurs.

3. The effectiveness of any trace terminations that might exist.

Coupling Referring to Figure 12-3, the degree of coupling is proportional
to, and never exceeds the value determined by Equation 12-1:’

2
ID =~ or therz [12-1]
1+(_j
H

where D and H are as defined as in the figure. From this, it is apparent that (as we
already knew) crosstalk goes down as H goes down and as D increases. So, the first
rule in minimizing crosstalk is to create your stackup so that the traces are close to
their reference planes, and spread the traces out.

It is instructive to note something else. Trace width does not appear in this
relationship. Trace width has only a minor effect on crosstalk. The other two di-
mensions are far more important than width (at least for reasonable dimensions).

Distance If the coupled region is very short, crosstalk does not have time to
develop. Therefore, it stands to reason that the crosstalk amplitude will be small for
short coupling regions. We have already discussed the fact that the amplitude is not
related to distance for long distances. (Remember, we are talking about backward
crosstalk here.) The magnitude builds up as the length of the coupling region in-

! Johnson, Howard, High Speed Digital Design, A Handbook of Black Magic, Prentice Hall,
1993.
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creases, up to a maximum amount (reflected in the coupling coefficient formula). At
that point the amplitude levels out and stays constant.

IH

Figure 12-3 Current density under the aggressor trace can
couple into an adjacent trace with a coupling coefficient
proportional to H> and inversely proportional to D?.

«—D —

The length of the coupled region that just results in the full amplitude of the
crosstalk signal is called the critical length. It is the same critical length we talked
about with transmission lines, the length where the round-trip propagation time
equals the rise time of the signal. Another way to look at this same question is to
look at the round-trip propagation time of the coupled region and test whether that
time is greater than the rise time. That is, calculate the round-trip propagation time,
Trr (in ns), using the formula discussed in Chapter 2:

For stripline
Ter =-0854/e, x coupled length x 2 [12-2]

where ¢, = relative dielectric coefficient
and the coupled length is measured in inches.

Then, test if Trr is greater than the rise time, T,, of the aggressor pulse in nanosec-
onds (Equation 12-3).

Ter> T, [12-3]

If Trr < T;, we decrease the coupling ratio in Equation 12-1 by the ratio given in
Equation 12-4.
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Tr/T; [12-4]
Otherwise we leave the coupling ratio as it is.
Terminations Finally, we look and see if the victim trace is terminated, and
if so how effectively. If two traces are coupled, backward crosstalk will develop.
But if the victim trace is a transmission line that is terminated in its characteristic

impedance at the near end (Figure 12-4), then the bactkward crosstalk pulse will be
completely absorbed by the terminating resistor and will not reflect forward.

Aggressor signal —_—>

Backward signal

Figure 12-4 Near end termination of the victim trace can
absorb backward crosstalk.

In this illustration, there will be no crosstalk at the far end of the victim line
because:

e There is minimal or no forward crosstalk anyway.
¢ The backward crosstalk is absorbed by the terminating resistor (Zo)
and will not reflect forward.

This solution may or may not be an effective alternative for your design.
First, it may be difficult or impossible to calculate the correct value for a terminat-
ing resistor at the near end of the victim line. It may also be impossible to place a
terminating resistor there without adversely affecting the operation of the circuit.
And, it is frequently the case that individual traces can be both aggressor and vic-
tim, depending on when switching occurs. So, although this knowledge may have
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limited use in eliminating crosstalk, it may be very helpful in making judgments
about how destructive crosstalk signals may be to the normal circuit operation.

UltraCAD Calculator UltraCAD has created a freeware calculator for es-
timating crosstalk based on the preceding discussion (see Appendix H). It is illus-
trated in Figure 12-5. A detailed Help file explains the operation and the formulas
used. UltraCAD does not guarantee any level of accuracy with this calculator, and
suggests that it be “calibrated” first against prior designs known to be good and
those known to have crosstalk problems. Nevertheless, even though the company
does not guarantee any level of accuracy, it is still fun to sometimes compare it
against other tools.

w Ultval AD

\UltraCAD UltraCAD Deslgn, Inc.
==\ Design, lnc. Printed Circuit Board
Crosstalk Calculator
Enter Values For:
H D wils Trace 1 P.i-l— —]—H Tr-c.:m
IE ) ;l
Signal Rise Time Il—:l ns
Parallel Leng;h inches N o
rfi3” ] Cross Talk Coefficient Losoa7 ]
D mils d8

Are thaere tarminations at
BOTH ends of the traces?

Figare 12-5 UltraCAD’s freeware crosstalk calculator.

Figure 12-5 shows the calculated crosstalk coefficient for two 36-inch
traces spaced 16 mils apart, each 5 mils above the reference plane, with g, = 4.3.
The calculated coefficient is .08897. This means that you would multiply the ag-

gressor voltage by this coefficient to calculate the crosstalk voltage on the victim
line.
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HyperLynx Simulation Tool Figure 12-6 illustrates a HyperLynx model
with the same parameters as used with the UltraCAD calculator. (More about how
to work with HyperLynx crosstalk models is presented in the next chapter.) The
driver voltage in the HyperLynx model is measured as 4.4 volts. Resistor RS(A1) is
placed simply to make sure there is no attenuation in the backward crosstalk signal
caused by U(A1). Similarly, the load resistor RD(B1) is set to a high value so as not
to load down the far-end crosstalk signal. The reverse crosstalk noise is measured as
406 mV at the resistor at the far end (RD(B1)). If we take the 4.4 volts and multiply
it by the crosstalk coefficient calculated from the UltraCAD crosstalk calculator
(.08897), we get 4.4 x .08897 = 391 mV as the predicted magnitude of the coupled
signal. The HyperLynx model predicts 406 mV. Not too bad for a coarse estimating
tool.

Driver voltage is 4.4 volts —— R R i s

Backward crosstalk N
is 406 mV

Figure 12-6 HyperLynx model for a pair of 36-inch traces placed
16 mils apart. The model predicts 406 mV backward crosstalk.
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DESIGN CONSIDERATIONS

It should be clear by now that the designer has only a few tools to work
with in controlling crosstalk. Crosstalk can be reduced by:

1. Using stripline configurations (eliminating forward crosstalk).

2. Using stackups that place traces as close as possible to their reference
planes.

3. Separating traces as far apart as possible.

4. Making judicious use of terminations for further reducing crosstalk
(but determining the extent is a very complicated process).

Slots in Planes, 3 There is one other crosstalk design consideration that de-
signers need to remember when laying out boards. Figure 12-7 illustrates yet an-
other case where routing traces across a slot in a plane can have serious effects
(refer back to Figures 9-7 and 10-18). The signal traces may meet all the criteria
specified for good crosstalk control, especially separation. Remember, however,
that the signal refurns want to travel directly underneath the traces. When the re-
turns meet the slot, they must travel around the slot and then come back to their po-
sition under the traces. During this path, the returns are very close together. So,
while it is true that the traces do not crosstalk with each other, the returns might!

Trace Layer

Ground Plane

Figure 12-7 When return signals have to divert around a slot
or discontinuity in a plane, crosstalk problems can result.
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When this board goes to test, there might be a crosstalk problem. The engi-
neers may spend hours going over the board, trying to find that problem. If they are
not alert to the existence of the slot in the plane, they may never find the fundamen-
tal problem. After several other fixes and a redesign that no longer has the slot, the
board may finally meet the desired specifications. All the other fixes may be cred-
ited with solving the problem, and a new set of erroneous design rules will result.
Don’t cause these kinds of problems for your engineers and companies during the
design stages of your boards.

Guard Bands Guard bands are sometimes used to isolate traces from each
other. The idea is to place a trace, called a guard band, between the aggressor and
the victim traces. The guard band trace is grounded. Thus; it acts as an electrical
shield between the other two traces, much like the shield in a shielded cable might.

The most common application for guard bands is when crosstalk is an issue.
The idea is that any coupling that takes place will be to ground (the guard band) and
not into the next, more sensitive signal trace.

Although there is not uniform agreement on this issue, most people feel that
guard banding is ineffective at best and can actually be harmful at worst. There are
several issues that can be of concern here. The first is how and where to ground the
guard trace. It certainly must be grounded at one end, but many people say it should
be grounded at both ends. The problem with this solution is that now the possibility
for ground loops has developed. That is, there is the possibility that stray currents
may find their way onto the guard trace at one end and propagate down the guard
trace and back to ground at the other end. Ground loops can have very serious ef-
fects on performance, not the least of which is the creation of EMI problems.

Still others say that guard traces should be “stitched” to ground every so of-
ten along their length. The stitch spacing is an additional point of disagreement
among various engineers.

Finally, there are people who say that guard banding actually can make
crosstalk worse. The signal from one trace will couple into the guard trace and then
that signal will couple from the guard trace to the next signal, making the crosstalk
between the two signal traces worse than if there had been no guard band at all.

We know of no definitive studies that clarify this issue one way or the
other. The anecdotal evidence that exists supporting guard banding is often ex-
plained away by saying that the benefit does not come from the guard trace itself,
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but from the simple act of spreading apart the two signal traces to make room for
the guard band. The benefit comes from separating the traces, not by putting an-
other trace in between them.

We do not have a clear answer here, but we can observe that the two times
our customers have insisted on placing significant amounts of copper between sig-
nal traces, the boards didn’t work. They had serious crosstalk problems. The redes-
igned boards, without the copper floods, worked significantly better. We don’t
recommend guard banding to our customers.
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] n this chapter we look at a series of crosstalk simulations based on the
HyperLynx LineSim tool. This tool has an excellent capability for simulating a hy-
pothetical crosstalk situation without the necessity of building up a board design
(model) or requiring actual IC models. Therefore, it is a useful tool for looking at
and explaining concepts.

BAsic MODEL

Figure 13-1 illustrates a basic coupled model. The HyperLynx model work
surface has the various icons already placed on it. You activate them by either se-
lecting or deselecting them. As constructed in Figure 13-1, there are two nets in this
basic model. The first consists of a 74ACT11X line driver (U(A0)) connected
through a transmission line to a 53-Q2 resistor (RD(CO0)). The second net consists of
a T4ACT11X device set up in receive mode, connected through a transmission line
to a 53-Q2 resistor (RD(C1)).

There is provision for another transmission line between each IC and the
actual transmission lines shown in the model. This provision is shorted out in this
model. The reason for that will become evident later. Each coupled transmission
line has a 53.3-Q characteristic impedance and is 67.5 inches long. HyperLynx cal-
culates the delay through each line as approximately 10 ns. The reason for the ex-
traordinary length will also become apparent later.

In this model the transmission lines are based on a hypothetical stackup il-

lustrated in Figure 13-2. The important parameters to note are that this is a micro-
strip configuration, with 8 mil trace widths separated by 5 mil spacing, with the
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traces 5 mils above the underlying plane. The relative dielectric coefficient is set at
43.

Hyperl i TmeSim ¥i. 0 [faure? 1

: B 4 D
7AACT11X:LINE- . (. 4 K
R i R ' e
cELLA T : -BO; N
H v s H N B

530 ohma T
RO(CO) g

Vpuihn=0.000 V

]

FAACI1XLINE-D (] 4 <
CELL:A1: %

630 chms h
RD{C1)

b H ' -
VP ullDn=0.000 V H VpuliDn=0 000 v il
J

o

Figure 13-1 A basic HyperLynx model for crosstalk.

You will note that there are three “arrows” in Figure 13-1, pointing to
U(A0), RD(B1), and RD(C1). These correspond to oscilloscope probes, or points
that will be displayed on the oscilloscope screen during the modeling. The 10.0-MQ
resistor (RD(B1)) is simply placed on the model as a place to put a probe so we can
display the signal at that point

Figure 13-3 shows the result of the model. The model is set to use an edge-
driven driver waveform with a rising edge and a “Fast-Strong” (fast rise time) step-
function signal. The vertical scale is set to 1 volt/division and the horizontal scale to
5 ns/division. Three waveforms, corresponding to the three probe points (arrows),
are shown on the screen.

Recall in Chapter 12 we said that forward crosstalk was small in microstrip
configurations and virtually nonexistent in stripline configurations, and also that
forward crosstalk increases with increasing length. The reason for the extraordinary
lengths of these traces is to generate forward crosstalk signals that are clearly visi-
ble. Later in this chapter we use more realistic lengths to see what might really hap-
pen on normal circuit boards.
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Figure 13-2 Screens for defining and editing the stackup and coupling region be-
tween the coupled transmission lines in Figure 13-1.

The driver signal (a) is shown rising immediately on the left axis. There is a
coupled backward crosstalk signal (b) that immediately reflects off the receiver and
starts forward down the victim trace. Note that this signal is approximately 20 ns
wide, just twice as wide as the coupled region (exactly as predicted in Chapter 12).
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Ten ns after the aggressor pulse rises (the delay of the coupled region) the forward
crosstalk pulse (c) shows up as a negative-going signal at RD(C1). This is a sharp
pulse whose width is approximately 2 ns (approximately the rise time of the aggres-
sor pulse, again just as predicted in Chapter 12). Immediately following the forward
crosstalk signal is the 20-ns backward crosstalk pulse showing up at RD(C1).

Figure 13-3 Actual results of the model. Traces a, b, and c represent the
aggressor signal, the backward crosstalk signal at at RD(B1), and the
combined forward and backward signals at RD(C1), respectively.
Note how the backward crosstalk pulse width (20 ns) is twice the
coupled length (10 ns).

The backward crosstalk signal at RD(C1), the far end of the victim trace, is
exactly one-half the amplitude of the backward crosstalk signal at RD(B1), the near ‘
end of the victim trace. They are the same signal. But the signal at RD(C1) (far end) \
is delayed by 10 ns (the length of the line) and is reduced by 50% at RD(C1) be-
cause of the voltage divider action formed by the 53-Q transmission line and the 53-
Q) terminating resistor. That is, one-half the voltage at RD(B1), at the near end, ap-
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pears across RD(C1) and the other half appears across the trace (transmission line)
itself.

ADD AN UNCOUPLED REGION

Now let’s add a little complexity. Figure 13-4 is the same model with the
addition of another 5-ns long uncoupled transmission line section placed in front of
the coupled region. Think of this as a pair of traces that are widely separated over
part of their length (5 ns), then coupled together over another part of their length
(10 ns).

Note how the backward crosstalk signal (b) shows up at RD(A1) 10 ns after
the driver signal (a) rises. That 10 ns consists of S ns for the driver signal to get to
the coupled region, and then another 5 ns for the backward crosstalk signal to travel
back from the coupled region to RD(A1). This backward crosstalk pulse width is
still 20 ns wide, twice the length of the coupled region. It is also the same magni-
tude as before.

The forward crosstalk signal arrives (c1) at RD(C1) 15 ns after the driver
signal rises. That 15 ns is made up of the 5 ns it takes the driver signal to get to the
coupled region and then 10 ns for the forward crosstalk signal to travel through the
coupled region. The forward crosstalk signal is the same magnitude as before.

It takes about 25 ns for the backward crosstalk signal (c2) to arrive at RD(C1). That
25 ns consists of the 5 ns for the driver signal to get to the coupled region, plus S ns
for the backward crosstalk pulse to travel backward to U(A1) where it reflects for-
ward again, plus 5 ns back through the uncoupled length of transmission line, plus
the final 10 ns to travel through the coupled region. By inserting this 5-ns length of
uncoupled transmission line into the model, we have completely separated the for-
ward and backward pulses so that they arrive at the far end on the victim trace at
entirely different times. Think, now, of the engineer who might be troubleshooting
this simple circuit. The crosstalk signals are showing up at the far end of the victim
trace at different times, and the backward crosstalk signal is a different amplitude
depending on where you measure it.
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Figure 13-4 We are adding a 5-ns uncoupled region in front of the coupled
region. This effectively separates the backward and forward crosstalk
signals at the far end of the victim line.

EFFECT OF LENGTH

In Chapter 12 we pointed out that as the coupled region increases:
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e The forward crosstalk pulse amplitude increases.

¢ The forward crosstalk pulse width remains constant.

¢ The backward crosstalk amplitude remains constant.

o The backward crosstalk pulse width increases with the coupled
region,

These effects are easily simulated with the HyperLynx simulator. Refer
back to the model shown in Figure 13-1. This time we are going to run the exact
same model three times, with coupled region lengths equal to (a) 33.75 in., (b) 67.5
in., and (c¢) 135 in., respectively. This will correspond to coupled regions of ap-
proximately 5 ns, 10 ns, and 20 ns, respectively. Figure 13-5 illustrates the results.

M Diqital Dsalloscape

IVertical: T Vijdiv offse
Hori; 1. 5 nsidiv. delay:

Figure 13-5 Changing the coupled length causes the backward crosstalk
pulse to increase in width and the forward crosstalk pulse to increase in
amplitude. The modeled lengths are (a) 33.75 in., (b) 67.5 in., and (¢ ) 135 in.

Note how the amplitude of the forward crosstalk pulse increases as the
length of the coupled region increases. Note also, however, that the pulse width of
the forward crosstalk pulse remains constant, regardless of the coupled length.
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Notice how the amplitude of the backward crosstalk pulse does not change as the
coupled region changes, but its pulse width does. The backward crosstalk pulse

“widths are 10 ns, 20 ns, and 40 ns, respectively, twice the length of the coupled re-
gion for each case.

STRIPLINE

All the previous models assumed a microstrip configuration. Let’s now do
similar simulations, this time using a stripline configuration. Figure 13-6 illustrates
the setup. We are using effectively the same trace dimensions as before (8 mil wide,
5 mil spacing, 67.5-inch length), but this time the traces are on an inner stripline
layer (part of a dual stripline stackup). Because the traces are now in a stripline en-
vironment, some of the trace characteristics change. The characteristic impedance is
now shown to be 57.3 QQ, and the delay down the line is just under 12 ns.

Figure 13-7 illustrates the result of the simulation. The result looks almost
exactly like Figure 13-3, with slightly different pulse widths and voltage levels be-
cause the stripline parameters are slightly different. There is one very important ex-
ception. There is no forward crosstalk pulse, even with a 67.5-inch (5.6-foor) line.

This illustrates the point made earlier that in stripline environments the ca-
pacitive and inductive components of forward crosstalk are almost exactly equal
and opposite—and they cancel out. Thus, if we are concerned about crosstalk, put
all the traces in a stripline environment and one of the crosstalk components goes
away. It is as simple as that.

STRIPLINE WITH TERMINATIONS

Now, if you liked that, you will positively love what comes next. In Figure
13-8 we modify the stripline environment a little further and add a terminating re-
sistor, shown as RD(A1), at the near end of the victim line. This terminating resistor
will absorb the backward crosstalk flowing toward U(A1), so there will be no re-
flection from the near end. Now, when we do the simulation (Figure 13-8) we see
(a) the aggressor pulse leaving the driver, and (b) the backward crosstalk pulse as it
propagates back to RD(A1). However, virtually no pulse is reflected toward the far
end of the coupled region (RD(C1)).
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Figure 13-6 HyperLynx model set up for stripline.

Look at what we have here. Traces that are 5.6 feet long, spaced 5 mils
apart, and there is virtually no crosstalk at the far end, (and you thought crosstalk
was a difficult problem).

The practical reality is that we may not be able to place terminating resis-
tors on our boards or in our circuits as easily as we can in this model. If not, we
probably can’t eliminate crosstalk at the far end completely. And we really haven’t
eliminated backward crosstalk at the near end, just absorbed it so it won’t reflect
back. So it is not correct to say that we just eliminated crosstalk, but we certainly
have knocked it down some.
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Figure 13-7 Stripline results showing drive signal (a), backward crosstalk
signal at RD(B1) (b), and backward crosstalk signal at RD(C1) (c).
Note the absence of a forward crosstalk pulse.

It is this final interaction of termination strategies and backward crosstalk
reflections that make practical assessments of crosstalk very difficult for circuit de-
sign engineers to estimate and plan for.

MORE REALISTIC EXAMPLE

All of these illustrations used unrealistic trace lengths to create noise sig-
nals big enough to easily see and analyze, but what do real signals look like? Figure
13-9 shows a simulation of exactly the same setup as Figure 13-6 but with only a
12-inch (2.1-ns) coupled region. The backward crosstalk reflection, when it shows
up at the far end (c), is pretty significant, approximately 600 mV. This design, how-
ever, is not a very good design for crosstalk control. The traces are 10 mil off the
plane and there is only 5 mil spacing between the traces.
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Figure 13-8 Combining a stripline with near-end termination can completely
eliminate all crosstalk from the far end of the victim trace.

A better design would have the traces perhaps 5 mil above the planes and
then use 16-mil spacing (with our 8-mil traces). Figure 13-10 illustrates this simula-
tion and shows how dramatically the crosstalk is reduced. Crosstalk at the far end is
now approximately 100 mV. (Remember, this simulation is using no terminating
resistors at the near end.) Whether this level of crosstalk is “good enough” is up to
the circuit design engineer to decide.
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Figure 13-9 Simulation of the stripline example with only a 12 inch coupled
region. Backward crosstalk (c) is still somewhat large.
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Figure 13-10 Crosstalk model results from a more normal design made with
crosstalk control in mind.
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SUMMARY

These simulations confirm the steps we need to take to control crosstalk:

o Place traces in stripline environments.

¢ Minimize the distance between the trace and the plane.
e Maximize the separation between the traces.

¢ Consider the beneficial effects of near-end terminations.



14 DIFFERENTIAL TRACES
AND IMPEDANCE

BACKGROUND

VI/e generally think of signals propagating through our circuits in one of
three commonly understood modes: single-ended, differential mode, or common
mode.

Single-ended mode is the mode we are most familiar with. It involves a sin-
gle wire or trace between a driver and a receiver. The signal propagates down the
trace and returns through the ground system.'

Differential mode (more properly called odd mode) involves a pair of traces
(wires) between the driver and receiver. We typically say that one trace carries the
positive signal and the other carries a negative signal that is both equal to, and the
opposite polarity from, the first. Since the signals are equal and opposite, there is no
return signal through ground; what travels down one trace comes back on the other.

Common mode (more properly called even mode) signals are those that
travel in the same direction on both traces. They are generally created by some sort
of unwanted noise or variation from unexpected conditions.

Advantages Differential signals have one obvious disadvantage over single-
ended signals. They require two traces instead of one, or twice as much board area.
However, they also possess several advantages:

'In truth the signal can return through either or both the ground or power system. I use the
singular term ground throughout this chapter simply for convenience.
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1. Differential circuits can be very helpful in low-signal-level applica-
tions. If the signals are very low level, or if the signal/noise ra-
tio is a problem, then differential signals effectively double the
signal level:

(Hv—(-=v)=2v)

Differential signals and differential amplifiers are commonly
used at the input stages of very low-signal-level systems.

2. Since differential signals are (by definition) equal and opposite,
there is no return signal through any other path. If there is no
return signal through ground, then the continuity of the ground
path becomes relatively unimportant. If we have, for example,
an analog signal going to a digital device through a differential
pair, we don’t have to worry about crossing power boundaries,
plane discontinuities, and so on. Separation of power systems
can be made easier with differential devices.

3. Differential receivers tend to be sensitive to the difference in the
signal levels at their inputs, but they are usually designed to be
insensitive to common-mode shifts at the inputs. Therefore, dif-
ferential circuits tend to perform better than single-ended ones
in high-noise environments.

4. Switching timing can be more precisely set with differential signals
(referenced to each other) than with single-ended signals (ref-
erenced to a less precise reference signal subject to noise at
some other point on the board). The crossover point for a dif-
ferential pair is very precisely defined (Figure 14-1). The
crossover point of a single-ended signal between a logical one
and a logical zero, for example is subject to noise, noise thresh-
old, and threshold detection problems.
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Figure 14-1 Timing with differential signals can be very precise.

Key Assumption There is one very important aspect to differential signals
that is frequently overlooked, and sometimes misunderstood, by engineers and de-
signers. Let’s start with the two well-known laws that (a) current flows in a closed
loop and (b) current is constant everywhere within that loop. Consider the positive
trace of a differential pair. Current flows down the trace and must flow in a loop,
normally returning through ground. The negative signal on the other trace must also
flow in a loop and would also normally return through ground. This is easy to see if
we temporarily imagine a differential pair with the signal on one trace held con-
stant. The signal on the other trace would have to return somewhere, and it seems
intuitively clear that the return path would be where the single-ended trace return
would be (ground). We say that, with a differential pair, there is no return through
ground not because it can’t happen, but because the returns that do exist are equal
and opposite and therefore combine to zero and cancel each other out.

This is a very important point. If the return from one signal (+i) is exactly
equal to, and the opposite sign from, the other signal (-1), then they combine to zero
and there is no current flowing anywhere else (and in particular, through ground).
Now assume the signals are not exactly equal and opposite. Let one signal be +il.
and the other be —i2 where i1 and i2 are similar, but not exactly equal, in magnitude.
The combination of their return currents is (il —i2). Since this is not zero, then this
incremental current must be returning somewhere else, presumably ground.

So what, you say? Well, let’s assume the sending circuit sends a differential
pair of signals that are, in fact, exactly equal and opposite. Then we assume they
will still be so at the receiving end of the path. But what if the path lengths are dif-
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ferent? If one path (of the differential pair) is longer than the other path, then the
signals are no longer equal and opposite during their transition phase at the receiver
(Figure 14-2). If the signals are no longer equal and opposite during their transition
from one state to another, then it is no longer true that there is no return signal
through ground. If there is a return signal through ground, then power system integ-
rity does become an issue, and EMI may become a problem.

Logic changes state Previous switch point

+Signal /

~Signal

Figure 14-2 The (—) trace is shorter than in Figure 14-1, and it is no longer
true that the differential signals are equal and opposite over the range indicated
by the arrow. Thus, there will be current flowing through the power system during

this time frame.

Let’s look at this another way. The square wave in Figure 14-3 is similar to
that in Figure 1-13. In a differential signal pair, we might have this signal on one
trace, and the opposite signal on another trace. These two signals would then sum to
zero (Figure 14-4).

Now consider what happens when we let one trace be slightly longer than
the other trace. This is the same thing as having the two signals (the positive and
negative signals) being slightly out of phase at the receiving end. Figure 14-5 illus-
trates the resulting difference signal when this happens. Figure 14-6 illustrates just
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this difference signal, showing more clearly that it can be very pronounced and also
of considerable magnitude for just a very minor difference in phase. The “noise”
pulse width in this illustration is equal to the phase shift between the two signals.

0 200 400 600 gop degree

Figure 14-3 Square wave repeated from Figure 1-13.
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Figure 14-4 The square wave is on one trace and its exact inverse is on the return
trace. They combine to zero.

This signal might now be showing up on the ground plane. Not only is it
not consistent with our assumption that there are no currents on the ground plane,
but the current that now shows up on the plane has sharp rise times, is of consider-
able magnitude, and can be a serious EMI problem.
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Figure 14-5 If one trace in the differential pair is a slightly
different length than the other, a noise signal will be present
when they change states.
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Figure 14-6 A closer look at the noise signal
from Figure 14-5.

An interesting question is this: What kind of dimensions are we looking at
here before this becomes a problem? A significant part of the answer depends on
the rise time of the signal. Even for a poorly defined square wave, a 1- or 2-degree
phase shift could be significant.
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Assume we have a 50-MHz square wave. That means there are 50 x 10°
cycles in one second, or there is a single cycle every 20 ns. If propagation time is 6
inches per nanosecond in FR4, then a one-degree phase shift equates to a 333-mil
distance. If we set one degree as our threshold, which might be too much, then the
corresponding offsets for selected frequencies would be as follows:

Frequency (MHz) Offset (mils, or thousandth in.)

50 333
500 33
5 GHz 3

DESIGN RULES

Design Rule 1 This brings us to our first design guideline when dealing
with differential signals: The traces should be of equal length.

There are some people who argue passionately against this rule. Generally,
the basis for their argument involves signal timing. They point out in great detail
that many differential circuits can tolerate significant differences in the timing be-
tween the two halves of a differential signal pair and still switch reliably. Depend-
ing on the logic family used, trace length difference of 500 mil can be tolerated.
These people can illustrate their points very convincingly with parts specs and sig-
nal timing diagrams. But these people miss the point. The reason differential traces
must be of equal length has almost nothing to do with signal timing. It has every-
thing to do with the assumption that differential signals are equal and opposite and
what happens when that assumption is violated. What happens is this: Uncontrolled
ground currents start flowing that at the very best are benign but at worst can gener-
ate serious common-mode EMI problems.

So, if you are depending on the assumption that your differential signals are
equal and opposite, and that therefore there is no signal flowing through ground, a
necessary consequence of that assumption is that the differential pair signal lengths
must be equal.

Common Mode Implications Refer back to the common mode discussion in
Chapter 9 and in particular to Figure 9-14. Figure 14-7 is the differential signaling
equivalent to the single-ended case shown in Figure 9-14. The currents id and ic
represent the signals commonly referred to as differential mode and common mode
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in differential signaling. In reality, they are correctly called odd mode and even
mode, respectively.

Vce Vee

id c

S >

-« > -

id ic

L L

N \: &~ ____ f/ /

2xic

Figure 14-7 Common mode current flows with differential signals.

If the signals are not exactly equal and opposite on the differential traces,
we can separate them into their corresponding differential and common (odd and
even) mode components as before. Assume again (as we did in Chapter 9) that the
plus signal is 10,000 pA (10 mA) and the return signal is 9,950 pA. This is equiva-
lent to the differential (odd) mode component being 9,975 pA and the common
(even) mode component being 25 pA. It is easy to see, looking at the problem this
way, that if the signal and the return are not exactly equal, there must be a common
mode current component that returns through the power system somewhere. That
current component is uncontrolled, and even though it might be small, it can gener-
ate some significant EMI radiations.

Differential Signals and Loop Areas If our differential circuits are dealing
with signals that have slow rise times, high-speed design rules are not an issue.
Let’s assume, however, we are dealing with fast rise time signals. What additional
issues then come into play with differential traces?

Consider a design where a differential signal pair is routed across a plane
from driver to receiver. Let’s also assume that the trace lengths are perfectly equal
and the signals are exactly equal and opposite. Therefore, there is no return current
path through ground. But there is an induced current on the plane, nevertheless.
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Any high-speed signal can (and will) induce a coupled signal into an adja-
cent trace (or plane). The mechanism is exactly the same mechanism as crosstalk. It
is caused by electromagnetic coupling, the combined effects of mutual inductive
coupling and capacitive coupling. So, just as the return current for a single-ended
signal trace tends to travel on the plane directly under the trace, a differential trace
will also have an induced current on the plane underneath it.

This is not a return current, however. All the return currents have cancelled.
So this is purely a coupled noise current on the plane. The question is this: If current
must flow in a loop, where is the rest of the current flow? Remember, we have two
traces, with equal and opposite signals. One trace couples a signal on the plane in
one direction, the other trace couples a signal on the plane in the other direction.
These two coupled currents on the plane are equal in magnitude (assuming other-
wise good design practices). So the currents simply flow in a closed loop under-
neath the differential traces (Figure 14-8). They look like eddy currents. The loop
these coupled currents flow in is defined by (a) the differential traces themselves,
and (b) the separation between the traces at each end. The loop “area” is defined by
these four boundaries.

Induced current loop

Figure 14-8 Differential traces will couple to a power system plane,
even if there are no return currents flowing there.

Design Rule 2 We showed in Chapter 9 that EMI is related to loop area.
Therefore, if we want to keep EMI under control, we need to minimize this loop
area. And the way we do that brings us to Design Rule 2: Route differential traces
close together. There are people who argue against this rule, and indeed the rule is
not necessary if rise times are slow and EMI is not an issue. However, in high-speed
environments, the closer we route the differential traces to each other, the smaller
will be their own loop area and the loop area of the induced currents under the
traces, and the better control over EMI we will have.
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It is worthwhile to note that some engineers ask designers to remove the
plane under differential traces. Reducing or eliminating the induced current loops
under the traces is one reason for this. Another reason is to prevent any noise that
might already be on the plane from coupling into the (presumably) low signal levels
on the traces themselves. (I know of no definitive studies that either support or re-
fute this practice.)

There is another reason to route differential traces close together. Differen-
tial receivers are designed to be sensitive to the difference between a pair of inputs,
but also to be insensitive to a common-mode shift of those inputs. That means if the
(+) input shifts even slightly in relation to the (—) input, the receiver will detect it. If
the (+) and (=) inputs shift together (in the same direction), however, the receiver is
relatively insensitive to this shift. Therefore, if any external noise (e.g., EMI or
crosstalk) is coupled equally into the differential traces, the receiver will be insensi-
tive to this (common-mode coupled) noise. The more closely differential traces are
routed together, the more equal any coupled noise will be on each trace. Therefore,
the better the rejection of the noise in the circuit will be.

Rule 2 Consequence Again assuming a high-speed environment, if differen-
tial traces are routed close to each other (to minimize their own loop area and the
loop area of the induced currents underneath them), then the traces will couple into
each other. If the traces are long enough that termination becomes an issue, this
coupling impacts the calculation of the correct termination impedance. Here’s why:

Figure 14-9a illustrates a typical, individual trace. It has a characteristic
impedance, Zo, and carries a current, i. The voltage along it, at any point, is (from
Ohm’s Law) V = iZo.

Figure 14-9b illustrates a pair of traces. Trace 1 has a characteristic imped-
ance Z11, which corresponds to Zo, and current il. Trace 2 is similarly defined. As
we bring Trace 2 closer to Trace 1, current from Trace 2 begins to couple into Trace
1 with a proportionality constant, k. Similarly, Trace 1’s current, i1, begins to cou-
ple into Trace 2 with the same proportionality constant. The voltage on each trace,
at any point, again from Ohm’s Law, now is as shown in Equation 14-1:

V1 = ZI1 x il + ZI1 x k x i2 [14-1]
V2=72xi2+27Z2xkxil
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Figure 14-9 Signals on differential traces couple into each other,
exactly as crosstalk couples between adjacent traces.

Now let’s define Z12 =k x Z11 and Z21 =k x Z22. Then, Equation 14-1
can be written as shown in Equation 14-2:

V1 = Z11 xil + Z12x1i2 [14-2]
V2 = 721 xil + Z22xi2

This 1s the familiar pair of simultaneous equations we often see in texts.
The equations can be generalized into an arbitrary number of traces, and they can be
expressed in a matrix form that is familiar to many of you.

Figure 14-9c¢ illustrates a differential pair of traces. Recall Equation 14-1:

V1 = Z11xil + Z11xkx1i2
V2 =722x12 + Z22xkxil
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Now, note that in a carefully designed and balanced situation,

Z11=2722 =70, and
12 =-il

This leads (with a little manipulation) to Equation 14-3:

V1 = Zox il x(1-k) [14-3]
V2 = —Zox il x(1 -k)

Note that V1 = —V2, which we already knew, of course, since this is a dif-
ferential pair.

The voltage, V1, is referenced with respect to ground. The effective imped-
ance of Trace 1 (when taken alone this is called the odd-mode impedance of a sin-
gle trace of a differential pair, or single-ended impedance in general) is voltage
divided by current, or, as given in Equation 14-4:

Zodd = V1/il = Zox (1 -k) [14-4]

Since (from above) Zo = Z11 and k = Z12/Z11, this can be rewritten as
Equation 14-5:

Zodd=711-712 [14-5]
which is a form also seen in many textbooks.

The proper termination of this trace, to prevent reflections, is with a resistor
that has a value of Zodd connected between the trace and ground. Similarly, the
odd mode impedance of Trace 2 turns out to be the same (in this special case of a
balanced differential pair).

Design Rule 3 The consequence of Design Rule 2 is that the differential
pair of traces couple into each other. This coupling impacts the proper termination
required if we want to prevent reflections from occurring at the far end of the line.
The effect of this is slightly different depending on whether we are looking at the
proper differential (odd) mode termination or common (even) mode termination.

Differential Mode Impedance Assume for a moment that we have termi-
nated each trace of a differential pair with a resistor to ground. Since il = —i2, there
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would be no current at all through ground. Therefore, there is no real reason to con-
nect the resistors to ground. In fact, some people would argue that you must not
connect them to ground in order to isolate the differential signal pair from ground
noise. The normal connection would be as shown in Figure 14-9c, a single resistor
from Trace 1 to Trace 2. The value of this resistor would be the sum of the odd-
mode impedance for Trace 1 and Trace 2, or as given by Equation 14-6:

Zdiff = 2Zo(1 - k) or [14-6]
Zdiff=2(Z11 - Z12)

This is why you often see references to the fact that a differential pair of
traces might have a differential impedance of around 80 Q when each trace, indi-
vidually, is a 50-Q trace.

Note this very important consequence: As the traces become closer to-
gether, the coupling between them increases. As the coupling increases, Z12 be-
comes larger, since it is directly related to the coupling coefficient, k. As Z12 gets
larger, the differential impedance gets smaller, even though the single-ended im-
pedance (Zo) is not changing. Thus, the more closely two traces are coupled, the
lower is the differential impedance. This leads to Design Rule 3: Differential im-
pedance calculations are necessary with differential signals and traces.

Common Mode Impedance Just to round out the discussion, common-mode
impedance differs only slightly from differential mode. The first difference is that
il = 12 (without the minus sign). Thus Equation 14-3 becomes Equation 14-7:

V1 = Zoxil x(1+k) [14-7]
V2 = Zoxilx(1+k)

and V1 = V2, as expected. The individual trace impedance, therefore, is Zo(1 + k).
In a common-mode case, both trace terminating resistors are connected to ground,
so the current through ground is il + i2 and the two resistors appear (to the device)
to be in parallel. Therefore, the common-mode impedance is the parallel combina-
tion of these resistors, or as given by Equation 14-8:

Zcommon = (1/2) x Zox (1 + k), or [14-8]
Zcommon = (1/2) x (Z11 + Z12)
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Note, therefore, that the common-mode impedance is approximately one-
quarter the differential mode impedance for trace pairs.’

Design Rule 4 Differential impedance changes with coupling, which
changes with trace separation. Since it is always important that the trace impedance
remain constant over the entire length, this means that the coupling must remain
constant over the entire length. This leads to our fourth rule: The separation be-
tween the two traces (of the differential pair) must remain constant over the entire
length.

Note that these differential impedance impacts are merely consequences of
Design Rule 2. There is nothing really inherent about them at all. The reason we
want to route differential traces close together is because of EMI and noise immu-
nity. The fact that this has an impact on the correct termination of “long” traces, and
this in turn has an impact on the uniformity of trace separation, is simply a conse-
quence of routing the traces close together for EMI control. (Note: The reason this
doesn’t happen with other closely routed traces (those subject to crosstalk for ex-
ample) is that other traces don’t have a coupling between them that is perfectly cor-
related—that is, equal and opposite. If the coupled signals are simply randomly
related to each other, the average coupling is zero and there is no impact on the im-
pedance termination.)

DIFFERENTIAL SIMULATIONS

The HyperLynx LineSim simulator can be used to simulate differential
waveforms under different conditions. Figure 14-10 shows a typical LineSim setup
for a differential signal. The differential driver (U(A0) and U(BO0)) at the top of the
model drive a pair of traces, each of which has a single-ended impedance (Zo) equal
to 50 Q. The traces are 8 mil wide and are separated by 4 mil, so they are tightly
coupled. The traces are each 18 inches (2.5 ns) long.

A differential receiver (U(A1) and U(B1)) is connected at the other end of
the traces. The termination of the trace is provided by the resistor RS(A1). The

*For an interesting discussion about how to terminate both the differential mode and com-
mon mode components of a pair of traces, see “Terminating Differential Signals on PCBs,”
Steve Kaufer and Kellee Crisafalu, Printed Circuit Design magazine, March 1999, p. 25.
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question is: What value should this resistor be and what are the consequences of
picking the wrong value?
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Figure 14-10 HyperLynx LineSim simulation of a stripline differential net.

The HyperLynx termination wizard (part of the LineSim tool) predicts that
a termination resistor equal to 78 Q should be used. Note that this is something less
than 2Zo, or 100 Q. The result of the simulation using 78 Q is shown in Figure
14-11. The 25-MHz driver signal has a 40 ns period, or is “high” for 20 ns. The sig-
nal at the receiver follows that of the driver 2.5 ns later. The signals shown in Fig-
ure 14-11 are very clean signals.

Figures 14-12 and 14-13, on the other hand, illustrate what happens when
the termination resistor is selected incorrectly. For example, since each line has a
single-ended impedance of 50 Q, a designer may inadvertently select 50 Q as the
terminating differential resistor. Figure 14-12 shows the result. Or someone might
simply select a differential termination resistor of 2Zo = 100 Q. Figure 14-13 illus-
trates the result of that. In both cases the signal degradations caused by the poorer
selection are apparent.
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Figure 14-11 Result of differential simulation using 78 Q2
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Figure 14-12 Selecting a 50-Q terminating resistor.
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00 mV/div offset: 0.0
.....Horizantal: & najdiv. delay;: 0.000psec "

Figure 14-13 Selecting a 100-C terminating resistor.

CALCULATING DIFFERENTIAL IMPEDANCE

There are two fundamental types of differential trace configurations: edge
coupled and broadside coupled. These are illustrated in Figure 14-14. There does
not appear to be a significant advantage or disadvantage to either configuration. The
broadside configuration makes it easier to route a pair of traces through a pin field
keeping both the length and spacing constant. Broadside coupled configurations,
however, typically restrict routing opportunities for other traces. Edge coupled con-
figurations preserve the common X-Y trace routing strategy designers often use
with adjacent layers, but then keeping trace lengths equal and traces equally spaced
becomes a bigger challenge. Calculations for differential impedance are, of course,
different for each configuration.
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(a) (b)

Figure 14-14 Edge coupled (a) and broadside coupled (b)
differential trace pairs.

Edge Coupled Calculating differential impedance is not easy. In fact, there
are only a few tools available that even purport to do this. It is clear from the pre-
ceding discussion that any carefully constructed differential signal pair will have a
differential impedance something less than 2Zo, where Zo is the single-ended im-
pedance of each of the individual traces. It would not be unreasonable to simply
discount 2Zo by 20% and leave it at that. In the simulation shown in Figure 14-10,
that would lead to 80 Q where the HyperLynx wizard calculated an actual value of
78 Q (pretty close). I am aware of one complex equation for differential impedance
that has a stated accuracy level of 20%. (We can guess it closer than that.)

National Semiconductor has published some approximate equations for
edge coupled differential traces.’ Higher-end design systems may have a differential
impedance calculation ability built into them, so users can make the calculations as
they design the board.

Microstrip:

-096>
Zdiff = 2ZO(1 -0.48¢ hj

Centered stripline:

Zdiff = 220(1 ] 0.78e'2'93]

*These equations are published in several National Semiconductor publications. See in par-
ticular “Transmission Line RAPIDESIGNER Operation and Applications Guide,” AN-905,
National Semiconductor Corporation.
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where:

Zo = Single-ended trace impedance
s = edge-to-edge trace separation
h = height of the trace above the reference plane (microstrip) or dis-
tance between the planes (stripline)

Polar Instruments offers an excellent stand-alone calculator for making both
single-ended and differential impedance calculations. It comes in two versions: the
$16000 Quick Solver and an Excel-based spreadsheet plug-in. Figure 14-15 illus-
trates a Quick Solver solution for a stripline configuration.

Comparison Table 14-1 illustrates the degree of consistency between vari-
ous calculational tools. For edge coupled differential impedance calculations the
degree of agreement between the HyperLynx tool and the Polar calculator is quite
remarkable, even recognizing the fact that they both use very advanced field-
solving techniques to make these analyses. The National Semiconductor equation
agrees within about 9%, which is not bad for simple, approximating equations of
this type. Remember, your board house will be lucky to get within 6% or 7% of
your differential targets, anyway, for reasons discussed in Chapter 10.

00 ¢ ontrolle

Figure 14-15 Polar Instruments’ “QuickSolver” impedance calculator
(see at www.polarinstruments.com).
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Table 14-1. Comparison of Results

Tool Zo () Zdiff ()
Polar 38.98 73.54
HyperLynx 39.0 73.6
National 39.0* 67.76

* taken as a given

Assumptions:
h=10
w=6
$s=6
t=.65
&=42

Broadside Coupled Unfortunately, I am not aware of any simple formulas
for estimating broadside coupled differential impedance. Higher end tools will do
this, including the Polar calculator, but there are no readily available simple tools
for doing so.



15 BYPASS CAPS AND DECOUPLING
SYSTEMS

T here are two views regarding bypass capacitor decoupling strategies to-
day. They appear to be quite different on the surface, and they lead to some ditfer-
ences in results when taken to their logical conclusions. I tend to call them (a) the
traditional approach, viewing bypass capacitors almost as little storage batteries
(what I sometimes refer to as “little storage buckets of electrons™), and (b) the
power system impedance approach, where the focus is on achieving a power distri-
bution system impedance level below some target maximum at all relevant frequen-
cies. We look at both of them here, and I’ll highlight the differences in conclusions
between them.

TRADITIONAL APPROACH

Figure 15-1 shows a representative logic circuit. If the input goes low (logi-
cal zero) Q1 turns on and pulls the base of Q2 low, thereby also forcing the base of
Q4 low. Q3 turns on and the output goes high (logical one). Thus, this logic device
is an inverting gate. That is, the output goes in the opposite direction from the input.

In a typical application, logic gates are connected together, as shown in
Figure 15-2, with the output from one connected to the input of another. Thus, when
the input of the first gate goes low, for example, its output will go high, the input of
the second gate then goes high, and the output of the second gate goes low.

Logic circuits are designed so that the signal level of their logical states
falls within a known and expected range. That is how the second gate knows that it
is receiving either a logical one or a logical zero from the first gate. But what if a
logical zero value from the first gate was a high enough voltage level that the sec-

269
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ond gate either could not “decide” what its level was, or it mistook it for a logical
one? A logical system error would then result and the system would likely fail.

Vee
Q3
Input Ql
_k - Output
Q4
Gnd

Figure 15-1 Typical logic gate.

Figure 15-2 Two logic gates connected in series.

Circuits are designed with a wide enough tolerance range so that the de-
vices themselves are unlikely to cause this to happen. But there are external factors
that might cause something like this to occur. Consider the situation illustrated in
Figure 15-3. Two logic gates are connected in series. There is a common power
supply for them, Vcc. There is some level of inductance in the path between the
power supply and the devices. (Remember, this was one of the possible contributors
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to common mode problems identified in Chapter 9.) Several factors contribute to
this inductance: the planes, the pads, the vias and escapes connected to the pads,
and so on. And remember that current always flows in a closed loop.

Gnd

This device This device
references here references here

Figure 15-3 Part of current path through first gate
when its output goes low.

So when the output of the first device goes low, there is a current path that
loops around from Vcc through the power input pin on the second device, through
the device to the output of the first device, then through the ground pin, and back to
Vcc. In particular, this current flows through the stray inductance shown at the bot-
tom of the device. The transient switching voltage across this inductance is given by
the expression V = L x di/dt (Equation 4-4), where di/dt is the change of current
divided by the change in time (Where the change in time is the rise time or, in this
case, the fall time) of the logical transition. If the fall time is very short, we can
have a significant voltage across this inductor even if the inductance is small. Fur-
thermore, if this is a large, several-hundred-pin ball grid array (BGA), there might
be a substantial amount of transient current flowing though this inductor.

Now the output signal from this device is the sum of the normal logical zero
voltage plus the voltage generated across the inductor. If the voltage across the in-
ductor is large enough, this signal might look like a logical one to the next device in
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the string, and a logic error would occur. Figure 15-4 illustrates how this might
happen. As the signal falls from its high to low state, a voltage proportional to the
fall time of the signal appears across the inductor. This voltage adds to the signal
voltage. The result is the dotted curve shown in the figure. The voltage increment
across the inductor, which causes the voltage level associated with this device to
rise, or “bounce” up to a level higher than it would normally be, is sometimes re-
ferred to as ground bounce.

Signal
Net result

T -/ Ground bounce

Time

Figure 15-4 Effect of ground bounce on a falling signal transition.

The horizontal line in the figure represents a low threshold. The effect of
the ground bounce can be interpreted one (or both) of two ways:

1. At a given point in time after the switch, the signal is higher than it
would otherwise be by the amount of the ground bounce.

2. The effective propagation time of the signal slows down; that is, the
signal crosses the threshold later than it otherwise would.

Remember that the left side of Figure 15-3 represents only a single gate.
There may be a large number of gates all switching at the same time, each adding
an increment of current through the stray inductance. If there are a large number of
gates, the resulting signal error or delay can prevent the proper operation of the cir-
cuit. The issue is this: How do we prevent this from happening?
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Figure 15-5 illustrates one way. Place a capacitor around the device that
connects between the device and the stray inductances that can contribute to the
ground bounce. Figure 15-5 illustrates where. Now, when there is a short-term tran-
sient surge of current, the required electrons (remember, current is the flow of elec-
trons) are stored conveniently in the capacitor rather than having to transition from
the power supply. This is where the term “little storage buckets of electrons” comes
from.

Figure 15-5 A properly placed capacitor stores and then delivers the
short-term transient charge needed for switching.

Conceptually, this answer is pretty simple. It does raise a few issues, how-
ever. For example, what size capacitor do we use? Do we use more than one capaci-
tor? Where do we place the capacitors? How do we connect them to the circuit
board? Figure 15-6 helps us consider some of these questions.

Size and Quantity Looking in from the left side of Figure 15-6, let the first
curve represent the required amount of charge needed to complete the logical transi-
tion. The area under the curve represents the required charge, and the slope of the
curve represents when that charge is required. The furthest curve in (far right)
represents what the power system can supply. It can supply a very large amount of
charge, but probably not very quickly. The first problem is that power systems usu-
ally have a large amount of inductance associated with them, so their response is
slowed by that inductance. The second problem is that power systems might be
placed some distance away from the need. If electrons can travel at 6 inches in a
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nanosecond, and if the device switches in a nanosecond, then all the electrons
needed during the switching phase need to be located within 6 inches of the device.
Half of them need to be within .5 ns (3 inches) away. One-quarter of them need to
be within 1.5 inches, and so on.

T /Charge required by circuit

‘e—— Charge supplied from power
system

4—— Charge from larger bypass
capacitor

Charge supplied by smaller,
faster bypass capacitor

Charge supplied by planar

K \ \ capacitance (maybe)

Figure 15-6 Different capacitor types play different roles

in supporting transient switching requirements.

The curve next to the power system curve represents what a larger bypass

capacitor might be able to provide. It can provide a fair amount of charge, and the
inductance associated with it is probably smaller than that of the power system, but
the inductance is still not low enough to allow the capacitor to respond quickly
enough to meet all the needs of the device.

Adjacent to that curve is another curve for a smaller capacitor. In general,

smaller capacitors have less inductance than larger capacitors do, so they can re-
spond faster. But they also store less charge, so they might not be able, by them-
selves, to handle the requirement.
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Finally, planar capacitance, if it exists, might be able to supply charge very
quickly, since there is very little inductance associated with a plane. There are,
however, several issues associated with planar capacitance:

e [t does not exist by accident. It must be designed in.

¢ The charge is distributed across the plane, not localized.

¢ The charge on the plane is subject to the same 6-inch rule we just
described.

Therefore, planar capacitance, if designed in, can supply charge very
quickly, but the amount of charge it can supply is limited.

Finally, it is possible (as shown) that all of these sources of charge together
might not be able to meet the requirement. If that should be the case, the device
simply cannot switch as fast as it wants to and the system slows down.

The conclusion from all this is that often more than one solution may be re-
quired. We may need a larger (say .1 pF) capacitor for bulk charge and a smaller
(say .01 or even .001 pF) capacitor for fast response. We may find that we cannot
reliably meet the switching needs at all without designing in some planar capaci-
tance. That is why the engineer you are working for may require two (or more) de-
coupling capacitors for each decoupling requirement on the board. That is why a
great many boards now being designed for high-speed applications have planar ca-
pacitance designed in (see Chapter 16).

Placement It should be clear from the discussion related to ground bounce
that one of the purposes for using bypass decoupling capacitors is to minimize the
inductance in the current path associated with the switching device. The way to do
this is to place the capacitor as close as possible to the switching requirement. (In-
deed, some people would argue that it is not possible to get too close.) The question
is this; If there are two capacitors, which one is placed closer to the device?

This answer is straightforward and pretty noncontroversial. Place the
smaller, faster one closer to the requirement. It is the one that will be providing the
first increment of charge, so it should be placed closest to where the charge is
needed.

But since the capacitor is probably smaller than the device, should it be
placed closer to the power pin or the ground pin? This question can spark an argu-
ment that can go on for days without a conclusion. Engineers can have very strong
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feelings about this. After listening to all the comments on e-mail forums whenever
this topic is raised, my opinion (and why) is as follows:

The objective of the decoupling capacitor is to stabilize the reference volt-
age (so devices have a stable reference for logical ones and zeros).

¢ Therefore the capacitor should be placed closest to the reference
voltage.

¢ The reference voltage is ground (zero volts) for both TTL and ECL
logic devices, so the capacitor should be placed closest to the
ground pin for these logic families.

o The reference voltage for CMOS devices is typically halfway be-
tween the lower and higher supply voltages, so the capacitor in
these circuits should be placed an equal distance between the
power and ground pins on the devices.

Connection Another source of controversy is how to connect the capacitor
to the circuit. One school of thought is to connect everything directly to the power
and ground planes. Another school of thought is to run traces between the device
pins (power and ground) and the capacitor, and then connect the capacitor and the
device to the planes with vias at that point (the capacitor). The argument for this
second position is that, by definition, there is switching noise between the device
and the capacitor, and we want to keep that noise off the planes so it does not inter-
fere with other devices. The argument for the former is that connecting to the planes
provides the lowest inductance path, and therefore the fastest switching. Even more
recently, some people have argued that vias can have more inductance than traces,
and that in fact the traces are the lowest inductance paths.

I know of no definitive studies or resuits that address this point. After lis-
tening to all the arguments and looking at the results of all the boards we have de-
signed, my personal conclusion is that it just doesn’t matter very much which way
you connect the capacitors to the circuit. What you do want to do is minimize the
inductance at the pads and vias, however they are connected.
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Summary Summarizing the traditional approach:

¢ Use two or more capacitors per requirement, one for bulk and one for
speed.

e Select low-inductance capacitor types.
¢ Use low-inductance pad and via designs.
¢ Consider designing in planar capacitance for even faster response.

o Place the faster capacitor closest to the reference voltage.

You might recognize that virtually all application notes from semiconductor
suppliers (if they address decoupling at all) suggest variations on this approach.
Almost none of them suggest decoupling strategies that are based on the power sys-
tem impedance approach. This is not particularly surprising since their primary in-
terest is the performance of their particular device. Generally, they have little
knowledge about the rest of the system design.

POWER SYSTEM IMPEDANCE APPROACH

Recently, there has been a growing interest in looking at the decoupling is-
sue from a total power system standpoint. The argument goes like this: The tradi-
tional approach focuses on the individual IC components and thus is wasteful. What
it really achieves by default, and what could be achieved more economically if we
addressed it head on, is a (target) low impedance for the power system at all rele-
vant frequencies.

Ideal Response As we place bypass capacitors around the board, by default
we are creating a power system impedance curve that is “high” at DC but low at all
other frequencies. By focusing on the individual ICs we are not optimizing the sys-
tem. What if, instead, we focused on the system? Then the needs of the individual
ICs would be taken care of by default.

The objective, therefore, is to develop a power system bypass decoupling
strategy with the ideal characteristic of infinite impedance at DC and zero (or at
least very low) impedance at all other frequencies. This type of response is sug-
gested in Figure 15-7. The ideal, of course, can’t be obtained, but the issue is how
close we can come to the ideal.
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Figure 15-7 Ideal response curve for the power distribution system.

Capacitor Response Let’s start with a simple .01 uF capacitor. The imped-
ance, Z, of an ideal capacitor is given by the expression (see Equation 6-1):

Z=1/0C=1/2nfC
where f = the frequency in Hz

This relationship is shown by the dotted line in Figure 15-8. It is a straight
line (on logarithmic scales) and follows the familiar pattern of having very high im-
pedance at very low frequencies and very low impedance at very high frequencies.

Inductance Effects The problem is that a real capacitor doesn’t act like this
at all. All real capacitors have some inductance associated with them. Some of that
inductance is inherent in the structure of the device itself and some is associated
with how the device is mounted onto the board. Good SMT devices might have 5 to
10 nH inductance associated with them, so a “real” .01 pF capacitor actually looks
more like that shown in Figure 15-9.

The impedance of this capacitor, as a function of frequency, is given by
Equation 15-1:

1 |_|(ent) -

Z=|2nfL -
2nfC| 27fC

[15-1]
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This is the solid curve plotted in Figure 15-8. Note that it follows the curve
of an ideal capacitor for lower frequencies, but then as the influence of the inductor
comes into play the curve starts to fall more sharply, until it reaches a minimum.
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g ]
g 10001
3 ]
a, 100+
E
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100 10000 1000000 1*10%8 1*10A10 1*10~12

Frequency (Hz)

Figure 15-8 Frequency response curve of an ideal and real bypass capacitor.

—  OlyF

=5-10nH

Figure 15-9 Real bypass capacitor.

Then it starts rising rapidly. This minimum occurs when the numerator of the im-
pedance formula goes to zero (refer to Equation 6-13), which happens, in this case
(C=.01 pF and L = 10 nH), when:
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We call this minimum the resonance point, or the self-resonant frequency of
the capacitor. It is the point where the impedance of this LC circuit goes to zero.
Not just to a very low value; not just close to zero; it goes to (in the absence of any
resistance) absolute zero.

There are two things to recognize in Figure 15-8. The first is the existence
of a series resonant point, as just discussed. The second is the behavior of the im-
pedance curve above resonance. We refer to the shape of the curve as downward
sloping to the right before resonance and upward sloping to the right past the reso-
nant point. The significance of these terms is that capacitive circuits are character-
ized by downward-sloping curves and inductive circuits are characterized by
upward-sloping curves. So the impedance curve is inductive past the resonant point.
(The formal meaning of that is that the voltage phase shift is positive past the reso-
nant point.)

Some people argue that the effectiveness of a bypass capacitor disappears
above resonance; that is, above resonance it acts like an inductor and is therefore
useless as a capacitor. This is not necessarily true. Yes, the circuit is inductive
above the resonant point, but the overall impedance is still less than that for an ideal
capacitor for at least some frequency range above resonance. This is because the
capacitor and inductor combined can have (and do have) a lower impedance than
the pure capacitor alone until some frequency above resonance where the inductive
effect finally and fully takes over.

Multiple Capacitors Now let’s start doing something of more interest. Let’s
look at 200 of these .01 pF capacitors all connected in parallel. This is something
like what we do on a circuit board when we add a large number of equal capacitors
around the various devices. The combined effect is as if we had a single capacitor
with a capacitance of 2.0 pF and a lead inductance of only .05 nH. The response for
this set of capacitors is shown in Figure 15-10, along with the curve for a single
ideal .01 pF capacitor and a single .01 uF capacitor with associated inductance.
Note the set of 200 capacitors still has the same effective resonant frequency. Since
each of the individual capacitors has the same self-resonant frequency, the set must
have the same self-resonant frequency. (Actually the set has 200 individual self-
resonant frequencies, all at the same point.)
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Now there are two things to note about Figure 15-10. The first is that at
every frequency the impedance of the 200 capacitors is significantly lower than that
of an individual capacitor. And, there is a significant range over which that imped-
ance is relatively low. Remembering that our objective is to develop a strategy for
achieving a low impedance across a wide frequency range, this curve already sug-
gests part of the approach to getting there—add more capacitors.

Impedance

100 10000 1000000 1*10%8 1*10*10 1*10*12

Frequency (Hz)

Figure 15-10 Response when we add multiple values of a capacitor.

The second is that there is a significant frequency range (from about 16
MHz to about 200 MHz) where the new impedance curve is inductive, yet the im-
pedance is still well below that for the ideal individual capacitor. Just because the
impedance curve is inductive doesn’t mean that it isn’t meeting the objective of
providing low impedance for the power system.

Additional Capacitor Value We can carry our strategy a step further and
add additional capacitors of a different value. For example, lets add 20 each 50 pF
capacitors. This will provide low impedance at the lower frequencies. These larger
capacitors, however, are likely to have larger associated inductance with them. As-
sume that inductance to be 20 nH per capacitor. The combined effect of these ca-
pacitors is shown on the curve in Figure 15-11, along with the effect of the 200 each
.01 pF capacitors we have already looked at. We are now beginning to develop a
frequency response curve that really begins to look like our objective. If we com-
bined the best parts of the two individual curves, the impedance level would be less
than 1 Q from 100 Hz to approximately 3 GHz.
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Planar Capacitance We could, if we wanted to, incorporate into the board
stackup some planar capacitance. We do that by placing a power and ground plane
adjacent to each other very closely. The smaller the distance between the two
planes, the greater the capacitance. A significant advantage to planar capacitance is
that there is very little inductance associated with it. We can often assume that it is a
pure capacitor over the range of interest.

100000#

10000
[72]
E 1OOOT
2
= 1oowL
= 104

4 — S i
100 10000 1000000 1*10%8 1*10%10 1*10*12

Frequency (Hz)

Figure 15-11 Frequency response of two different sets of capacitor values.

A reasonably good formula for approximating planar capacitance is given
by Equation 3-10:

_ 2248x ¢, x Ax(nl)
d

C

where C is the capacitance in pF
g, is the relative dielectric coefficient
g, = 1 for air
& = 4 for FR4
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A = area of the overlapping planes, in®
d = distance between planes, in inches
n = number of plates

In using this formula, be sure to do the following:

¢ Be careful to observe the units you are using.
e Account for only the overlapping area of the planes.
e Adjust for such things as holes and voids.

A reasonable number for the amount of capacitance that can be achieved
with planar capacitance is in the range of 100 to 300 pF per square inch.

Continuing on with our illustration, lets add 950 pF of planar capacitance to
the other capacitors we have assumed. Figure 15-12a shows the result. It would be
tempting to look at only the best part of each curve in Figure 15-12a to get some-
thing that looks like Figure 15-12b. In this figure, the overall impedance is less than
200 m2 at all frequencies above 1 kHz. If our objective was to define a set of ca-
pacitors that provided a power system frequency response curve less than 200 mQ
at all relevant frequencies, this set would appear to meet the target.

Appearances can be deceiving, however. In Figure 15-12a, look at each
point where a downward-sloping line intersects an upward-sloping line. The down-
ward-sloping line is capacitive. The upward-sloping line is inductive. At the point
where they cross, their impedances (really their reactances) are equal in magnitude
but opposite in sign. This is characteristic of the point where a parallel LC circuit
goes into resonance. And at that parallel resonance point, the impedance rises infi-
nitely high. So there is really an infinite impedance peak (pole) at the points where
each pair of upward-sloping and downward-sloping curves cross.

The actual frequency response curve is shown in Figure 15-13. The formu-
las and calculations for this type of problem are quite complex. We at UltraCAD
wrote our own calculator specifically to work with this type of problem and to gen-
erate graphical results for analysis. The result from that calculator is shown in Fig-
ure 15-13. Note, in particular, that the axes are scaled slightly differently between
Figures 15-12 and 15-13, accounting for part of the visual difference between them,
even though the same circuit is being graphed. Note also that the graphs should ex-
tend infinitely high at their peaks and infinitely low at their minimums. They don’t
because of the graphical limitations associated with the program, not the algebra.
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Figure 15-12 Power system frequency curve developed from 20 each
50 pF caps, 200 each .01 pF caps, and 950 pF in planar capacitance. (‘

The implications of this type of curve can be very serious. Most stray fre- |
quencies that happened to find their way onto the power system would be shunted !
to power or ground through an impedance represented by the curve, less than .2 Q
at most frequencies. But any stray noise frequencies (harmonics) that just happened
to be near the peaks of the curve shown in Figure 15-13 would not be shunted to the
power system. They would be free to wander over the system with no attenuation,
and would ultimately radiate out off the board. If a board whose power system im-
pedance curve looked like Figure 15-13 were tested for EMI radiation, it would
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likely fail. We would expect the strongest radiation frequencies to be near the peaks
of the curve.

That is why we don’t want any peaks in our impedance curves.

w UCAD Bypass Capacitor Impedance Calculator Graphical Output

[ Impedance
10% 2

10%-3
10°-4
1075

X
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Fiequency x = Capacitor Self-Resonant Fiequencies

Figure 15-13 Actual response curve of the selected capacitors.

Equivalent Series Resistance (ESR) Well, we know the real world can’t be
as bad as that shown in Figure 15-13, and it’s not. The reason is that bypass capaci-
tors are not pure LC circuits. The equivalent circuit for a typical capacitor actually
looks like Figure 15-14. There is a resistance in series with the capacitor and the
associated stray inductance. We call this resistance ESR. It is usually very low and
is often ignored in most circuit applications.’

It turns out ESR has an important role to play in bypass capacitor applica-
tions. Most engineers understand that it effectively lowers the peaks and raises the

'The equivalent circuit for a capacitor could also include a parallel “leakage” resistance
around the capacitor. This equivalent parallel resistance is very high and is ignored in most
circuits.
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troughs in the power system impedance curve. The peak of the impedance curve is
inversely proportional to the ESR value; that is, Z ~ 1/ESR. Figure 15-15 illustrates

the effect ESR can have on the power system impedance curve shown in Figure
15-13.

R=ESR

-

Figure 15-14 A real bypass capacitor includes both inductance
and series resistance.
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Figure 15-15 Lower ESR (left) will increase the peaks and lower
the troughs of the impedance curve; higher ESR (right) will
tend to smooth the response.

What a great many engineers do not understand, however, is the impact that
ESR has on the overall system impedance curve when a significant number of by-
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pass capacitors are connected in parallel. For example, here are three myths that
many engineers firmly believe but are simply not true when ESR begins to influ-
ence a circuit.

e Myth 1: The system series resonant points (the minimum values of the
curve, or the troughs) are at the self-resonant points of the individual capacitors.
Truth: When two (or more) capacitors are used with individual series resonant
points close together, the system series resonant points are between the individual
capacitor self-resonant points.

e Myth 2: The minimum impedance of the system equals ESR. Truth: The
minimum value of the impedance function is Jless than ESR, and it gets smaller as
the self-resonant frequencies of the capacitors used in the system get closer
together.

e Myth 3: Using lower ESR capacitors leads to a better system impedance
response curve than using higher ESR capacitors does. Truth: Moderate ESR is bet-
ter than lower ESR from a system impedance standpoint.

The following analysis demonstrates these points.

Self-Resonant Frequencies Assume a simple capacitor with capacitance C,
inductance L, and ESR equal to R. The inductance should be considered from the
practical sense—not only the inherent inductance associated with the capacitor
physical structure itself, but also the PCB pads and attachment process, and so on.
The impedance through this capacitor is given by Equation 15-2:

Z=R+joL+1/joC, or
Z=R+j(oL - 1/ ©C) [15-2]

where o is the angular frequency, o = 2xnf.

Resonance occurs, by definition, when the j term is zero (see Equation
6-13) as shown in Equation 15-3:

oL =1/aC [15-3]
o’ =1/LC

o= VG
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The impedance through the capacitor at resonance is R.

Effects of Multiple Capacitors Assume we have n identical parallel capaci-
tors, as earlier. The equivalent circuit of the n identical capacitors is the single ca-
pacitor whose values are

C=nC
L=L/n
R=R/n

The impedance of this system is now given by Equation 15-4:
Z=R/n + j(owL/mn - 1/0nC) [15-4]

The resonant frequency of this system is, again, where the j term goes to
zero, or where

oL/n=1/onC

which results in exactly the same self-resonant frequency as before. Paralleling ca-
pacitors does not change the self-resonant frequency, but it effectively increases the
capacitance, reduces the inductance, and reduces the ESR compared to a single ca-
pacitor. The resulting impedance response curve tends to “flatten out” or broaden
compared to a single capacitor, as shown in Figure 15-10.

Historically, on circuit boards, circuit designers have used a large number
of bypass capacitors of “the same” value. The advantage of this process has been
the increased C and the reduced L and R that result. But the capacitor values are
typically not exactly equal. Each one has a tolerance.

Parallel Capacitors Take the case of two parallel capacitors of different
value, shown in Figure 15-16. Let R1 = R2 =R to simplify the arithmetic. (This
assumption does little harm and greatly helps the intuition.) Let us also assume that:

Cl>C2
Li>12

which means that frl (the self-resonant frequency of C1) is lower than fr2.
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R1 R2
L1 L2
c1 Cc2

Figure 15-16 Two capacitors in parallel

Now, the combined impedance through this parallel pair of capacitors is
given by Equation 15-5:

X1 =Ll - 1/oCl
X2 = oL2 - 1/oC2
Z1 =R +jXI1
Z2=R+jX2

g 1 _ (R+jX1)(R+jX2)
1 2R+j(X1+X2)

[15-5]

From this, we can derive the real and imaginary terms of the impedance ex-
pression (multiply numerator and denominator by (2R —j(X1+ X2)) as shown in
Equations 15-6 and 15-7:

R[2(R* -X1X2) + (X1 +X2)' |

Re(Z) = >
4R? + (X1 +X2)

[15-6]
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(X1 +X2)(R* +X1X2)

Im(Z) = 5
4R? + (X1 +X2)

[15-7]

Further, we derive that the magnitude and phase of the impedance term are
given by Equations 15-8 and 15-9:

1Z| = JRe(2)? +Im(Z)? | [15-8]
6 =tan" (111@) [15-9]
Re(2)

The curve of impedance as a function of frequency is shown in Figure
15-17. It is instructive to look at this curve and the real and imaginary terms of the
impedance expression formula together.

Log Impedance (Ohms)

Log Frequency

Figure 15-17 Two capacitors in parallel.

Resonance Resonance occurs (by definition) when the imaginary term
(Equation 15-7) is zero. This is also the point at which the phase angle is zero. The
impedance at that point is simply the real part of the impedance expression.




Chapter 15 . ' 291

The imaginary term for Z goes to zero under the two conditions given by
Equations 15-10 and 15-11:

X1=-X2 [15-10]
R*=-X1X2 [15-11]

The first condition represents the “pole” between the self-resonant frequen-
cies of the two capacitors. X1 equals —X2 when the reactance term of C1 is induc-
tive (+) and increasing, the reactance term for C2 is capacitive (-) and decreasing,
and where the two reactance terms are equal. This is the anti-resonance point that
occurs at a frequency between frl and fi2.

Assuming R is small, the second condition can only occur where either X1
or X2 is small. X1 is small near fr1 and X2 is small near fi2. X1 and X2 must be of
opposite sign, since R* must be positive. Therefore, these system resonant points
must be between fr1 and fr2, and they must not be equal to fr1 or fr2 (unless, in the
limit, R = 0).

Conclusion The system resonant frequencies are not necessarily the same
as the capacitor self-resonant frequencies unless ESR is zero (so much for Myth 1).

It can further be shown that at this point, where the imaginary term is zero
and R? = —X1X2, the real term, and thus the impedance itself, simply reduces to R.
Impedance at fr1 At frl, the self-resonant frequency of C1, X1 =0. It can
be shown that the phase of the impedance function at this point is
© = tan'[RX2/(2R? + X2%)]

If X1 = 0, then X2 must be negative (capacitive, under the conditions we
have been assuming) so

0<0
Only in the limit where R = 0 does ® go to zero.

The magnitude of impedance at the point where X1 = 0 is shown by Equa-
tion 15-12:
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R2 + 22
\‘ 4R +X2
This is less than R for any positive (i.e., R > 0) value of R. In the limit, it is
equal to R for R << X2 and equal to R/2 if R >> X2.

The results are exactly symmetrical if we are looking at fr2, the point where
X2=0.

Conclusion The minimum value for the impedance function is at a fre-
quency other than the system self-resonant frequency and also at a frequency other
than the self-resonant frequency of the capacitor. It is less than ESR (R) when two
capacitors are connected in parallel. Further, the minimum value declines as X2
gets smaller, or as the self resonant frequencies of the capacitors are moved closer
together, or as the number of capacitors increases.

Impedance at Anti-resonance 1f we let X1 = -X2, then Im(Z) goes to zero,
by definition. This is the anti-resonant point between fr1 and fr2. At this point, the
system impedance (Z) is given by Equation 15-13:

Z=—+ 2 [15-13]

For small values of R, this is inversely proportional to R and can be a very
large number if R << X. This is why there is concern about very high impedances at
the anti-resonant point. If R, on the other hand, is only in the range of .1 or .01, then
this number might be more manageable. But note that if R >> X, then at the anti-
resonant point Z =~ R/2. This is less than the impedance at the system resonant point.
Do not overlook the significance of this result. The impedance at the anti-resonant
peak can be less than the impedance at the system resonant point!

So consider this: If Z equals (approximately) R at the minimum (the system
resonant point), under what conditions is Z also equal to R at the maximum (the
system anti-resonant point)? Remember R equals the capacitor’s ESR. Under those
conditions, the impedance curve will be (at least approximately) flat. It turns out
that Z at the anti-resonant frequency exactly equals R if:

R=X1=-X2
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Therefore, we can achieve a (relatively) flat impedance response curve if
we position our capacitor values such that, at the anti-resonant points, X1 =-X2 =
ESR.

This has a very significant consequence. As ESR gets smaller, then, for a
flat impedance response, X1 and X2 must be smaller at the anti-resonant points.
This means that fr1 and fr2 must be closer together. And this means that as ESR
gets smaller, it requires more capacitors to achieve a relatively flat impedance
response.

Conclusion Low values of ESR require more capacitors to achieve a
smooth response. Moderate values of ESR lead to smoother response curves with
more manageable anti-resonant peaks (so much for Myth 3).

General Case Analysis As we add more values for C, the algebra associated
with these kinds of analyses gets very difficult. We at UltraCAD wrote our own
program so we could look at various capacitor configurations and see what happens
in a more real-world situation (see Appendix H). The following examples illustrate
some of the results we achieved using that calculator.’

Figure 15-18 shows the impedance curves for three different sets of bypass
capacitors used to design a power system. The sets included 100, 150, or 200 indi-
vidual bypass capacitors, respectively. The capacitor values were carefully selected
so that their self-resonant frequencies were spread evenly over a defined frequency
range (evident in the figure). The graphical output covers a frequency range from
about 1.0 MHz to about 1,000 MHz. To this extent, the example is contrived, but it
illustrates what could be achieved under the most controlled of conditions. It is rep-
resentative of what would happen over more general conditions. All capacitors had
the same ESR, .01 Q.

What is apparent from the figure is that the impedance curve improves as
the number of capacitors increases. More important, each curve is everywhere better
than the curve above it. That is, the peaks of the 150-capacitor curve are lower than
the troughs of the 100-capacitor curve, even though the ESR is the same in both
cases. This alone would seem to disprove Myth 2.

“See also Brooks, “ESR and Bypass Capacitor Self-Resonant Behavior: How to Select By-
pass Caps,” available at www.ultracad.com.
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Figure 15-18 Power system impedance response improves with increasing num-
bers of capacitors.

Figure 15-19 shows the same 150-capacitor curve as Figure 15-18, with
ESR equal to .01 €, along with a second curve for the same 150 capacitors with
ESR of .001 Q. Although the .001-Q ESR curve has lower troughs than the other
curve, it also has higher peaks. One would be hard-pressed to argue that the lower
ESR curve was the better power system impedance response curve. So much for

Myth 3.

Consequences So what does all this show us? First, it shows that it is possi-
ble to design a power system impedance response curve for any system that can
meet an arbitrary target impedance at all frequencies. This type of analysis also
suggests that this can probably be done with a smaller number of capacitors, over-
all, than we would use using the traditional approach to bypass capacitor decoup-
ling. A further advantage of this approach is that, at least conceptually, we could
calculate the exact shape and value of the response curve at all relevant frequencies.
Obviously, it is not the board designer who would design this kind of decoupling
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strategys; it is the circuit and system design engineer. But this design approach
would lead to slightly different conclusions than would the traditional approach.

hical Output

10° 0

1071
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10°-3

110°5 10° 6 10*7 10° 8 10" 9 10* 10
Fiequency x = Capacitor Self-Resonant Frequencies

Figure 15-19 Power system impedance response improves
with more moderate ESR.

Those conclusions would include the following:

¢ You must pick the capacitor type carefully, both from the standpoint
of capacitance value and of self-resonant frequency.
o Intentionally designed-in planar capacitance is almost a necessity.

e It is best to have a wide range of values and self-resonant frequencies
(taking into consideration both the inductance associated with
the capacitors and that associated with the pads and the assem-



296 Chapter 15

bly processes mounting them on the boards), rather than to
have smaller clusters of identical values.

e Moderate ESR is better than low ESR.

e Capacitor placement is not particularly important, except that the
electrons still must get (traveling at 6 in/ns) to where they are
needed in a timely manner.

SUMMARY

The jury is still out on the relative merits of these two approaches to bypass
capacitor decoupling. Personally, I believe they both have a lot to offer. Overall, 1
like the logic behind the power system impedance approach, and the results of the
quantitative analyses are hard to ignore. Intuitively, however, it is hard to ignore
that (especially large) logic devices require a lot of charge support at the moment of
switching. The traditional approach argues that you can’t place charge supporting
capacitors too close to the requirement, something I also believe in.

I believe the very best approach to capacitive decoupling is a combination
of these two approaches. Fundamentally, use the power system impedance ap-
proach, but then make sure there is enough decoupling at every pin to meet each
device’s requirement.




16 POWER SYSTEMS

Designers are sometimes confused about how to deal with multiple power
planes on printed circuit boards and how to deal with their separation. We often talk
about the horizontal separation between planes as a split, and there are some design
rules that may apply when designing in the area of splits.

Before we talk about how to deal with splits between planes, it is instructive
to talk about why we have separate power planes in the first place—to accommo-
date separate power supplies. One reason we might have separate power supplies is
because we might have different voltages in our circuits. The issue of separate volt-
ages might thus be a reasonable place to start.

POWER SUPPLY VOLTAGES

On any given board, or in any given application, we may find DC power
supply voltages of 5 V, 3.3 V,2.5V, 1.8 V, and even 1.2 V. Older designs have
included 12-V supplies, and certain types of circuits may have special design re-
quirements up to thousands of volts.

There are a variety reasons these different voltages exist. One reason relates
simply to the semiconductor technology used in the fabrication of the IC making up
the circuit. Newer technologies and newer physical semiconductor structures often
have inherently lower saturation and switching voltages, leading to lower overall
supply voltage requirements for their operation.

A primary driving force for lower voltage relates to the power required for
the circuit’s operation. If the same circuit function can be achieved with a lower
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voltage supply, a power saving is usually achieved. Power is the product of voltage
times current. Therefore, the power reduction can be directly proportional to the
voltage reduction. However, if the voltage reduction also leads to a lower current
requirement (e.g., through Ohm’s Law), the power reduction can be proportional to
the square of the voltage reduction. This has obvious implications for battery-
operated circuits and the thermal management of larger, more complex circuits.

Another driving force for lower operating voltages is rise time. If, for ex-
ample, a technology can switch (dV/dt) a 5-V signal in 2 ns, perhaps it can be modi-
fied to switch a 2.5-V signal in half that time, with no other technological changes
required.

Finally, different circuit functions may require special voltages. These func-
tions might include such things as transmitter stages, high voltages required by
cathode ray tubes and laser printers, switching requirements for electromagnetic
relays and machine tools, and audio speaker requirements.

Different voltages require separate regulation circuits. This factor would de-
fine a minimum number of regulated power supplies, one for each individual volt-
age. However, there may be additional, multiple regulated supply sections for any
given voltage. For example, we may have different regulated supplies for the analog
and digital sections of a board, even if they both have the same overall power sup-
ply voltage requirement.

We may also have different regulated supplies for different or sequential
stages of the same circuit. For example, if there are different circuit paths for the
individual R, G, and B components of a video signal, each path might have its own
regulated power supply, even though the individual power requirements are identi-
cal. In extreme cases, some engineers design regulated supplies for each stage of a
signal path through a circuit.

The reason for multiple regulated supplies is usually noise isolation. All
signals flow in a closed loop. For every signal flowing down a trace, there is a
return signal coming back. The return signal is usually on the plane closest to the
trace, and (at least in fast rise-time circuits) is usually as close as possible to the
trace.

Although return current density is greatest underneath the trace, current
gradients spread out on the plane beyond the edges of the trace (see Figure 16-1).
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Figure 16-1 Current distribution of a return signal spreads out on
the plane underneath the signal trace.

Here is a point that is important to understand: Current is the flow of elec-
trons. Figure 16-1 shows the variation in current density near a trace. It necessarily,
therefore, illustrates the electron density in the same region. Electrons have charge.
Charge density is voltage. Therefore, there is also a voltage density (actually a volt-
age gradient) that occurs near a trace. :

Variations in voltage gradients can occur for several reasons. One is high-
frequency return current, as suggested in Figure 16-1. Another is simply the flow
across the plane of current from the regulated power supply required for charging
(and discharging) the various bypass (and planar) capacitances associated with the
circuit. Voltage gradients across planes of as much as 250 mV are not at all un-
common on circuit boards.

These (changing) voltage gradients constitute noise, and it is instructive to
note that this noise is not coming from somewhere totally outside our circuit. In
fact, it is generated by the circuit itself. One guideline for good power supply man-
agement is not to focus on preventing noise on the planes from getting into our cir-
cuits. It is, instead, to keep the noise that is generated by our circuits from getting
onto the planes in the first place.

One reason engineers use different regulated power supply regions for dif-
ferent circuits and different stages of the same circuit is to try to prevent noise gen-
erated by one (part of a) circuit to interact with, and interfere with, signals in
another (part of the) circuit.
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NEED FOR POWER PLANES

We have now covered several topics in this book about why power and
ground planes are required in high-speed design applications. Here is a summary of
some of those important reasons.

Impedance control (Chapters 10, 11, 14): If we want to control trace im-
pedance as a strategy for the control of reflections (using proper trace termination
techniques), then good, solid, continuous planes are almost always required. It is
very difficult to control trace impedance without the use of planes.

Loop areas (Chapter 9): Loop area can be visualized as the area defined by
the path of the signal (traveling down a trace) and its return current. When the re-
turn signal is on the plane immediately under the trace, loop area is minimized.
Since EMI is directly related to loop area, EMI is minimized when good, solid, con-
tinuous planes exist under traces.

Crosstalk (Chapters 12, 13): The two most practical ways to control
crosstalk are (a) separation between traces and (b) closeness of the traces to their
reference planes. Crosstalk is inversely proportional to the square of the distance
between the traces and their reference planes.

Need for Plane Pairs

Decoupling (Chapter 15): The capacitance formed by the proximity of two
planes placed close together can be very important and beneficial in circuit decoup-
ling at very high frequencies, where bypass capacitors and their associated mount-
ing and lead inductance begin to have problems.

EMI (Chapter 9): Planar capacitance can be effective in controlling EMI

radiations caused by both differential mode and common mode noise signals.

STRATEGIES FOR DESIGNING WITH PLANES

For all these reasons, the use of planes is very important and beneficial in
PCB design. But then some relevant questions are these: How many planes should I
use? What should be on them? Where should they be placed?
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For example, every different power supply voltage is typically distributed
on its own plane. It is logical that each different regulated supply of the same volt-
age also gets its own plane; otherwise some of the regulated supply sections would
simply be shorted out. Very often, however, all the different regulated supplies are
referenced to the same voltage potential—zero volts. Is it possible, then, to have
only one ground plane (at zero volts) that can service all the individual regulated
power supplies, or do we need a separate ground plane for each individual regulated

supply?

In looking at the question of whether each power plane needs its own, sepa-
rate individual zero-voltage reference plane, we have to look at why the separate
power supply exists at all. For example, suppose the overriding issue is power dis-
sipation. Then it may be perfectly fine for two supplies to reference the same
ground plane. In some cases, a circuit simply involves two types of ICs with differ-
ent supply requirements, and a single reference (zero-voltage) plane may work well
here, too. And, if we have mixed signals (as in an A/D circuit) but all the circuits
are known to be quiet, so noise is not a concern, a single reference plane might be
adequate.

As noted earlier, however, one reason for using different regulated power
supplies is for noise control—for example, keeping transmitter noise out of a re-
ceiver section or keeping digital noise out of an analog section. All the reasons for
using planes have a single common denominator—noise control. So it is almost
axiomatic in high-speed designs that noise control is the predominant design issue,
and our design strategies are undertaken with noise control as an important focus.

Now, if circuit noise is our primary focus, then we almost always need to
define separate reference (ground or zero-voltage) planes for each individual regu-
lated supply section. Consider the implications for not doing so. Assume, in a
transmitter section, we send a signal down the trace shown in Figure 16-2a. The
return signal, although primarily underneath the trace, extends for some distance
beyond the edges of the trace. If any receiver circuitry is anywhere near this return
gradient, some of this transmitter noise may couple into the receiver section. In ad-
dition, there are current gradients that flow from the transmitter-regulated power
supply across the ground plane while charging (and discharging) any bypass capaci-
tors that may exist. These currents may also couple into receiver circuitry. The
whole point of having a separate receiver power supply section is to try to isolate
the two sections. A single ground (reference plane) tends to work against this objec-
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tive. So, good design practice is to have separate ground planes for the receiver and
transmitter sections (Figure 16-2b).

Current density on planes

Trace layer — neemmmm— — /

(@)

Trace layer  wemem—— —

Figure 16-2 Current gradients from one trace can extend across the
plane and underneath another unrelated trace (). Separate
ground planes (b) can constrain these current gradients.

Similarly, a digital signal flowing down a trace generates a return gradient
on the reference plane under the trace. Such a signal may cause a noise signal to be
injected into a nearby analog trace. Again, for this reason, good design practice dic-
tates using separate analog and digital ground planes.

In fact, whenever we use separate regulated supplies for noise control pur-
poses, it is good design strategy to use a separate reference plane for each one, even
though all the reference planes are at the same nominal voltage potential—zero
volts. Not doing so tends to defeat the very purpose of having separate regulated
supplies in the first place.

In summary, separate regulated power supply stages can exist for a variety
of reasons. Very often they exist for the purpose of controlling circuit noise, which,
in turn, almost always requires the use of planes. If each different regulated power
supply section requires its own separate distribution plane, then each should have its
own individual (zero-voltage) reference plane, also.

Current density on planes
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SomE DESIGN RULES

Now, based on the preceding, let’s assume we have several regulated power
supplies (associated with separate circuits on the board), each distributed on its own
plane, and each with its own, identifiable, separate reference (zero-voltage) plane.
What PCB design strategies and rules are appropriate?

Connecting Reference Planes Together Ultimately, almost all regulated
power supplies reference to the same thing, commonly a zero reference (zero-
voltage) point in the system. Typically, if one puts an Ohmmeter between the vari-
ous reference planes, we find that they are all connected together. It is usually im-
portant, however, that when reference planes are connected together, the connection
is made at a single point.

Suppose, for example, this were not true. Suppose we had both a digital and
an analog section on our board, and the digital and analog reference planes were
connected at two (or more) points. There are conditions under which certain return
signals could travel on both planes (not just on the plane under the trace), thereby
negating the separation we were trying to accomplish in the first place. Even worse,
it is possible (under certain conditions) for noise signals to circulate in a loop
around through both reference planes, crossing between them at the two connection
points. Such current loops are called ground loops. Their origin (cause) is often ob-
scure, but their effects usually are not. The effects include noise problems, EMI ra-
diation problems, and in extreme cases power dissipation and heat problems.

Control over ground loops is relatively simple. If there is only a single con-
nection point for the reference planes, there is no loop over which a signal can
travel.

But this poses a new interesting question: Where should that single point
be? On some systems, particularly where there are mother and daughter boards, the
planes are separately routed back in a “star” fashion to a single point, usually at the
primary power supply for the system. If there are multiple regulated power “is-
lands” on a board, these might be connected to each other at single points with zero-
ohm resistors (really just a jumper) or with ferrite beads. The beads, of course, are
used to block higher frequency components while still allowing a DC connection
between the planes. Some argue, however, that if we have been really effective in
isolating our power requirements, there are no higher frequency components to fil-
ter, and therefore a zero-ohm resistor is all that is necessary.
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In A/D circuits, it is common to have digital power and ground planes on
the digital side of the IC and analog power and ground planes on the analog side of
the IC. We often connect the analog and digital grounds together at a single point
directly under the IC (or at least very close to the IC) with zero-ohm resistors or
with ferrite beads.

Overlapping Planes If we have separate regulated power supplies with
their own reference planes, it is good design practice not to let unrelated portions of
the planes overlap. For example, do not let a portion of an analog power plane over-
lap a portion of a digital ground plane (see Figure 16-3). Remember, a capacitor in
its simplest form is simply two conducting surfaces separated by a dielectric. The
area over which two planes overlap forms a small capacitor. It may be a very small
capacitor, to be sure. Nevertheless, any capacitance provides a path over which
noise may travel from one regulated supply to another, working to defeat the pur-
pose for which the separation existed in the first place.

/
Di}gjtal Power /I Analog Power

7Digital Ground / f Analog Ground

Figure 16-3 Overlapping planes can cause capacitive
coupling between unrelated planes.

An important part of the PCB placement process is to place components in
such a way that their common regulated supplies (and grounds) can be efficiently
grouped together and not overlap other circuits.
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Decoupling to Wrong Plane We use bypass capacitors to decouple our cir-
cuits—that is, to connect the power and ground planes together (from an AC stand-
point) at specific points on the board. It is probably obvious that we don’t want to
drop a bypass capacitor from one power plane to an unrelated reference (ground)
plane. Again, the reason is that we can (and almost certainly will, in this case) cou-
ple noise from one regulated supply section into the other. Unfortunately, this mis-
take can occur accidentally, sometimes fairly easily. As designers, we must be
careful to check our engineers’ net lists to ensure that this mistake hasn’t happened.
Even worse, we must guard against making this mistake ourselves. It is very embar-
rassing when this happens. There is simply no good answer to the question, “Why
did you connect it that way?”

Signals Crossing Separations Remember that signals reference to their
(usually) nearest plane, be it power or ground. If we have a separation between two
reference planes, we never want to route a trace across that separation. Figure 16-4
illustrates an example of routing a digital trace across an analog plane. There are
four primary problems that can result from doing this, all of them bad. They parallel
three of the reasons we mentioned earlier for using planes in the first place.

1. Good impedance control requires continuous control over geometry,
and a continuous return path underneath the trace. If the trace
crosses the boundary between two planes, the return signal
cannot “jump” the gap. (Don’t assume you can solve this prob-
lem with a bypass cap. Doing so would couple two unrelated
planes together.) This causes an impedance discontinuity and a
reflection, and therefore a potential noise problem at that point.

2. If the return signal can’t jump the gap, it must find some other path.
This almost certainly increases the loop area for the signal and
therefore the potential for EMI.

3. If the return signal does somehow find its way onto the analog
plane, we now have digital noise on the analog plane, defeating
the purpose of the separation in the first place.

4. Suppose two traces cross a separation between two planes. Since
their return currents cannot jump the gap, these return currents
must find another path. Even though the signal traces are sepa-
rated from each other, their return signal paths might not be
separated, and their return signals might crosstalk. Thus, when
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signals cross plane splits, crosstalk may result even though
there is no apparent cause or reason. This type of crosstalk can
be very hard to diagnose.

c——————-1 AnalogPlane

) | i S | i 8t

Coupled noise to

log pl
Digital Plane analog plane

Figure 16-4 Never route a high-speed trace over an unrelated plane.

The primary way to avoid the problem of traces crossing splits in planes is
to be careful in the layout and placement stages of the design. Group circuits by
regulated supply voltage and then by signal flow. If a particular trace must extend
into another regulated supply area, perhaps little “islands” or “peninsulas” (on both
the power and ground planes) can be created for the traces involved.

If you cannot find a suitable way of routing traces without violating this de-
sign principle, then the circuit design engineer should be consulted. The engineer is
the one responsible for deciding whether the design guideline can be relaxed in this
particular case, whether the layout should be changed, or whether (in extreme cases)
a different component selection is called for.
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STACKUPS

We summarized earlier why planes and plane pairs are important in high-
speed design. From those rules we can derive two basic rules that help us define
what makes a good board stackup.

Rule 1: Every high-speed trace must be referenced to a continuous
plane. The reasons include loop area control, impedance con-
trol, and crosstalk control.

Rule 2: Every power supply should have a parallel power—ground ca-
pacitive plane pair. The reasons include help in capacitive de-
coupling circuits and for EMI control.

A good board stackup meets these two requirements. Any stackup that does
not meet both these requirements may suffer high-speed problems as a result.

Figure 16-5 was adapted from one created by Rick Hartley.' It shows illus-
trations of good and poor stackups from a high-speed design standpoint. Every
“good” design is characterized by every trace being referenced to a nearby plane
and every power supply having a power—ground planar pair. Every “poor” design is
missing at least one of these two elements.

One conclusion that is drawn from Figure 16-5 is that it is hard to have an
efficient six-layer design. That is true. Six-layer designs with four trace layers can-
not meet both criteria for effective high-speed design layout at the same time.
Therefore, if six-layer boards are going to be used with four trace layers in high-
speed designs, we need to understand and accept that some compromises are being
made.

'Rick Hartley, “Controlling Radiated EMI Through PCB Stackup,” Printed Circuit Design,
July, 2000, p. 16.
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Figure 16-5 Examples of good and not-so-good board stackups
(courtesy Rick Hartley and Printed Circuit Design magazine).

CONCLUSION

It is common to have different regulated supply voltages on a circuit board.
If circuit noise control is not a major issue, then it is possible for all these supplies
to reference a common (zero-volt) ground. If circuit noise—especially high-speed
circuit noise—is an issue, however, then the regulated supply voltages are com-
monly distributed on their own individual planes. In this case it is normal for each
regulated supply “plane” to have its own individual (zero-voltage) reference plane.
These planes are usually constructed as plane pairs on the board. The boundaries
defining individual planes are often called splits.

Certain, relatively simple design rules are followed when we have split
planes:
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¢ Don’t allow nonrelated plane areas to overlap.
¢ Connect reference planes together at only a single point.
¢ Don’t route signal traces across a split or across an unrelated plane.



17 LOSSY LINES AND EYE DIAGRAMS

I n days gone by we considered traces on PCBs to be (almost) perfect con-

ductors. On rare occasions we considered their resistance and maybe propagation
time, but usually not. Traces almost never contributed to signal integrity problems.

Then, as rise times shortened, we began to worry about signal reflections.
In Chapter 10 we learned that signal integrity problems caused by reflections could
be managed if we designed our traces to look like transmission lines and if we ad-
dressed questions like trace termination. Instead of traces resembling perfect con-
ductors, traces resembled distributed networks of LC components. But if we could
measure an effective input impedance whose value is given by Equation 10-1

we could terminate traces in components with the same impedance and still control
the reflections.

However, rise times continue to shorten and now new issues are coming
into play. Their solution will not be the purview of PCB designers, but designers
will need to understand the issues if they are going to continue to grow in their pro-
fession.

Lossy LINES

A transmission line that we consider to be infinitely long and whose input
impedance is given by Equation 10-1 is considered to be lossless. That is, whatever
signal goes into the front of it arrives at the far end without any distortion. This is
not a bad model for well-designed lines at lower frequencies. Although nothing can
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be truly “lossless,” lines can be designed that are generally close enough for most
purposes.

But there are losses, and as frequencies (or frequency harmonics) get high
enough, these losses can become significant and can begin having negative effects
on our boards. There are two general areas of losses we need to be concerned about.
Both are beyond the scope of this book, so they are simply summarized here so we
can illustrate some of their effects. That way, if your circuit design engineers begin
setting board design parameters or designing complex termination strategies you
will have some understanding of what they are doing and why they are doing it.

Skin Effect Perhaps you have heard about something called the skin effect.
This describes the tendency of the current to travel along the outside skin of the
trace or wire instead of being evenly distributed throughout the entire cross-section
of the wire.

The explanation for why this is so is complicated and subtle. If you have
read and understood Appendix B you learned that when a current changes rapidly in
a wire it (a) generates a changing magnetic field around the wire, which (b) gener-
ates a current in the opposite direction in the wire.

This opposing current is what causes the “inertia” we talk about when we
describe inductance. At the very first instant, the reverse-generated current is the
same as the forward-generating current, and no current flows. But soon the forward
current overcomes the reverse-generated current and it does begin to flow. The re-
sistance to the first increments of current creates what we call inductance.

Now consider a wire with a circular cross-section, as shown in Figure 17-1.
Assume a current flows evenly through that cross-section and that the current is in-
creasing. The increasing current generates an increasing magnetic field that in turn
generates a current back in the opposite direction. Where is that current concen-
trated?

The strength of the magnetic field is inversely proportional to the square of
the distance. Consider a point along the centerline of the wire. All other points that
make up the cross-section of the wire are within one radius of the centerline. Now
consider another point along the circumference of the wire. More than half the other
points that make up the cross-section of the wire are further than one radius away
from this point. Therefore the effect of the magnetic field must be weaker at the
circumference than it is along the centerline.
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Point on conductor surface

'

Copper wire

cross section \

Conductor centerline

Figure 17-1 Very high-frequency currents will travel on the
outside skin of a conductor where the inductive coupling is
less (shading suggests current density).

This then means that the very first place a sharply increasing current will
begin to flow is along the circumference (surface) of the wire, rather than at the cen-
terline (or uniformly across the entire cross-section). At lower frequencies this ef-
fect is very transient. Current will quickly spread to the entire cross-section. But
consider what happens when the frequency is very high and current changes direc-
tion very quickly. Just when the magnetic field (self-inductance or inertia) is begin-
ning to be overcome, the driving current changes direction. Now we start over again
and current begins first to flow on the outer circumference in the opposite direction.
Before that current distribution can spread throughout the entire cross-section of the
wire, the driving current changes direction again. In this way, the current distribu-
tion is always strongest at the outer circumference. In the extreme, when the fre-
quency is high enough, the current distribution never spreads uniformly to the
center of the conductor. The higher the frequency, the greater this effect is, and cur-
rent only flows along a thin portion of the circumference, commonly called the skin
of the wire.

Many different applications capitalize on this effect. Transoceanic commu-
nication cables, for example, are often made of strong but not necessarily highly
conductive steel for strength. The steel cables have a very thin copper (or some-
times even gold) foil wrapped around the circumference. The thin foil is where the
current flows. Overall conductivity is not affected because the high-frequency sig-
nals are only flowing along the skin anyway.

The skin effect manifests itself as a higher resistance associated with the
wire or trace, and the effect increases with frequency. The effective skin depth is
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inversely related to the square of the frequency. Thus, this is one place where the
effective resistance becomes a function of frequency. Since only a fraction of the
total cross-section of the wire or trace carries current, and since resistance is in-
versely related to cross-sectional area, the effective resistance the signal sees in-
creases with skin effect and therefore with frequency.

Dielectric Absorption We think of dielectric materials as insulators. FR4,
for example, is fiberglass. We think of it as passing no current at all on our circuit
boards. As very high-frequency currents flow on our traces, however, the very fast-
changing currents cause motion at the molecular level of the material. That move-
ment requires energy, which is absorbed from the signal. That, in turn, attenuates
the signal. The signal level is reduced, therefore, as energy is absorbed in the dielec- .
tric material.

The net effect is as if there were a resistor across the signal leads loading
down the signal. The effect is a function of frequency. So again, we have a situation
where losses appear as if we have a frequency-dependent resistor across the signal
leads.

LossyY LINE MODEL

In Chapter 10 we illustrated the model of a (lossless) transmission line,
shown again here as Figure 17-2:
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Figure 17-2 A lossless transmission line model.

When we add the “lossy” components to the model it becomes Figure 17-3.
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Figure 17-3 A lossy transmission line model.

In Figure 17-3, the Rs represents the (frequency-dependent) skin effect
losses and G represents the (frequency-dependent) conductance associated with the
dielectric absorption." We use conductance rather than resistance in the model be-
cause it simplifies some of the arithmetic. As frequency increases both Rs and G
increase. Thus, the higher frequency harmonics of the signal are attenuated.

One significant consequence of losses in the line is that the characteristic

impedance of the line changes with frequency. We noted in Chapter 10 that the
characteristic impedance of a lossless transmission line is given by the formula in

Equation 10-1:
f L
Zo= |—=
C

The characteristic impedance of a lossy line is given by the formula shown

in Equation 17-1:
r
Zo= |RstioL [17-1]
G+joC

The frequency range at which lossy lines become an issue is, of course, de-
pendent on many factors. In general, loss effects can become measurable in the 100
MHz range and can become design issues in the 1.0 GHz range.

Recall from Chapter 5 that conductance, G, is the inverse of resistance, R.
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EYE DIAGRAMS

Eye diagrams are an effective way to visualize the effects caused by lossy
lines. But first we need to know what eye diagrams are and how they are created.
Start with Figure 17-4.

—_—

UYL

Figure 17-4 Typical data string.

Figure 17-4 illustrates a typical data string of bits with value 1 (high) or 0
(low). If we were looking at this on an oscilloscope screen we would see the right-
hand bit first. Then it would shift to the right (in time) and we would see the next
bit. So if we were going to read the data string as it passed by a point in our circuit
we would read (from right to left) 0-0-1-1-0-1-0-0, and so on.

More generally, if we looked at a specific point in a circuit and watched a
large number of data streams passing by that point, and looked only at the three
most recent bits, there are only eight possible combinations of bits that would pass
by. Figure 17-5 identifies them. In Figure 17-5 the numerical codes represent the
data bits as they move past a point in the direction shown. Thus we “see” them in
order from right to left.

000 100 010 110
L
111 011 101 001

Figure 17-5 Eight possible combinations of a three-bit stream as they pass by a
specific point in our circuit. (Read data stream from right to left.)
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Now if we took a time exposure of a large number of data bits passing a
point, and superimposed them on a single graph, they would look like Figure 17-6.

N/ N/

7N N 7.

D BE—

Upper logic threshold \
Lower logic threshold Sampling time

Figure 17-6 All possible combinations, superimposed, of three data bits passing
by a point in a circuit.

Figure 17-6 represents an ideal eye diagram. It shows all possible combina-
tions of three data bits passing by a point in a circuit. The transition between logic
states is very clean and predictable. The upper and lower logic threshold levels are
indicated in the figure. The vertical lines represent the sampling time during which
there will be no logic errors. That is, if the data stream is sampled between these
times, the data will always be in a correct and valid state. This is referred to as an
eye diagram because of the obvious resemblance of the open area to an eye.

When there are losses along a line, the net effect is to attenuate (reduce in
amplitude) the higher frequency harmonics. This can cause distortion in the signal.
Depending on circumstances, the distortion can range from relatively minor to crip-
pling, causing the system to simply not function. HyperLynx introduced a new ver-
sion of its LineSim software package in 2003 that allows simulation of lossy lines
and eye diagrams. Figures 17-7 and 17-8 illustrate a simulation of a signal at the
receiving end of a 20-in. transmission line under ideal and lossy assumptions. This
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entire area is so complex that I offer these simulations only as indications of how
lossy lines may behave, not as suggestions regarding what to do about them.

Figure 17-7 Eye diagram simulation for a properly terminated 20-in. transmission
line.

Figure 17-8 Eye diagram for the simulation in Figure 17-7 with significant lossy
assumptions.

EQUALIZATION

If the lossy characteristic of a transmission line means that higher-
frequency harmonics are attenuated, then we may be able to compensate for that
with high-frequency equalization. By that we mean adding active circuits that pre-
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amplify higher frequency harmonics or passive circuits that act as high-pass filters,
attenuating the lower frequency harmonics. Much research is under way at the pre-
sent time regarding how to do that.

Passive Equalization Passive high-pass filters are a relatively simple way
to try to compensate for losses along a line. They consist of simple parallel RC cir-
cuits. As frequencies increase, the current passes through an RC equalizing filter
with little attenuation, but lower frequency harmonics are attenuated somewhat.
Since this is exactly the opposite of what happens along the lossy line, a properly
constructed equalizing filter can (at least in theory) exactly compensate for the
losses in the line.

Such RC filters can be placed at the beginning of the line (much like a se-
ries terminating resistor is), at the end of the line, or can even be built into the re-
ceiving device. Figure 17-9 shows what happens with the simulation of Figure 17-8
when a simple parallel RC filter circuit is placed at the beginning of the line. The
compensation is not perfect, but the improvement in the signal is evident.

Figure 17-9 RC equalization at the driving end of the line can improve the eye
diagram for the simulation in Figure 17-8.

Active Equalization Suppose we have a bit string with a pattern that looks
like 0-1-0-1. Here there is a rapid transition from a logical zero to a logical one and
back to a logical zero. This represents a very high-frequency sequence traveling
down the line, and the signal transitions may be attenuated if the line is lossy. Com-
pare that to a string like 0-1-1-1. There is a rapid transition from the first logical
zero to the first logical one, but then the signal stays at the logical one level. This
represents a higher frequency transition followed by a lower frequency stabilization.
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Let’s define the following strategy:

1. Assume the signal transitions between zero and one.

2. Every time a signal transitions from one state to another, we boost its
magnitude by .5.

3. If the next clock pulse involves no transition, we boost the amplitude

of the signal by .25.
4. After that we will not alter the signal until there is another transition.

This kind of equalization (compensation) can be done in the circuit at the
chip level. If done that way, it is called active precomp. Figure 17-10a illustrates a
bit string without compensation and Figure 17-10b illustrates the same bit string
with active precomp. Notice how the active precomp acts to increase the higher fre-
quency parts of the bit string, compensating for the later attenuation that will occur
as the signal passes down the line.

(b)

Figure 17-10 Bit streams (a) without any compensation and (b) with high-
frequency precompensation. Note that rapid transitions in the signal are amplified to com-
pensate for subsequent losses in the transmission line.

SUMMARY

Lossy line analysis and equalization is going to be a rapidly growing area in
the next several years. It will impact device manufacturers, many of whom are al-
ready experimenting with or actually designing in and supplying equalization cir-
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cuits in their products. Passive circuit modules are appearing for both precomp and
postcomp placement along lossy lines. Simulation tools will be adding lossy line
simulation capabilities to their arsenals.

All of this means that board designers will have to become more conversant
with the topic. Board designers will not be responsible themselves for designing
equalization circuits for the applications, but they will have to understand them. As
we learn more, there are certain to be placement and design rules for equalization
circuits just as there now are placement and design rules for transmission line ter-
mination circuits.



APPENDICES,
GLOSSARY, and
INDEX

If I covered everything that interested me about the subject of signal integ-
rity and circuit boards, I would never have been able to finish this book. The appen-
dices included in Part 3 assemble several different types of information helpful to
the reader. Included here is information regarding how to obtain demonstration files
and freeware calculators; tutorials on why inductors induct, on logarithms, and on
complex algebra; and a description on how TDRs and VNAs work and why they are
useful to us. The last appendix, J, discusses one of my favorite topics—right-angle
corners.



A UltraCAD’S SQUARE WAVE
SIMULATOR

T his simulation (see Figure A-1) is referenced in Chapter 1. Download the

file www.ultracad.com/prenticehall/square.zip to a convenient place on your hard
drive and unzip it. Execute the resulting square.exe file.

A square wave does not exist naturally in nature. We can think of a square
wave as actually being formed by, or made up of, a series of natural cosine waves
following the relationship:

cos(3mt) + cos(5Smt) ) cos(7mt)
3 5 7

+... etc.

cos(wt)-

where o is the fundamental frequency of the wave and t is time. The subsequent
terms in the relationship contain harmonics. That is, if the fundamental frequency,
o, equals 1.0 kHz (1,000 Hz), then 3.0 kHz (3,000 Hz) is the third harmonic of the
fundamental. This is important because if our circuit is goifig to faithfully deal with
the shape of the signal (say a square clock pulse going down 4 trace) it must be able
to faithfully deal with all the different harmonics that are contained within it. This
can actually be a very large number.

325
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Figure A-1 UltraCAD’s Square Wave Simulator.

This simulation can suggest what happens if the circuit does not pass all of
the harmonics equally well, and helps you visually understand the makeup of a
square wave. Start by entering a number for the “Include all harmonics through:”
box. The number 11 is a reasonable place to start. Then press Display. The graph
shows the fundamental frequency and the first eleven harmonics following that.
(Note that only the odd harmonics enter into this relationship, so the first eleven
harmonics only add five harmonics above the fundamental to the equation.) The
curve looks like a square wave, but it is not perfect.

Change the number of harmonics to see the effect on the shape of the curve.
Determine what you feel is an acceptable approximation to a square wave and see
how many harmonics are included. It is that many harmonics the system must be
able to deal with, without distortion, to produce the curve you think is acceptable.

This simulation allows you to experiment in some other ways, too. For ex-
ample, select some number of harmonics and look at the waveform. Then select the
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Exclude button and enter the number of a harmonic to exclude from the equation.
Then select Display. Note how the waveform distorts. This type of thing could hap-
pen, for example, if somehow a filter existed in the circuit at the frequency you just
selected that acted to “kill” that particular harmonic. That filter could happen inad-
vertently, or it could exist as a result of parasitics that no one knew about or ex-
pected. This is an insidious problem that can be very difficult to diagnose. (Note
that if you exclude an even harmonic nothing happens because even harmonics are
not contained in the series relationship.)

If you select the Exclude all except option, you can look at the relative
magnitude of any individual harmonic.

The Expand Scale option allows you to see a close-up view of the rise time
of the waveform. It expands the display in the approximate area of the fifth vertical
grid line. This allows you to see a close-up view of any distortion or ringing associ-
ated with the rising edge.

The Shift higher frequencies by option will add an increasing phase shift to
each harmonic. Suppose the circuit has some capacitive loading. The capacitive
loading can cause a negative voltage phase shift (voltage lags current). If you enter
a negative number in the box, each harmonic will be shifted by a multiple of this
phase shift. Try these numbers: Enter 99 for the number of harmonics to include and
—4 for the shift. Then select Display. The display looks almost exactly like the ring-
ing that is common in many circuits.

Caution: The Shift higher frequency by option does not really reflect real-
world conditions. I have included it to suggest some effects, but a real-world phase
shift would be much more complicated than this. Treat this particular feature as in-
teresting, but not necessarily representative.



B WHY INDUCTORS INDUCT

ELECTROMAGNETIC CONCEPTS

T here were four people who were particularly important in the develop-

ment of electromagnetic theory. Their groundwork was crucial to the ultimate un-
derstanding of this complex topic.

First, Charles Augustin de Coulomb has been credited with Coulomb’s Law
(1785) in which he stated that there are two kinds of charge, positive and negative.
Like charges repel, and unlike charges attract, with forces proportional to the prod-
uct of their charge and inversely proportional to the square of their distance.

Carl Friedrich Gauss is generally credited with stating that every magnetic
pole is actually part of a dipole that includes an equal and opposite pole. One pole
cannot exist without its opposite. Magnetic force is applied along a vector with a
direction that is a line along which the force acts. Magnetic force is inversely pro-
portional to the square of the distance.

André Marie Ampere is credited with Ampere’s Law: An electrical current
is accompanied by a magnetic field with a direction at right angles to the direction
of the current flow.

Finally, in 1831, Michael Faraday published Faraday’s Law of Magnetic
Induction: A changing magnetic field is accompanied by an electric field that is at
right angles to the change of the magnetic field.

These people, over a 50-year period, established some very important
groundwork, but they were all (particularly Faraday) experimental scientists, not

329
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great mathematicians. It was James Clerk Maxwell who combined these important
observations and laws into a single set of equations that comprised a closed system.
By that, we mean that every phenomenon and every relationship is self-contained in
the set of equations, and any change in any one variable will flow through to every
other variable in the system. There are no outside variables or forces needed or
allowed.

This set of equations has become known as Maxwell’s Equations, and they
were published in his famous Treatise on Electricity and Magnetism in 1873. Max-
well is often treated as though he developed all the theory behind the equations,
which is not true. For almost 100 years before him, people were developing signifi-
cant parts of what would become known as electromagnetic theory. Maxwell’s con-
siderable contribution was seeing how to consolidate the work that several others
had done earlier into a single, closed set of equations. That was no small feat, and
Maxwell’s Equations are still, today, crucial to our work and understanding in this
area.

If you are wondering why I am going to spend a little time on electromag-
netic theory, let me give you two reasons. First, it is at the heart of inductance. In-
ductance (and related issues like crosstalk) is an electromagnetic effect, Second, the
first two letters of EMI stand for “electromagnetic.” We need an understanding of
this theory to help us understand destructive EMI effects.

RIGHT-HAND RULE

Let’s begin our discussion by looking at Ampere’s Law. If a current flows
through a wire, there will be a magnetic field around the wire (Figure B-1). The
strength of the magnetic field is directly related to the amount of current that flows.
Small currents have weaker magnetic fields; larger currents have stronger magnetic
fields. We can find the direction of this magnetic field by the right-hand rule. Point
the thumb of your right hand in the direction of the current flow. The magnetic field
force curls around the wire in the direction in which your fingers curl.
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Figure B-1 Right-hand rule.

This effect can be easily demonstrated at home using the famous compass
experiment (Figure B-2). Connect a wire to a battery and place it under a compass
so that the current flows toward the North Pole. Point your thumb in the direction in
which the current flows (north). Notice how your fingers curl around the wire. The
magnetic force around the wire, and above the wire (closest to the compass), will be
in an easterly direction. When the wire is connected to the battery, the compass
needle will swing toward the east, aligning with the magnetic force around the wire
caused by the current flow. Disconnect the wire from the battery and the compass
needle will point back toward the north.

mIn
mIn

Lt —
i

Figure B-2 The classic compass experiment.
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If you now place the wire above the compass, notice how your fingers be-
low the wire (closest to the compass) curl toward the west. When the wire is con-
nected to the battery, the compass needle will swing to the west, aligning now with
the magnetic force under the wire. Disconnect the wire from the battery again and
the compass needle will swing back toward the north.

This simple experiment confirms the absolute relationship that exists be-
tween electric current and magnetic fields. Remember that current is the flow of
electrons, and it is the magnetic property associated with electrons that is at the
heart of this relationship.

Col

We can strengthen and focus the magnetic lines of force if we coil the wire
(Figure B-3). Note that the current through the wire in Figure B-3 is flowing from
bottom to top. If, at any point along the wire, we point the thumb of our right hand
in the direction of the current flow, our fingers curl upward inside the coil and
downward outside the coil. The magnetic lines of force tend to be focused inside the
coil, especially if the coils are close together. Since our fingers curl upward inside
the coil, the north pole of the magnet will be at the top of the coil.

Figure B-3 Wire coils help “focus” the magnetic field.
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The strength of the magnet will be increased if we (a) increase the current,
(b) add more turns to the coil, or (c) add a ferrite core inside the coils to further fo-
cus the magnetic force.

SIMPLE MOTOR

In Figure B-3 we have taken a coil and passed a current through it to create
an electromagnet. If we now place that coil between two other magnets, as shown in
Figure B-4, we have the makings of a simple motor. The north pole of our coil will
be repelled by the magnet with the north pole facing it, and it will be attracted to the
magnet with the south pole facing it. Thus, there will be (in Figure B-4) a clockwise
torque acting in the coil.

Torque

7N
E@D

Figure B-4 Simple motor.

This is, in fact, the theory and design behind a basic electric motor. Real
motors are more complicated in their design, of course. There are more complex
mechanisms for getting current to the coil and for creating the internal magnetic
fields, but the basic principle behind any electrical motor is as shown in Figure B-4.

If you look closely at the heart of the meter movement for a basic analog
electrical meter, it will look much like Figure B-5. Current through the coil creates a
torque that tries to rotate the coil in a clockwise direction. A spring pulls the coil
back. The degree of rotation will be the point where the force created by the mag-
netic field just balances the restraining force of the spring. Look closely at the meter
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movement of a typical analog Volt-Ohm meter (sometimes called a volt-ohm-
milliammeter, or simply VOM) and you can see the magnet assembly, the coil, and
the restraining spring.

Figure B-5 Fundamental concept of an electric analog meter.

SIMPLE GENERATOR

Suppose we now take our coil and place another magnet beside it, as shown
in Figure B-6. If the magnet is not moving, nothing much happens. Faraday’s Law
states that a changing magnetic field is accompanied by an electrical field, but says
nothing about a stationary magnetic field. If we move the magnet toward the coil,
however, the magnetic lines of force around the magnet cut across the coil’s wires
as the magnet moves. Thus, the wires see a changing magnetic field, and an electri-
cal current is induced in the coil. The magnitude of the induced current is related to
(a) the strength of the magnetic field, and (b) how fast the field is changing. Faster
changing, stronger fields induce stronger electrical currents.

There are some important aspects here. First and foremost, the magnetic
field must be changing. This concept is often difficult for people to grasp when they
are studying this for the first time. If the magnet is a bar (iron) magnet, changing
magnetic fields are created through motion (as suggested in Figure B-6). A chang-
ing magnet field can also be created by passing a changing current though a coil.
Either way, something must be changing to induce an electrical current in a nearby
coil. If everything is stationary, no current will be generated.
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Figure B-6 A moving magnet can generate a current in an adjacent coil.

Looking ahead for a moment, one way to generate a changing magnetic
field is with a changing current. The strength of the magnetic field is directly related
to the magnitude of the current. The rate of change of the magnetic field is directly
related to how fast the current changes. One of the biggest culprits in high-speed
design signal integrity problems is di/dt—how fast current changes per unit time.
Here is di/dt in the context of a changing magnet field. A changing current, di/dt,
causes a changing magnetic field that can generate an unwanted noise signal in an
adjacent wire.

Referring back to Figure B-6, it can be instructive to ask which way the in-
duced current will flow. Is it going to flow upward through the coil, or downward?
The answer can be tricky. The induced current flowing through the coil generates its
own magnetic field. According to Lenz’s Law (Heinrich Friedrich Emil Lenz), what
is determined is the induced magnetic field. The induced magnetic field will be
generated so that it will oppose the changing magnetic field generating the electrical
current in the first place. We can then determine the direction of the induced current
through the right-hand rule. Curl your fingers in the direction in which the induced
magnetic field must be oriented; your thumb will then point in the direction of the
induced current.

In Figure B-6, the moving magnet has a north pole at the top and it is mov-
ing toward the coil. The induced magnetic field in the coil will be generated with a
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north pole at the top of the coil to repel the approaching magnet. Thus the electrical
current will flow in whatever direction is necessary to generate a magnetic north
pole at the top of the coil. In Figure B-6 this direction is from bottom to top in the
coil.

In Figure B-7 the coil is wound in the opposite direction. The induced north
pole still must be at the top of the coil, so in this case the induced current must flow
from top to bottom in the coil to generate a north pole at the top.

Figure B-7 The direction in which the current flows depends on how the wire is
coiled.

If the magnet moves away from the coil, the situation is exactly reversed.
The changing magnet field induces a current in the coil, but this time the induced
current flows in the opposite direction. That is so the top of the coil becomes a south
pole and attracts the moving magnet, trying to stop its motion.

Thus, there is no easy rule to help define in which direction an induced cur-
rent will flow. The basic rule is that the induced current will flow in a direction so
that the magnetic field it generates will counteract the changing magnetic field that
induces it in the first place. The actual direction depends on how the coil is wound.
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When you think about it, the fact that the induced magnetic field counter-
acts the inducing field must be so. If it were the other way around, everything would
be reinforcing. A moving magnet would generate a current to attract the magnet
faster, which would induce a larger current, and so on. A runaway situation would
result. We know intuitively that this doesn’t happen. Induced currents always act to
counteract the forces inducing them.

Figures B-6 and B-7 illustrate the basic principles behind a generator. As
with motors, the real-world designs are more complicated for reasons of efficiency
and manufacturability, but all electrical generators are based on this simple basic
concept.

Figure B-4 illustrates a basic motor. But what if we mechanically turned the
coil, instead? It would then see a changing magnetic field caused by its motion
within and relative to the magnetic field from the stationary magnets. Thus, if we
mechanically rotated the coil in Figure B-4, a current would be induced (generated)
in its coil. In that case, Figure B-4 would illustrate a generator.

If Figure B-4 can illustrate both a motor and a generator, what is the differ-
ence between them? The difference between a motor and a generator depends on
where and how energy is applied. If electrical energy is applied and motion is gen-
erated, we have a motor. If motion is applied and electrical current is generated, we
have a generator. The same device can be both a motor and a generator, depending
on how it is used.

You can demonstrate this for yourself by going to an electronics store and
buying a simple 3-volt DC motor. Hooking it up to a battery will confirm that it is a
motor. Then connect a sensitive VOM (ammeter) to the terminals of the motor and
turn the shaft with your fingers. (An analog meter works best, because the generated
signal only exists for the short moment that you turn the shaft. Remember, only
changing magnetic fields generate an electrical force.) You will see the ammeter
needle jump momentarily as your fingers turn the shaft, confirming that you are
generating a signal.

A car has an electrical starter motor and also a separate electrical generator
(alternator). These are different devices (not a single device used for both purposes)
because the demands on them are extreme and they each need to be optimized for
their specific use. A gasoline-powered golf cart, however, usually has a single
device that acts as both a motor and a generator. When you push the gas pedal
down, the circuit closes and the battery turns the device (motor) to start the engine.
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When the engine starts, it turns the device (generator) faster and generates enough
current to recharge the battery connected to it. This is a practical example of a sin-
gle device that operates as both a motor and a generator in the same application.

INDUCTANCE

Now, let’s look at the situation in Figure B-7 but skip the magnet; we’ll use
another coil, instead (Figure B-8). If we apply a changing current through the coil
on the left, it will generate a changing magnetic field that will induce a current in
the coil on the right.

Increasing current Induced current

Figure B-8 Very basic transformer action.

This is the principle behind a basic transformer. Current applied to one
winding induces a current in another winding.

Figure B-8 illustrates a pretty poor way, actually, to make a transformer.
The most obvious improvement would be to wind the two coils (the driven, or pri-
mary, and the induced, or secondary) on the same axis, close to each other. There
are many other tricks that are beyond the scope of this discussion that people use to
make very efficient transformers. Nevertheless, Figure B-8 illustrates a case in
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which one winding can (and will) induce a current in an adjacent winding, which is
the definition of a transformer.

Now if Figure B-8 illustrates how one coil can induce a current in an adja-
cent coil, so does Figure B-9. The only difference between Figures B-8 and B-9 is
that we have straightened out the windings into straight wires. As we have seen be-
fore (the compass experiment) a current in the wire on the left generates a magnetic
field around the wire. If we apply a changing current to the wire on the left, the
magnetic field it generates will also be changing. That changing magnetic field will
cut across the wire on the right, and will induce a current in the wire on the right.
The direction of the induced current will be such as to (a) generate its own magnetic
field which will (b) counteract the magnetic field from the wire on the left. Thus,
the induced current will be in the opposite direction to the inducing current.

OO o0 o0 (ON®;

00 GT oo o0 > OO

OO o0 o0 OO
Increasing current Induced current

Figure B-9 Two adjacent wires will couple together.

The coupling illustrated in Figure B-9 is pretty weak. It would be stronger
for the coils illustrated in Figure B-8 and, of course, much stronger if we had a
transformer whose windings were on a common axis. Nevertheless, there will be
coupling. The strength of the coupling will be related to (a) how close the wires are
to each other, and (b) how strong the changing magnetic field is. The changing
magnet field will be stronger for (a) higher currents and (b) higher frequencies.
Here is our problem di/dt again. Higher values of di/dt generate stronger, faster
changing magnetic fields, which in turn can cause greater induced currents in adja-
cent wires.
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On a PCB we might have traces only 6 mils apart carrying signals with rise
times (dt) of a nanosecond. This is close enough, with a high enough di/dt, that cou-
pling can be a problem. We know this type of coupling as crosstalk.

This type of coupling is called mutual inductance. A current in one wire is
affecting the current in an adjacent wire. Now let’s carry this discussion one final
step (Figure B-10), by removing the adjacent wire.

v

Driven current Induced current

Figure B-10 A single wire will couple into itself.

A changing current in a wire will cause a changing magnetic field that will
induce a current in itself in a direction that will counteract the changing magnetic
field that generates it.

This is called self-inductance, or simply inductance. The induced current
will be in the opposite direction of the driven current, thereby opposing or “fight-
ing” the driven current. This is the source of the inertia we talked about in Chapter
3. The initial flow of current causes an induced current in the opposite direction,
which for the first instant results in a net flow of no current at all (until the initial
inertia can be overcome). Then, if the change in the magnetic field slows (i.e., the
current doesn’t change), the induced current begins to reduce and more net current
flows. In the steady state case, there is no change in the current, no change in the
magnet field, no induced reverse current, and therefore no more inductive effect.

If the driven current is constantly changing (as with an AC sine wave), the
magnetic field is constantly changing, and there is a continuing reverse current be-
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ing generated that impedes the primary current flow. This is the inductive imped-
ance that is equivalent to resistance in the DC case.

It is probably intuitive that the inductance here (Figure B-10) is pretty
small. It takes either a lot of current or a rapidly changing magnetic field for this
little amount of inductance to have much effect. In high-speed circuits where we are
dealing with rise times (dt) in nanoseconds, this small amount of inductance can
begin to pose a problem. This is why we in the industry stress rise time, not fre-
quency, as the issue. For the same magnitude current, a square wave will have a
significantly faster rise time than will a sine wave, so a square wave will generate
faster changing magnetic fields, which in turn will be more susceptible to smaller
values of inductance.

You have probably picked up on the idea that the magnitude of the induc-
tance is a function of the configuration. Figure B-11 illustrates some general guide-
lines as to how inductance might change with configuration (increasing from left to

right).
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Figure B-11 Methods (left to right) for increasing inductance,

Larger wires have smaller inductance than smaller wires. Think of this as
being the result of smaller current densities and smaller magnetic field densities the
more wire there is to “spread out” over. On a PCB that is why you sometimes see
recommendations that traces between bypass capacitors, for example, and IC pins
be as “fat” as possible. That is also why power supply planes generally have lower
(smaller) inductance than traces.
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Since inductance is a function of length (i.e., we can think of inductance per
unit length) shorter wires have less inductance than longer wires. That is why we
tend to keep lead lengths and trace lengths as short as possible on PCs.

We can increase inductance at a point by placing a ferrite bead over the
wire. Ferrite (iron) has special magnetic properties and helps “focus” magnetic
fields. Therefore, the magnetic fields will be stronger around the ferrite bead. Thus,
a ferrite bead will increase inductance and its effects (resisting rapidly changing
currents) at that point.

A wire shaped as a coil will have higher inductance than a straight wire.
The inductance will increase as (a) we increase the number of coils and/or (b)
“tighten” the coils (so there are more coils per unit length). Just as a ferrite bead will
increase the inductance of a wire, a ferrite core within a coil will increase the induc-
tance of the coil.

Although there are many ways to create capacitance, there are only a few
ways to make inductors. For the most part, all fabricated inductors are coils of wire,
probably with a ferrite core. When used in power supplies, inductors tend to be
pretty big (at least relatively speaking) compared to other types of components.
Wirewound inductors tend to have some parasitic capacitance between the wind-
ings. Thus, it is much harder to fabricate a “pure” inductor than it is to fabricate a
“pure” resistor or capacitor.

For these reasons, circuit designers don’t design very many inductors into
their circuits. When an inductor might be useful in a design, we often try to find
another way to achieve the same result.

There are lots of little inductors on our boards caused simply by lead
lengths. These might be traces or they might be component leads. Even the wire-
bond leads inside IC packages create little inductors that can be of concern in cir-
cuits with fast rise times. These are discussed particularly in Chapter 15 when we
talk about ground bounce and the role of bypass capacitors in circuits.
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RETURN CURRENTS

Many of us have heard that when a trace is routed close to a plane, the
return current “wants” to be on the plane directly under the trace. The reason is be-
cause that is where the impedance is lowest. And the reason for that is mutual
inductance.

Consider the two traces shown in Figure B-12. Current i; is coupled into
Trace 2 with a coupling coefficient k. The coupling coefficient, k, is determined
primarily by how close Trace 2 is to Trace 1 (distance D). The coupled current goes
in the opposite direction. If Trace 2 carries the return current, then the coupling
helps “boost” the return current. The return current, in turn, couples into Trace 1,
helping to “boost” current i;. If the currents are “boosted” (i.e., the traces are closer
together), then it takes less energy to move the current along than if the currents are
not boosted (i.e., the traces are further apart). If it takes less energy to move the
same current, that means the impedance to the current flow must be less. Therefore,
the impedance is lower if the traces are closer together than if the traces are further
apart.

Trace 1

Trace 2
i2=kxi1 4

Figure B-12 A changing current in Trace 1 will couple into an adjacent Trace 2.

This is exactly the same phenomenon we were talking about with Figure
B-9. Current in one wire can electromagnetically couple to the other through mutual
inductance. In the special case where the other wire carries the return current, this
coupling actually helps the flow of current by effectively reducing the impedance to
the flow.

Now consider Figure B-13. Assume current is flowing down the trace and
the return current is flowing back along the plane at point a. The return current will
boost the primary current. But if the return current flows back at point b, the boost
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will be stronger because the distance between the current and its return path will be
shorter. If the boost is stronger, the¢ impedance is lower. The point of lowest imped-
ance will be where the boost is strongest (i.e., point ¢ when return current is directly
under the trace). And this tendency will be stronger as our friend, di/dt, gets
larger—that is for higher speed circuits.

R Trace layer

Plane layer

Figure B-13 Signal return currents will be positioned on the plane
directly underneath the signal trace.

The fact that the return current wants to flow directly under the trace is also
very important in other contexts. It has implications for such things as impedance
control (control of reflections), loop areas (EMI radiation), and even crosstalk. As
designers, we sometimes do things that prevent the return current from flowing
where it wants to. The implications of that are almost always bad.



C LOGARITHMS

T his appendix covers the definition of logarithms (logs), how we convert

from logs of one base to logs of another base, and why we care about using logs in
the first place.

DEFINITION

A logarithm is an exponent of a number we call the base of the log. In gen-
eral, if we have an expression of the form y = a* , we say we take the log (to the
base a) of y to obtain x, or log,(y) = x. This looks kind of abstract, so lets look at the
most common form of logarithm called, appropriately enough, a common log:

If y=10", then
log(y) = log(10%) =5

(We omit the subscript 10 in common logs, assuming it is understood.)

In this illustration, the base is 10 and the log is .5. Similarly, the (common)
log of 100 (10%) is 2 and the log of one million (10°) is 6. A more interesting case is
the log of something like 486,397:

log(486397) = 5.687, since
10°%7= 486,397

345



346 Appendix C

(Note: In all following illustrations there might be slight differences due to
rounding. The use of logs with real numbers rarely results in exact results.)

Logs work in reverse, too. For example, if we say the log of a number is
something like 3.875 (i.e., log(y) = 3.875), what is the number? This is called an
inverse log operation and is written as log™'(3.875) = y. The answer is 7,499, since
10*%7 = 7,499.0.

Before computers and calculators we had to look logs up in tables. Now,
virtually every handheld calculator will take a log of a number simply by pushing a
button, and an inverse (or anti-) log by pushing two buttons.

Base 10 is the most common log, hence the name. There is another base
that we routinely use in electronics, the base e, where e is the natural constant equal
to 2.7182818...... To differentiate between the common log and the natural log, we
use usually use the name In() to mean the natural log. So, if we have an expression
y=¢", then:

In(y) =x

For example, if y=e”? , then In(y) = 7.25. Similarly, if we have y =
1,000, then In(y) = Ln(1,000) = 6.91 (since ¢*°' = 1,000). And if In(y) = 6.25, then
y =In"!(6.25) = 518, since %% = 518.

There are three special log values. Log(1.0) always equals zero, no matter
what base we are working in. Any value raised to the zero (0) power is one. The log
of zero (log(0)) does not exist in any base. There is no power a number can be
raised to whose result is zero. Anytime we take the log to the base n of the value n,
the result is one. That is, the log(10) = 1.0, In(e) = 1.0; even log,(x) = 1.0.

OTHER BASES

Although base 10 and base e are the most common bases for logarithms,
conceptually any base can be used. For any expression x = a’ , then y = log,(x). For
example, we might routinely want to work in base 2 (binary system). Thus, if y = 2°
= 32, then logy(y) = logx(32) = 5. We might also want to work in base 8 (octal sys-
tem). So logg(247) = 2.65, since 8*® = 247, Or, we might want to work in the
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hexadecimal (hex) system, base 16. We could even work in a system that makes
little intuitive sense, such as 7/8. For example, what is logy5(125)?

CONVERTING BETWEEN BASES

Although we have tables, and now calculators, for common and natural
logs, we generally don’t readily have them for any other base. It is not too difficult,
howeyver, to convert from any one base to any other base.

To start with, the very first pair of equations we started this appendix with
present a special case. The general case is:

If y=10°,then
log(y) = (:5)log(10)

We reduce this to log(y) = .5 since log(10) = 1. But if we were in another
base, like base 2, then the correct result would be:

loga(y) = (:5)logx(10)
Now, how do we determine log(y) for any base? For example, what is
1087/8(125)?
(1) Let y=a"
(2) Therefore, log(y) =x1
(3) Also, log;o(y) = (x1)log10(a)
In this example, y = 125, a = 7/8, and x1 is the answer we are looking for.

Note that we can now solve for x1:

x1 =logy(y) = logio(y)/logio(a)

Therefore, to find the log of y for any base, take the log of y to base 10 and
divide by the log (base 10) of the base of interest. In our earlier example,
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logrs(125) = logio(125) /logio(7/8)
=2.0969/(—.05799)
= _36.1586

We can check this by seeing if (7/8) 26!%% = 125, and it does, as we can
confirm from most calculators or a spreadsheet.

USEFULNESS OF LoGs

So what? Why do we care about logs? That’s a fair question. I’ll give you
three answers in this appendix.

First, before the days of electronic calculators (about 1970 or so) a complex
problem could be very difficult to work out. For example, suppose you had to solve
for

y = (25.875)(36.54°)(74.36'7°)/.8278°

Today, we’d put that in a spreadsheet or grind through it on a calculator.
Before that we would simplify it using logs:

log(y) = log(25.875) + 2log(36.54) + 1.75l0g(74.36) — .910g(.8278)
That may not look too simple, either, but it has been reduced to four log
look-ups (in a table), three multiplications, and some addition. When we had a nu-
merical answer on the right side, we’d do an inverse log and solve for y.
So, at Ieast during the days before electronic calculators and computers (i.e.,

when problems were solved with paper, pencils, and slide rules) logs simplified
complex calculations.

A second purpose for logs is to linearize an expression. Suppose you
wanted to do a curve fitting analysis and find the best curve that fit the equation:

y = Bo(x1®")(x2%%)
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That is, for a set of data x1,x2,y, what is the best guess for the coefficients
Bo, B1, and B2? Setting up a least squares curve fitting model for this is not too
difficult, but it is nonlinear. It can be converted to an easier linear form using logs:

log(y) = Bo + (B1)log(x1) + (B2)log(x2)
which looks more like the familiar
y = bo + bl(x1) + b2(x2).

This form may be easier for doing a least squares fit for the coefficients Bo,
B1, and B2.

We often use logs for scaling graphs. Suppose we want to graph the reac-
tance of a capacitor as a function of frequency (recall Xc =—1/jwC). If the horizon-
tal scale is linear, it is impossible to look at the relationship in the region of, say, 1
kHz, 10kHz, 100kHz, and 1MHz on the same sheet. If we can see details in the kHz
range, then 1 Mhz will be far away (in the next room or block). If we can see detail
in the MHz range, then the kHz range will be but a spec.

By converting the graphical scales to logarithmic rather than linear, the
graph becomes much easier to read. See Figure C-1. The linear graph has a shorter
range than the log one, and still offers much less detail than the log one does.
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Figure C-1 Reactance of a 1 uF capacitor graphed on linear (top) and log (bottom)
scales.




D PHASE SHIFT SIMULATION

BACKGROUND

T his simulation is intended to help you visualize the types of phase shift
that occur in circuits as the relationship between circuit components changes.
Download rlc.zip from www.ultracad.com/prenticehall and copy it to a convenient
place on your hard drive. Unzip it to obtain rlc.exe. When you execute this file, the
program will start (Figure D-1).

All component values are initially set to 1.0 (€2, uH, and uF, respectively).
The angular frequency, o, is fixed at 10°. You will note that this is the resonant fre-
quency under these conditions. Component values can be changed by the sliders
across the top and the values are shown in the text boxes at the right. The total im-
pedance and the phase angle are also shown at the right, and the system is at reso-
nance when the components are selected such that the phase angle is zero.

The schematic of the basic series RLC circuit is shown at the left. The cir-
cuit simulation can be set up for either constant current input or constant voltage
input by the selection buttons at the lower right of the window. The check boxes
across the bottom select what is displayed. The options include the voltage across
the resistor (V(R), green), the inductor (V(L), yellow), and/or the capacitor (V(C),
blue). The input current ((I(in) in mA) and the total voltage (V(in), which is the sum
of the other three voltages) can also be displayed. The white curve is always the
constant input variable (voltage in or current in) and the red curve is the other input.
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Series RLLU Circuik Bynanmics

Figure D-1 UltraCAD’s Phase Shift Simulator.

This simulation can be complicated to get into, so you might find it conven-
ient to start with the following sequence. After completing this sequence, you can
play with the simulation in other ways that interest you.

FIRST STEP

Start with the input set to constant current. Set all component values to
unity. Select I(in), V(R), V(L), and V(C) for display. You probably see only three
curves, and either the white or green one is missing. Why? Because the voltage
across the resistor and the current are always in phase with each other. With these
component selections, their magnitudes are also equal. So the curves lay on top of
each other. Now deselect the I(in) curve for display.

Note how the V(C) curve lags the V(R) curve by 90 degrees and how the
V(L) curve leads the V(R) curve by 90 degrees. Note that these phase relationships
will not change throughout this entire simulation. The voltages across these three
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components will always maintain this phase relationship no matter what values the
components are set to.

Note how the V(C) and the V(L) curves are exactly equal in magnitude and
opposite in phase. Their sum is always zero. That is the definition of resonance.
That is why, under these component values, V(in) is exactly equal to V(R).

Change the value of R. The voltage V(R) changes in response. Why doesn’t
V(L) or V(C) change? Because the input is constant current. Therefore, a change in
the value of the resistor doesn’t change the current. Therefore the voltage across the
other components doesn’t change. Reset the value of R back to unity.

Add V(in) as a selection for viewing. Change the value for C. Note several
things. The voltage V(C) changes. Therefore V(in) changes, since V(in) is the sum
of V(R), V(C) and V(L). The phase relationship changes, since we are no longer at
resonance. The V(in) curve shifts in phase relative to I(in). Why doesn’t V(R) or
V(L) change? Because we are still dealing with constant current in, and since their
component values are not changing, the voltage across them doesn’t either.

If the phase relationship is changing, why don’t the curves shift relative to
each other or to the vertical axis? Because we are dealing with constant current in.
Therefore, V(R) is always in phase with I(in) (which is constant) and the other two
voltages are always 90 degrees shifted in phase from V(R). Reset all component
values back to unity.

SECOND STEP

Clear the check boxes for V(R), V(L), and V(C) and select the boxes for
V(in) and I(in). If all component values are set exactly to unity, you probably see
only one curve, not two. Why? Because when the component values are set to unity,
the voltage and the current have the same magnitude. And since the system is at
resonance, they have the same phase relationship. Therefore, they superimpose ex-
actly on top of each other.

Now change the value for R. Note how the input voltage changes in propor-
tion to R. Remember that the input current is constant, so less voltage is required for
smaller resistance. Note how the phase relationship does not change simply because
R is changing. Reset R to unity.
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Decrease the value for C a little. Note that the voltage curve shifts to the
right and the phase angle display shows a negative number. Why? Because voltage
lags current when the circuit is capacitive. Note that the voltage peak occurs later
than (lags) the current peak. Decrease the value for the inductor. The voltage curve
continues to shift. Move the inductor and capacitor sliders all the way to their
minimum positions, and select the x10 button to change the display scale. Note how
the voltage curve lags the current curve by almost 90 degrees (the text box probably
says something close to -84 degrees). This can be seen by comparing the position
along the horizontal (time) axis of the peak of the voltage curve and the zero-
crossing of the current curve.

Change the L and C settings to their other extreme. Note that the phase shift
changes from almost —90 degrees (lag) to almost +90 degrees (lead).

THIRD STEP

Reset the component values back to unity and set the input condition to
constant voltage. You may only see one curve, since with unity values (resonance)
the V(in) and I(in) curves will be equal in magnitude and in phase. Note that the
V(in) and I(in) curves have changed color. The white (constant) curve now indicates
the voltage in.

Change the value for R. Note that input current changes inversely with R
(since we now have constant voltage in). The phase relationship doesn’t change be-
cause the LC circuit is still in resonance.

Change the value for C. Note that the phase relationship changes, and as C
decreases current begins to lead voltage (and correspondingly, voltage lags current).
Reset all component values back to unity.

FOURTH STEP

Deselect V(in) and I(in) for viewing, and select the other three voltages.
Change the value for R. Note that V(R) does not change, but V(C) and V(L) both
do. Why? This is a good question. First, with unity component values, V(C) and
V(L) are at resonance, so their voltages are equal and opposite and cancel. So V(in)
equals V(R). And since V(in) is now constant, so must V(R) be. But as R changes,
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I(in) must change. As I(in) changes so do V(C) and V(L) change in response, but
they change together, so that they are always equal and opposite and cancel.

Reset R to unity and begin to reduce the value for C. As C gets smaller, the
voltage across it, V(C), increases. Since the total voltage is constant, the voltage
across V(R) and V(L) must both decrease. That means Z must be increasing so I(in)
is decreasing. Watch the values for Z and the phase angle in the text boxes.

The curves shift to the left, but they are all shifting exactly in the same
phase. Remember, the phase relationship between V(C), V(L), and V(R) never
changes.

This simulation allows you to visualize what is meant by phase shift and to
see what it is that is shifting with respect to what else. Experiment with other com-
binations of component values and input conditions and then try to understand (and
explain) what happens.



E COMPLEX ALGEBRA

T he use of complex math and imaginary numbers is routine in electronic

analysis. This appendix includes some Web links, hints about complex number re-
sources available on PCs, a note on Euler’s Formula and how it suggests the rela-
tionship between exponential functions and electronic sine waves, and a pretty good
article summarizing the topic reprinted from Microsoft’s Encarta. ~

WEB SITES

If you do a search for “imaginary numbers” on the Web you will get a great
many hits. Some reasonable places to start are:

http://www.math.toronto.edu/mathnet/answers/imaginary.html (“Do Imaginary Numbers
Really Exist?”)

http.//ca.yahoo.com/Science/Mathematics/Numerical_Analysis/Numbers/Complex_and_Imaginary Nu
mbers

http://forum.swarthmore.edw/dr.math/ (Note: This site has good links for many math ques-
tions, including Logs and complex math.)

http://mathworld.wolfram.com/topics/ComplexNumbers.html

http:/www.sciencenewsbooks.org/scibook/imtalstorofl html (Note: An interesting book on
imaginary numbers can be found here.)
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COMPUTER RESOURCES

Current spreadsheets have varying degrees of capabilities with complex
numbers. In Microsoft Excel, for example, after you install the Analysis Pack (see
your documentation) some of the available functions include those shown in
Table E-1.

Table E-1 Some Complex Functions Available in Microsoft Excel

A B C
1 Some Excel Complex Algebra Functions
2
3|+COMPLEX(50,-100) 50-100i] [Expresses a complex number
4]+COMPLEX(25,200) 25+200i] |Expresses a complex number
5|+IMREAL(B3) 50] |Real part of B3
8|+IMAGINARY(B3) -100] |Imaginary part of B3
7]+IMABS(B3) 111.80339891 |This is |Z] = Sqri(R"2 + X2)
8]+IMARGUMENT(B3) -1.10715] |Angle, theta, in radians
9| +DEGREES(B8) -83.43494882| JAngle, theta, in degrees
10| +IMSUM(B3+B4) 75+100i] |Sum of B3 + B4
11]+IMPRODUCT(B3,B4) 21250+7500i] |Product of B3 * B4
12[+IMDIV(B3,B4) -0.461538461538462-0.30769230769230@[ Division of B3 / B4

Mathcad has an outstanding complex math capability. Figure E-1 shows the
Mathcad program I used to compare the effects of ESR on two sets of bypass ca-
pacitor assumptions. Each set assumes 200 each .01 uF capacitors with 10 nH lead
inductance and 100 each 50 uF capacitors with 20 nH inductance. The two curves
represent assumptions of .1 Q and .0001 Q ESR, respectively. In a more general
sense, this is simply an analysis of two parallel RLC circuits.
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Impedance of first part Z1, = | X1(f,)|

Z2,= IXZ(fn)l

Impedance of second part
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X3(f,) + X4(f,)
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Figure E-1 Mathcad program used to evaluate
parallel RLC circuits.
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EULER’S FORMULA

A man named Leonhard Euler discovered a mathematical identity related to
complex numbers way back in 1748. Think about the resources he had available to
him when he did this. His identity is:

& = cos(x) + jsin(x)

(In this relationship, x is measured in radians.) Now do two things. Substitute wt for
x and recognize that sin(x) is the same as cos(x — 90°). Then we have:

& = cos(wt) + jeos(at — 90°)

This looks awfully close to some of the formulas we worked with for
impedance and time constants. On the left side we have an exponential, and on the
right side we have a real number and an imaginary number shifted 90 degrees in
phase. The real relationships that tied these together are too complex for this book,
but this gives a hint about how that relationship is going to look.

Here is another interesting thing about Euler’s Formula. Suppose you
substitute 7 for x in the first formula. Then, recognize that cos(r) = -1 and sin(w) =
0. Therefore:

&"=-1,o0r

e€"-1=0

This second form connects the five most common constants in
mathematics: e, 7, j, 0, and 1.

One more interesting result of this occurs if you substitute n/2 for x in the
top equation, and then recognize that cos(n/2) = 0 and sin(n/2) = 1:

eiﬂ:/Z - j
Now raise both sides of this relationship to the power of j (and note that
-2
7=-D.

/2 _

€ jj
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Using a simple calculator, you can evaluate ¢ ™ and show that
j = 2078795763......

That is, raising an imaginary number to an imaginary power can lead to a
real-number answer.

CoMPLEX NUMBERS (REPRINTED BY PERMISSION FROM
MICROSOFT ENCARTA 2000)

| Introduction

Complex Number, in mathematics, the sum of a real number and an imagi-
nary number. An imaginary number is a multiple of i, where i is the square root of —
1. Complex numbers can be expressed in the form a + bi, where a and b are real
numbers. They have the algebraic structure of a field in mathematics. In engineering
and physics, complex numbers are used extensively to describe electric circuits and
electromagnetic waves. The number i appears explicitly in the Schrodinger wave
equation, which is fundamental to the quantum theory of the atom. Complex analy-
sis, which combines complex numbers with ideas from calculus, has been widely
applied to subjects as different as the theory of numbers and the design of airplane
wings.

Il History

Historically, complex numbers arose in the search for solutions to equations
such as x’= ~1. Because there is no real number x for which the square is -1, early
mathematicians believed this equation had no solution. However, by the middle of
the 16th century, Italian mathematician Gerolamo Cardano and his contemporaries
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were experimenting with solutions to equations that involved the square roots of
negative numbers. Cardano suggested that the real number 40 could be expressed as

(5+J—15)(5—J—15)

Swiss mathematician Leonhard Euler introduced the modern symbol i for
~~1 in 1777 and expressed the famous relationship €™ = —1 which connects four of
the fundamental numbers of mathematics. For his doctoral dissertation in 1799,
German mathematician Carl Friedrich Gauss proved the fundamental theorem of
algebra, which states that every polynomial with complex coefficients has a com-
plex root. The study of complex functions was continued by French mathematician
Augustin Louis Cauchy, who in 1825 generalized the real definite integral of calcu-
lus to functions of a complex variable.

Il Properties

For a complex number a + bi, a is called the real part and b is called the
imaginary part. Thus, the complex number —2 + 3i has the real part —2 and the
imaginary part 3. Addition of complex numbers is performed by adding the real and
imaginary parts separately. To add 1 + 4i and 2 — 2i, for example, add the real parts
1 and 2 and then the imaginary parts 4 and -2 to obtain the complex number 3 + 2i.
The general rule for addition is

(a+bi)+(c+di)=(@a+c)+(b+di

Multiplication of complex numbers is based on the premise that ii = -1 and
the assumption that multiplication distributes over addition. This gives the rule

(a+ bi)(c + di) = (ac — bd) + (ad + be)i
For example,
(1 +41)(2-20))=10+6i

If z=a+ bi is any complex number, then, by definition, the complex con-
jugate of z is

zZ=a-bi
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and the absolute value, or modulus, of z is
=+

For example, the complex conjugate of 1 + 4i is 1 — 4i, and the modulus of

1+4iis
V2 +42 =17

A basic relationship connecting absolute value and complex conjugate is

ZE=|Z|2

IV The Complex Plane

In the same way that real numbers can be thought of as points on a line,
complex numbers can be thought of as points in a plane. The number a + bi is iden-
tified with the point in the plane with x coordinate a and y coordinate b. The points
1+ 4iand 2 - 2i are plotted in Figure E-1 and correspond to the points (1,4) and
(2,-2).In 1806 Swiss bookkeeper Jean Robert Argand was one of the first people
to express complex numbers geometrically as points in the plane. For this reason,
Figure E-1 is sometimes referred to as an Argand diagram. If a complex number in
the plane is thought of as a vector joining the origin to that point, then addition of
complex numbers corresponds to standard vector addition. Figure E-2 shows the
complex number 3 + 2i obtained by adding the vectors 1 + 4i and 2 — 2i.

Since points in the plane can be written in terms of the polar coordinates r
and ©,every complex number z can be written in the form
Z =r1[cos(®) + isin(@)]

Here, r is the modulus, or distance to the origin, and @ is the argument of z,
or the angle that z makes with the x axis. If
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z=r[cos(®) + isin(®)] and
w = s[cos(®) + isin(D)]
are two complex numbers in polar form, then their product in polar form is given by

zw = rs[cos (@ + @) + isin (O + D)]

This has a simple geometric interpretation that is illustrated in Figure E-3.

Figure E-2 This graph illustrates the addition of two complex numbers by using
vectors in the complex plane with cartesian coordinates. The parallelogram shows that the
sum of 1 +4iand 2 —2iis 3 +2i.

V Solutions to Polynomials
There are many polynomial equations that have no real solutions, such as
x> +1=0

However, if x is allowed to be complex, the equation has the solutions
x = % i, where i and —i are roots of the polynomial x> + 1. The equation
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x2-2x+2=0

has the solutions x =1 + i. In his fundamental theory of algebra, Gauss showed that
every nontrivial (having at least one nonzero root) polynomial with complex coeffi-
cients must have at least one complex root. From this it follows that every complex
polynomial of degree n must have exactly n roots, although some roots may be the
same. Consequently, every complex polynomial of degree n can be written as a
product of exactly n linear, or first-degree, factors.

w

Figure E-3 This graph illustrates the multiplication of two complex numbers by
using vectors in the complex plane with polar coordinates. The product of vectors z and w is
a vector whose length is the product of the lengths of z and w, and whose angle with the x
axis is the sum of the angles that z and w make with the x axis.

Reprinted from: “Complex Number,” Microsoft Encarta Online Encyclope-
dia 2000, Attp.://encarta.msn.com. Copyright 1997-2000 Microsoft Corporation. All
rights reserved.



Leanshussion Dine Siuuatation

Figure F-1 Transmission Line Simulator

T his simulator can be downloaded from
http.//’www.ultracad.com/prenticehall/tlinesim.zip.

Unzip the file to obtain tlinesim.exe and execute the file. The program
shown in Figure F-1 will start.
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The main screen represents a transmission line. The pattern represents the
signal at every point along the line in real time. The left edge of the screen at the
upper right represents the instantaneous signal level at the very beginning of the
trace, and the left edge of the screen at the lower right represents the same thing for
the far end of the trace. In this way, you can visualize what is happening at every
point along the line.

The Input waveform selection enables you to select a single step-function
change in voltage, a single pulse, or a repetitive square wave (much like a clock
signal) as the driving signal. The three text boxes allow you to specify the character-
istic impedance of the transmission line, and the resistive loading at each end. Hav-
ing set these, the right arrow then starts the selected waveform down the trace. The
waveform will reflect back and forth for at least 5 cycles, illustrating what happens
to the waveform under various termination conditions. The speed at which the
waveform travels is controlled by the speed selector slider.

The other two selection buttons allow you to pause or reset the simulation.



G ECHO ILLUSTRATION

A clear message (signal) will be distorted if there are any reflections from
the end of the transmission line. One solution to the reflection problem is to slow
down the message (slow down the rise time of the signal). UltraCAD has placed
three audio files on its Web site that illustrate these points. The first, testwavel.wav,
is a simple phrase. The second, testwave2.wav, is the same phrase with considerable
(admittedly forced) echoes (reflections) added. The third, testwave3.wav, is the
same expression with the same echoes, but the phrase is spoken more slowly.

The three files illustrate how reflections can obscure a message, and how
slowing down the message can help improve the receiver’s ability to understand it.
The three files can be found at:

o http://'www.ultracad.com/prenticehall/testwavel.wav  (76k)
o http://'www.ultracad.com/prenticehall/testwave2. wav  (76k)
o http://www.ultracad.com/prenticehall/testwave3.wav  (376k)

Your browser may play the file directly. Alternatively you might get better
results if you go to http://www.ultracad.com/prenticehall, right-click each file indi-
vidually, and download it to your computer. Then you will be able to play the file
locally. Of course you will not be able to play the file if you do not have an audio
card and speakers.

This illustration is admittedly exaggerated. It is not intended to accurately
reflect what happens on a transmission line. Its purpose is to suggest, by analogy,
what happens when transmission lines are not terminated properly and reflections
are allowed to exist on a line.
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H UltraCAD FREEWARE CALCULATORS

(JltraCAD Design, Inc. has developed several freeware calculators for

people to use. They are all located on the UltraCAD Web site at
www.ultracad.com/calcs.

This appendix describes three of them that are useful for signal integrity
purposes. As a general warning, be sure to read the help file associated with each
calculator before using it.

IMPEDANCE (ULTRACLC.EXE)

,-....,.,‘ ’ o )
WitraCAD
S Deeiga, brc. Units
Solve For  Data Input Cin @ Mils
[ cums coe
]
—
Ch a—
Is there capacitive
loading on this lne? ©No  Yor Lo = Intriesic | - ] e
Co-lmwm-pfrn
Tpd = Propagation Deloy = [2.303 | /it
[7% ] refn
Em—
B
A -
Capacit » l

Figure H-1 A typical stripline screen from UltraCAD’s
impedance calculator.
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This tool, shown in Figure H-1, can be used to determine the trace width,
thickness, or stackup dimensions required to hit an impedance target, or it calculates
the trace impedance given the other parameters, It gives helpful results for micro-
strip, embedded microstrip, stripline, and asymmetric stripline configurations. The
calculations are based on the standard equations found in the industry and summa-
rized at the end of Chapter 10,

Note: This calculator is not designed to be used for differential impedance
calculations,

CROSSTALK (ULTRA_CT.EXE)

UltraCAD UitraCAD Design, Inc.
===\ Design, inc. Printed Circult Board
Crosstalk Calculator
Enter Values For:
H E:I mils Trace 1 'T Iﬁ 'n-c.:
o ;l
Signal Rise Time ':] ns
Parallel Length inches ’
Efa | Cross Talk Coefficient
0 it dB
Are there terminations at
BOTH ends of the traces?
CYes & No

Figure H-2 A typical screen from UltraCAD’s crosstalk calculator.

UltraCAD’s crosstalk calculator, shown in Figure H-2, is useful for making
estimates of the crosstalk coefficient between adjacent traces. Since there are many
factors that can affect crosstalk, the calculator is not intended to give precise results.
Rather it gives an approximate, worst-case indication. People should look at exist-
ing boards with this calculator and calibrate the calculator to previous designs.
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BYPAss CAP AND ESR (UCADESR3.EXE)

- Uitral AD Bypass wpedance alculatar

UiraCAL ———
— Impedance Calculator

Exveldence in PCB Dosign
I*@ Use Internally Defined Values O Input Values Fiom File "|

Output Filename [c:\test tal

Flequency Step ——

l—sml Fiequency O 105 ® 106 O 107 O 10°8 ® o0z
O ozx=
|—End Flaquency O 107 Q108 © 10"3 O 10710 ;ﬁ::m::.ﬂ

Number ol Copacitor Vakies [ | Min=2. Max =500
Number of Caps of Each Value [E__:) Min =1
Value for B (Ohms) Must be non-Zero
Total Capachance (]

Comments

Eﬂ-aﬁoﬂ

Figure H-3 One of the screens from UltraCAD’s
Bypass Cap Impedance Calculator.

The equations for a system of parallel capacitors (each with lead inductance
and ESR) get very complicated very quickly. The manual calculation of results be-
comes impractical when the number of parallel capacitors reaches three or four. Un-
fortunately there are very few, if any, practical alternatives for making these
calculations.

UltraCAD designed this calculator (see Figure H-3) for its own internal use
for making these types of calculations. It can determine the resonant frequencies
and plot an impedance curve for a system of up to 500 different capacitor values
with an effectively unlimited number of capacitors of each value. A typical graphi-
cal output is shown in Figure H-4. Output data is also written to a text file. The use-
ful frequency range of analysis is from 100 kHz to 10 GHz.

The calculator operates in two modes. The first is a demonstration mode in
which the calculator defines the capacitance and inductance values over a particular
range, based on some general user inputs. The second mode accepts virtually any
user-specified values through an easily programmed input file.
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v rpedone e Cal bty Graphieal Output

Impodance Maximums and Minimums
Impedance
10" 2
10°1
100
10%1
102
10°-3;
1074
1075+ H— +- — H— 4
- L] L]
105 10° 6 107 109 10" 9 1010
Frequency x = Capacitor Self-Resonant Frequencios

Figure H-4 Representative output from UltraCAD’s
bypass capacitance calculator.

The freeware version of this calculator accepts up to three capacitance val-
ues. A nominal license is necessary to extend the capability of the calculator beyond
that limitation.



I TDRs and VNAs

It is not uncommon now to read an article or see a presentation with refer-
ences to a time domain reflector (TDR) analysis or to see a graph of an analysis
based on a TDR response. Less commonly we are beginning to see references to
similar analyses with vector network analyzers (VNAs). Many designers have never
had the opportunity to learn what these tools do or how they work. This appendix
gives an overview of the operating principles behind the tools so you can at least
understand what it is they are able to show.

BAsic CONCEPTS

In one sense, the operating principles behind TDRs and VNAs are almost
identical. They have very similar block diagrams, analyze the same circuits, and
give equivalent results. Both are used to analyze impedance-controlled traces or
networks. Figure I-1 illustrates the block diagram that applies to each.

Each has a signal-generating circuit we can model as a Thevenin equivalent
circuit (see Chapter 5). This is shown in the left section of Figure I-1. The series
(output) resistor is shown as 50 Q, which is typical, but in some instruments the
output impedance can be varied by the user. Each has a signal analysis circuit at the
output of the tool to analyze the signal and its return from the device under test.
Provision must be made for some sort of output, but this can take many different
forms. The output might be a built-in display, it might be an output to a plotter, or it
might be a text output to a screen or a file. In some cases (see Figure I-2) it might be
an output to a separate computer.
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Output
| |
: | |
' { {
50Q i X X
| |
Signal Analysis ,' :
| |
| — !
|
] - DUT
|
| |
TDR or VNA | Cable and Probe ! Device Under Test

Assembly

Figure I-1 Block diagram of a TDR or VNA test setup.

The device under test (DUT) is shown as the right section in the figure. This
can be an actual circuit board or it can be a specially designed or processed test
board. It can also be a real-world network of some type. For example, TDRs can be
used to determine where a fault is along a telephone line between the central office
and your home.

Each product must be connected to the DUT by a cable and probe assem-
bly, shown as the middle section. This would normally be an impedance-controlled
cable that would match the source impedance of the tool. If the TDR or VNA is
used to analyze the impedance characteristics of a DUT, it is clear that the cable and
probe assembly should match the impedance of the testing tool, so as not to intro-
duce any erroneous indications into the analysis. Attaching the cable and probe as-
sembly to the DUT in such a way as to introduce no additional impedance
discontinuities can be the most difficult part of any TDR or VNA analysis.

Now consider what happens when the tool (TDR or VNA) sends a signal
through the cable to the DUT. Let’s assume the cable and probe assembly is 2 ns
long and the trace under test is 3 ns long. The signal analysis circuit looks at the
signal at the output of the tool. At first it sees only the output of the tool. It takes 2
ns for this output to travel to the front of the DUT. If there is any kind of reflection
from the front of the DUT (e.g., the probe connection is not exactly 50 Q) there will
be a reflection from that point back to the tool. This reflection will arrive 2 ns later
at the signal analysis circuit. Any additional impedance discontinuities will also
cause reflections that will travel back to the signal analysis circuit. By measuring
the signal level and its time delay, and comparing that to the source signal, the sig-
nal analysis circuit has all the information it needs to characterize the DUT.
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TDRvs. VNA

TDRs and VNAs have one very significant difference between them. The
TDR transmits a step-function change in signal to the DUT. For simplicity, let’s
think of that signal being a very fast transition from a logical zero to a logical one,
or from 0.0 volts to 1.0 volt. Rise times in the picoseconds are not uncommon. This
signal travels down the DUT and returns. By analyzing the signal level and the time
it took for the signal to travel over its distance, any specific, individual point along
the trace can be characterized. Because the TDR looks at the response as a function
of time, it is referred to as a time domain device, hence the name. It looks at reflec-
tions as a function of time.

Figure I-2 Polar Instruments CITS500s TDR measuring system
using a standard PC for data analysis, processing, and display
(courtesy Polar Instruments).

By contrast, a VNA sends a longer (sine-wave, AC) signal down the trace at
a specific frequency. The pulse width of this AC signal is long enough for the re-
flections from the DUT to stabilize, but it is still a very short period of time in real
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terms. The signal analysis circuit then measures the stabilized response, calculates
the impedance of the DUT, and calculates the phase shift of the returned signal.
Then the VNA shifts to another frequency and does this analysis all over again. Af-
ter a period of time, the VNA has “swept” over a range of frequencies and charac-
terized the DUT at each one of them. The output of the test is a plot of the
impedance and phase shift as a function of frequency. Since the VNA looks at the
response of the DUT as a function of frequency, it is referred to as a frequency do-
main device.

Thus, a TDR is a time domain tool that looks at the impedance characteris-
tics of a trace at each individual point along the trace. A VNA is a frequency do-
main device that looks at the average impedance and phase shift of an entire trace at
each individual frequency across a range of frequencies.

PRINCIPLES OF OPERATION: TDR

Figure I-3 is a TDR response taken directly from a study done in the
early1990s." It illustrates a trace exactly 15 inches long with three equally spaced
vias along it. The trace passes through each via to another signal layer on the test
board. All traces are designed to be 50-Q traces. There is a high-frequency 50-Q
SMA connector at the front of the trace.

As is typical of TDR analyses, the graph does not show the portion of the
signal travel along the cable and probe assembly. Thus, it starts at 20 ns after the
pulse from the TDR. At about 21.4 ns there is a sharp, momentary drop in the signal
level. This is the point at which the signal travels through the connector, which
(from this figure) is obviously not exactly 50 Q. Then the signal level rises above
the reference, indicating that the actual impedance of the trace is higher than the
targeted 50 Q.

The vias are spaced at intervals of 3.75 inches. Each via shows up as a mo-
mentary drop in signal level, meaning that each one looks somewhat capacitive to
the circuit. There is a 50-Q terminating resistor at the end of the trace, beyond
which the graphical output signal is relatively flat.

'Brooks, Douglas, “The Effects of VIA on PCB Traces,” Printed Circuit Design, August
1996, available at www.ultracad.com.
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Figure I-3 TDR output showing a 15-inch trace with three
equally spaced vias.

Note that the time period along the chart from the signal drop at the connec-
tor to the signal stabilization at the terminating resistor is almost exactly 5 ns. This
represents the round trip time for the signal to travel down the 15-inch trace and
back again. That means the one-way trip is 2.5 ns, which is almost exactly 6
inches/ns, a comforting result.

At each impedance discontinuity there is a reflection. If we call the signal
the incident wave, then there will be a portion of that wave that is reflected back-
ward and a portion that is transmitted forward. If our TDR is designed to have a Zo
of 50 Qs, and the impedance at the discontinuity is Ztest, then the relationships
shown in Equations I-1 and I-2 hold:

Vreﬂected - = Ztest - SOQ [I 1]
\,incident Ztest +SOQ
SO
+
Z..~ P s50) @ [1-2]

p
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Thus, the signal analysis circuit can calculate the specific impedance, Ztest,
at each individual point along the trace. The waveform pictured in Figure 1-3 is just
such a plot.

You might pick up on one real potential problem, though. Consider the re-
flection at, for example, the second via. There will be a reflected waveform from
that via flowing back toward the TDR. But this reflection will flow past the first via,
from which there will also be a reflection, and also past the connector, from which
there will be an additional reflection. Each of these reflections will have their own
incident, reflected, and transmitted components. How, then, do we separate out all
these secondary reflections from the primary ones we are interested in? The
straightforward answer is that it isn’t easy.

The other answer is that it is done through software. It is common in the in-
dustry that such software is provided by third-party vendors rather than the TDR
hardware manufacturers. Thus a well-equipped analytical test bench will commonly
have one or more TDRs from hardware suppliers and also some analytical software
from other suppliers.

PRINCIPLES OF OPERATION: VNA

When we send a steady state frequency along the DUT, we also get a
transmitted and reflected wave. But since we are dealing with average conditions
(instead of instantaneous ones) we use different terms. The terms are called
S parameters.’ (Think of S as meaning “scatter,” as in the DUT starts scattering the
waveforms.) In this context, we use the parameters S11 and S12. S11 represents the
part of the signal that is going into terminal 1 (the front end of the transmission line
under test) and reflected back from the same terminal. S12 represents that part of
the waveform that is going on from terminal 1 toward terminal 2 (the other end of
the transmission line under test). The analysis is very similar to the TDR case, but
now we refer to Ztest as the average impedance of the DUT, not the instantaneous
impedance at a particular point along the DUT. Equations I-1 and I-2 now become:

%For an excellent discussion of S parameters, see Bogatin, Fric, “Get Your S (Parameters)
Together,” Printed Circuit Design, February 2003.
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Veesected =811 = M [1-3]
incident Ztest + SOQ
1+S11
= T20(50) @ I-4
test 1 - S 1 1 ( ) [ ]

The S parameter is a complex function that has a magnitude and a phase.
For a perfect transmission line, with perfect termination, S11°s magnitude and phase
would be zero (because there is no reflection). For a uniform 50-Q transmission
line, open at the far end, the magnitude of S11 would be 1.0 (100% reflection). But
the phase of S11 would be more complicated.

To visualize what happens from a phase standpoint, assume we send a 1.0-
GHz signal down the open line. Assume also that the propagation time is exactly 6
in./ns. The wavelength of the signal would be

i)
(1.0)10° cycles \ 107 / sec
) sec

10° 5 (L_) —6 inJeycle
cycle A\ 10” sec

Suppose the line were exactly 3 inches long. The round trip down the line
and back would be 6 inches. So, what would the phase relationship be between the
incident waveform and the reflected waveform? The answer is they would be ex-
actly in phase. The reflection would return exactly one cycle (360 degrees) after it
started down the line. We could say that the reflected wave was lagging the incident
wave by 360 degrees, or that the incident wave was leading the reflected wave by
360 degrees. But for all practical purposes, that is the same thing as saying that they
are actually in phase.

Now, assume we increase the frequency to 1.25 GHz. When the reflected
wave returns to the front of the DUT, the incident wave will have progressed
through 360 + 90 = 450 degrees. The reflected wave is now lagging the incident
wave by an additional 90 degrees. As we increase the frequency slightly, the re-
flected wave lags further behind. At an incident frequency of 1.5 GHz, the reflected
wave will be lagging by an additional 180 degrees. At 1.75 GHz, it will be lagging
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by an additional 270 degrees. At 2.0 GHz, it will be lagging by another 360 degrees
again.

Now here is a (perhaps) philosophical question for you: At 1.75 GHz, is the
reflected wave lagging (minus sign) the incident wave by 270 degrees, or is it lead-
ing (plus sign) it by 90 degrees? At 1.5 GHz, is the reflected wave lagging (minus
sign) the incident wave by 180 degrees or is it leading (plus sign) it by 180 degrees?
In each case, both answers are correct. We normally define the phase relationship
by a convention that says as we pass 180 degrees the phase shift changes from a
lead to a lag, or vice versa. Thus, in this example, the phase relationship of this ex-
periment with frequency is graphed as shown in Figure I-4. This is one place in
electronics (passing through 180-degrees phase shift) where we allow an instanta-
neous (no rise or fall time) change between values.

By looking at both the average impedance of the DUT and the phase shift
of the returned signal relative to the VNA signal as a function of the frequency of
the VNA test signal, engineers can characterize the full nature of the transmission
line under test.

Phase Shift {(degrees)

Frequency, GHz

Figure I-4 VNA phase shift from the open end of a 3-inch line.



J RIGHT ANGLE CORNERS

T he influence of 90-degree corners on neighboring circuits is one of the

most controversial topics in PCB design. It ranks right beside the routing of bypass
capacitor leads as a guaranteed argument starter.

The arguments against 90-degree corners fall into two categories: imped-
ance control and EMI. I summarize each one of those here.

IMPEDANCE CONTROL

Unless very carefully constructed, a trace rounding a comner will necessarily
be wider at the corner than it is in the middle of the trace. Since control over imped-
ance requires a controlled geometry, and since a trace that changes width does not
have a controlled geometry by definition, then necessarily there must be an imped-
ance discontinuity (a change in impedance) at that point. The concern, then, is
whether this change in discontinuity will cause a reflection down the trace.

Figure J-1 illustrates several geometric trace configurations, the maximum
change in width that occurs as the trace rounds the corner, and the approximate im-
pact on the calculated trace impedance. Since the trace gets wider as it goes around
the corner, the capacitance between the trace and the plane increases and the imped-
ance goes down. The exact impact on the impedance depends on the magnitude of
the other variables. That’s why the impact is shown as a range.

The idea of a true right-angle corner is a misnomer. Since traces are typi-
cally “drawn” with a laser plotter using a circular spot, the traces on our films really
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look like (b) in the figure. The traces have a sharp edge at the inner corner but a
rounded edge at the outer corner. So, at most the impact on impedance, if we let our
design systems route right-angle corners, is 10% or less. But that is at a single,
sharp, well-defined point. The impact is less than that everywhere else. Remember
the concept of critical length introduced in Chapter 10? For a trace width of 6 mils
we are talking in the terahertz range before this distance approaches the critical
length. So in reality there is no impedance impact at all for signals rounding cor-
ners.

(@ (b) (©
Max Width 1.414W 1.207W 1.04W
Approximate —15% to —18% ~7% to —10% —-1.5% to —2.0%

Impact on Zo

Figure J-1 The maximum trace width and impact on Zo is a
function of trace geometry.

If that answer doesn’t convince you, then think of the impedance disconti-
nuity that we experience around vias. A via is a much worse geometrical perturba-
tion and is so over a much longer distance than a corner. We intuitively know that
vias generally don’t present a serious discontinuity problem, so the impedance ques-
tion related to 90-degree corners is really a nonissue.

EMI RADIATION

A different argument against right-angle corners goes like this. There is
electromagnetic energy surrounding a high-speed trace, by definition. The fields,
and therefore that energy, become concentrated at the corners. The sharper the cor-
ner, the greater the concentration of energy. Therefore, right-angle corners lead to
radiation problems at these points of concentration.
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The impedance argument can be argued theoretically. The radiation argu-
ment, on the other hand, does not lend itself to an easy theoretical analysis. The ar-
gument sounds good, but the proof is really in the empirical analysis.

UltraCAD participated in a study in which a test board was designed and
fabricated with several different kinds of corners for test." These corners ranged
from smoothly curved arcs to radically diabolical 135-degree sharp bends (see Fig-
ure J-2). These traces were then tested for radiation in a controlled test. There were
no significant differences in the radiation levels from any of the traces at frequen-
cies up to about one GHz (the upper limit of the test).
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Figure J-2 Partial layout of an EMI test board.

CONCLUSION

On circuit boards, at least up into the gigahertz range, there is no particular
performance reason to avoid 90-degree corners. We at UltraCAD avoid them any-
way. We think mitered corners look better, but we cannot argue a performance rea-
son for taking the time for the mitering process.

1«90 Degree Comners, The Final Turn,” Printed Circuit Design, January 1998, copy available
at www.ultracad.com.



GLOSSARY

N ote: Many of these entries are explained in nontechnical terms for ease of

understanding. They are explained principally as they relate to PCB design issues.
sy = symbol; typ = typical usage in our industry; val = value of a constant or for-
mula relationship.

AC (alternating current) A current that repeatedly changes value or
changes direction with time.

Admittance sy Y, val 1/Z, the inverse of impedance.

Anti-resonance fyp Term used to describe the parallel resonance that
can occur between two capacitors wired in parallel.

Atom A basic physical building block consisting of protons, neutrons,
and electrons.

Backward crosstalk  Coupled noise from an aggressor trace to a victim
trace that travels in a direction opposite to that of the aggressor signal.

Bandwidth  #p A range of frequencies that a circuit passes or handles
with minimal distortion.

387



388

Glossary

Capacitive coupling A signal that couples from one circuit, wire, or
trace to another circuit, wire, or trace caused by changing levels of elec-
trical charge.

Capacitor, capacitance A device or condition that opposes the flow of
current while causing a —90-degree voltage phase shift. Also a device
that stores charge.

Capacitor, bypass  #p A capacitor with the primary function of stabiliz-
ing a power supply voltage, especially for an adjacent device or circuit.

Charge A measure of electrical energy. Particles with like charge repel
each other. Particles with opposite charge attract each other. The forces
are proportional to the magnitude of the charge and inversely propor-
tional to the square of the distance.

Charge, negative A negative unit of charge. Electrons have negative
charge. Charge is often relative; that is, one point is negatively charged
relative to another point, not necessarily in absolute terms.

Charge, positive A positive unit of charge. A proton has positive
charge. Positive charge often results from a lack of electrons (negative
charges). Charge is often relative; that is one point is positively charged
relative to another point, but not necessarily in absolute terms.

Common log sy Log Logarithm taken to the base 10, (cf. Narural log).

Common mode current  #p Refers to a return signal when the current
flows where you do not expect it to flow.

Common mode signal  #yp Signals that are equal in magnitude and
phase at the inputs of a device.

Complex number  #»p A number containing both a real and an imagi-
nary part.

Conductance sy G, val = 1/R, the inverse of resistance.
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Constant current generator A source that generates, or supplies, a con-
stant current regardless of load. This would imply a very high voltage if
the load is very high impedance.

Constant voltage generator A source that generates, or supplies, a con-
stant voltage regardless of load. This implies it can supply a very large
amount of current if the load impedance is very low.

Coulomb  An amount of charge equal to 6.25 x 1078 electrons.

Critical length A trace length for which the propagation time equals
one-half the signal rise time.

Crosstalk A signal induced in one wire or trace by current in another
wire or trace.

Current sy i, Flow of electrons.

DC (direct current) A current that flows in one direction, usually with-
out changing magnitude. '

di/dt A change of current divided by a change in time for a very short
time period. Often, dt represents the rise or fall time.

Dielectric  #yp The insulating material between trace layers.
Dielectric absorption A condition in which the molecules in the dielec-
tric begin to absorb very high-frequency energy causing signal losses at

the higher-frequency harmonics.

Dielectric constant A measure of an insulator's ability to store charge. It
actually may not be a constant under certain conditions.

Dielectric constant, relative sy = g, Dielectric constant of a material
divided by the dielectric constant of a vacuum.

Differential impedance  The impedance seen by a driver when a pair of
traces are driven differentially.
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Differential mode #yp Refers to a signal and its return when the current
flows where you expect it to flow.

Differential signals  #yp A signal paired and routed in close relationship
with its return, often for improved signal-noise ratio.

Differential traces A pair of traces routed in relationship to each other
for conducting differential signals.

DUT  Device under test.
e A constant=2.718282....., the base of the natural logarithm.

Electromagnetic coupling A signal induced in another conductor as a
result of electromagnetic radiation.

Electromagnetic radiation A current radiates both an electrical field
and a magnetic field. Collective name for these fields.

Electron  An atomic particle (circling around the nucleus) containing
negative charge. There are as many electrons in an atom as there are
protons.

EMC (electromagnetic compliance)  Compliance to rules and regula-
tions controlling EMI.

EMI (electromagnetic interference)  Interference caused by electro-
magnetic radiation.

Equalization  #p A technique for compensating for frequency-related
losses along transmission lines.

Equivalent circuit A simplified circuit with outputs that are the same as
those of a more complex circuit. Typically contains only a power
source and an impedance.

ESR (equivalent series resistance)  #p The real part of the impedance
expression for a capacitor.
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Exponent The power a number is raised to. n is an exponent in the ex-
pression a".

Exponential  #p Any function containing the constant e raised to a
power.

Eye diagram  Method for visualizing a large number of changing logic
states at a point in a system under a large number of signal conditions.

Fall time Time required for a signal to fall from its highest value to its
lowest value. Typically measured between the 90% and 10% points on
the curve, but sometimes between the 80% and 20% points.

Farad A measure of capacitance.

Forward crosstalk  Coupled noise from an aggressor trace to a victim
trace that travels in the same direction as the aggressor signal.

Fourier analysis  An analytical technique for separating a complex
mathematical waveform into a function or summation of a number of
simpler trigonometric waveforms.

Frequency, angular sy ®, #yp A frequency measure based on radians.
® = 2nF.

Frequency, definition sy F, #yp The number of cycles a sine wave
completes in one second.

Frequency domain  Analyses performed as a function of frequency.
When graphed, frequency would typically be on the horizontal axis, (cf.
time domain).

Generator  Device that converts mechanical motion to electrical energy.
Can be the same device as a motor.

Giga  1,000,000,000 or 10°.

Guard band A grounded trace typically placed between two signal
traces for the purpose of controlling crosstalk.
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Harmonic  #p Frequencies that are multiples of a fundamental
frequency.

Henry A measure of inductance.

Imaginary operator sy j, val the square root of —1. Since there is no
number which, when multiplied by itself, can be negative, it is called
imaginary.

Imaginary part  #yp Any expression for voltage, current, or impedance
that is multiplied or divided by j and is shifted + 90 degrees in phase
from the real part of the same expression.

Impedance sy Z, val R + jX, Opposition to the flow of current, typically
with both resistive and reactive components but may contain only either
one.

Impedance, characteristic sy Zo, #yp The input impedance of a trans-
mission line.

Impedance, common mode The impedance seen by a driver when a
pair of traces is driven with a common signal.

Impedance, differential The impedance seen by a driver when a pair of
traces is driven differentially.

Impedance, single-ended sy Zo or Z11, The characteristic impedance of
an individual trace, even if it is part of a differential pair.

Impedance, transmission line sy Zo, #)p The input impedance of a
transmission line.

Inductive coupling A signal that couples from one circuit, wire, or trace
to another circuit, wire, or trace caused by a changing magnetic field.

Inductor, inductance A device or condition that opposes the flow of
current while causing a +90-degree voltage phase shift.
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j  Constant, the square root of —1. The symbeol i is used in every other
discipline, but is not used in electronics to avoid confusion with the
symbol for current.

Kilo 1,000, or 10°.

Logarithm A numeric operation. If a base B is raised to the a power,
then the log, to the base B, of that operation is a. Logy(b®) = a. See also

common or natural log.

Loop area  An area defined by the signal path and its return path, rele-
vant for EMI considerations.

Mega 1,000,000, or 10°.
Micro  .000001, or 107

Microstrip A trace configuration where there is a reference plane on
only one side of a signal trace.

Milli  .001, or 107.

Motor A device that converts electrical energy to mechanical motion.
Can be the same device as a generator.

Nano 107,

Naturallog sy Ln, Logarithm taken to the base e.

Neutron  An atomic particle (part of the nucleus) containing no charge.
Ohm sy Q, A measure of resistance.

Ohm’s Law  Relationship between voltage, current, and resistance.
yp E=IxR.

Period sy T, val 1/F, The time required for one complete waveform cy-
cle. The inverse of the cyclical frequency.



394

Glossary

Phase Relationship of the angular position on a sinusoidal waveform
compared to a reference, such as another waveform.

Phase shift #p The difference in the phase between a voltage and a cur-

rent waveform, or a difference caused by some other factor, such as
impedance.

Pi sy m, A constant=3.14159.......

Pico 1072

Propagation speed  The speed with which a signal propagates along a
trace. Often expressed in units of distance per unit time. The inverse of

propagation time.

Propagation time  The time required for a signal to move (propagate)
along a trace.

Proton  An atomic particle (part of the nucleus) containing positive
charge. There are as many protons in an atom as there are electrons.

R  #yp Resistance or the real part of a complex number.

Radian  The angle formed by a length along the circumference of a cir-
cle equal to the radius. There are 27 radians in 360 degrees.

Reactance sy X, Resistance to a flow of current with a 90-degree phase
shift.

Real part  Any numeric expression for voltage, current, or impedance
that is not multiplied by j and does not have a phase shift.

Reflection coefficient sy p, val (Zo — R1)/(Zo + RL), its value ranges
from +1 to —1. It determines the magnitude of the reflection at the end
of a transmission line.

Relative dielectric constant sy &, Dielectric constant of a material di-
vided by the dielectric constant of a vacuum.
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Resistance sy R, Resistance to the flow of current without causing a
phase shift.

Resistor A device that opposes the flow of current without causing a
phase shift.

Resonance A condition in which the reactance term goes to zero.
typ Where the impedance function peaks or minimizes.

Resonant frequency The frequency where the reactance term goes to
Zero.

Right-hand rule A rule that helps determine the relationship between
the direction of current flow and its accompanying magnetic field.

Rise time  Time required for a signal to rise from its lowest value to its
highest value. Typically measured between the 10% and 90% points on
the curve but sometimes between the 20% and 80% points.

RMS Root Mean Square. For an AC waveform it is the equivalent DC
value that would generate the same power.

Signal-to-noise ratio  The ratio of a circuit signal to the electrical noise
in the circuit. In general, higher ratios are better.

SKkin effect  Tendency for the current density to be greater at the edge of
a wire or trace instead of being evenly distributed over the entire cross-
section. Effect increases with frequency.

Step function  #p Suggests an instantaneous change from one voltage
level to another or one logic state to another. Since instantaneous
changes are not possible, step function implies a very rapid rise or fall
time.

Stripline A circuit board configuration in which a signal trace is placed
between two reference planes.

Stub  #p A short trace extending from a main trace to a component pin.

Susceptance sy B, val 1/X, the inverse of reactance.
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TDR  Time domain reflectometer; an instrument for measuring
impedance.

Termination One or more components used in conjunction with a
transmission line to control signal reflections.

Time constant A measure calculated as 1/RC or L/R. Any RC or RL
circuit typically exhibits very predictable behavior when looked at in
terms of time constants.

Time domain  Analyses performed as a function of time. When graphed,
time would typically be on the horizontal axis, (cf. frequency domain).

Transmission line  7p A tightly geometrically controlled trace structure,
typically with respect to a reference plane or other return path.

Tuned trace A trace trimmed to a precise length to achieve a timing
objective.

VNA  Vector network analyzer; an instrument for measuring impedance
and circuit characteristics.

Voltage An electrical force caused by the difference in charge between
two points.

Wavelength sy A, The distance a signal travels in one complete cycle,
(cf. propagation time).



INDEX

AC (Alternating Current) ....8, 10, 12, 49,
74, 157, 164, 305, 340, 378, 387

Admittance .........coeeeevceneerieienns 142, 387
Aggressor ...221, 223, 238, 242, 387, 391
Ampere, André ................. 5,26, 155,329
Amplifier gain .........ccceeeevenrneceerinranenne 85
Antenna ............ 36,91, 92, 156, 168, 180
Anti-resonance.........c.c.coeeevevrreenne 292, 387
Arctangent ..........cccoceevminincinnenninaneens 124
AOIN e 3,387
Atomic nUMbET..........coeevveireerereerrinrneene 3
Atomic weight............ccovcviiicnneeninine 3
B
Bandwidth ......cccovnverrricennn 21,137, 387
Broadside coupled ...........cooccrrvemnenn. 268
C
Capacitive coupling.................... 222, 257
Capacitive loading............ccu..... 188, 206
Capacitive reactance................ccceeereneee 98
Capacitor, capacitance........................ 388
BYPASS .c.ceevieiiirrae e 273

397

calculating .........ccccooeveieinnae 48, 282
hydraulic analog .............cccccenens 43
impedance.........c.covuireercrneniennns 278
parallel...........ccoevmrveniivennenns 45
phase shift....... See Phase angle, shift
planar.................. 275, 282, 295, 300
RC time constant ................... 74,132
SEIIES ....cveeerereriiraeeriecnaraesareesnensaesns 45
time constant..............ccoeervrrenenn. 194
voltage and current through.......... 64
Characteristic impedance...............c.........
See Impedance, transmission
line
capacitive loading...........c.cc.o..... 206
Charge .......... 27, 40, 155, 296, 329, 388
AC termination ...........cceevvevrruenne 194
bypass capacitor ..........cccecceeenene. 273
CaPACItOr .....vccvveerirrennene 43,47, 57, 64
conservation of ..........ccceevrveenenn. 78
coulomb........cceevverinrer e 5
crosstalk........ccccocvvrrerieeceecrnennnnns 221
direction of flow .....c.ccceevrvirvereenn, 23
farad.......ccoovvvcenimnnrireeeree e 47
relative dielectric coefficient........ 28
Common mode ........... 169, 249, 255, 388
Communications model..................... 175
Complex number ..........c.ceoerneerrenrian 388
Conductance ..........ccevvevveeercenriniennnenn. 94
Coulomb.........ccovevrernrnrricrann 5, 64,389
Coulomb, Charles................. 1, 5,26, 329



398
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