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Preface

there, so you might ask why we need yet another book on power amplifier

design. Hopefully this preface will answer that question. However, the short
answer can be found in two observations. First, there have been many developments in
audio power amplifier design since the release of most of the prior books. Second, there
are some important topics that deserve more depth of coverage.

Designing Audio Power Amplifiers is written to address many advanced topics and
important design subtleties. At the same time, however, it has enough introductory and
tutorial coverage to allow designers relatively new to the field to absorb the material of
the book without being overwhelmed. To this end, the book starts off at a relaxing pace
that helps the reader develop an intuitive feel and understanding for amplifier design.
Although this book covers advanced subjects, highly involved mathematics is kept to a
minimum—much of that is left to the academics. Design choices and decisions are
explained and analyzed.

This is not just a cookbook; it is intended to teach the reader how to think about
power amplifier design and understand the many concepts and nuances, then analyze
and synthesize the many possible variations of amplifier design.

I have divided the book into six parts. Part 1 introduces audio power amplifier
design and includes the basics. This part is designed to be readable and friendly to
those with less technical background while still providing a very sound footing for the
more detailed design discussions that follow. In this part I show how a simple power
amplifier design evolves in several steps to a modern architecture, describing how
performance deficiencies are mitigated with circuit improvements at each step in the
evolution. Even experienced designers may gain valuable insights here.

Part 2 delves into the design of advanced power amplifiers with state-of-the art
performance. Crossover distortion, one of the most problematic distortions in power
amplifiers, is covered in depth. Special attention is paid to dynamic crossover distortion,
which is less well understood. This part also includes a detailed treatment of MOSFET
power amplifiers, error correction techniques, advanced feedback compensation, ultra-
low distortion drive circuits, and DC servos.

Part 3 covers those real-world design considerations that influence sound quality
and reliability, including power supplies and grounding, short circuit and safe area
protection, and amplifier behavior when driving difficult loads. Thermal design and
thermal stability are given special attention. Electromagnetic interference ingress and
egress via the input, output, and mains ports of the amplifier are also treated here.

SPICE simulation can be very important to power amplifier design, and its use is
described in detail in Part 4. Even those with no SPICE experience will learn how to
use this valuable tool, helped along by a tutorial chapter and ready-to-run amplifier
simulations and transistor models available at www.cordellaudio.com. A full
chapter describes how you can create your own accurate SPICE models for BJT and
MOSEFET transistors, many of which are poorly modeled by manufacturers. Numerous
approaches to distortion measurement are also explained in Part 4. I've also described

I I There are several very good books on audio power amplifier design already out
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some techniques for achieving the high sensitivity required to measure the low-
distortion designs discussed in the book. Less well-known distortion measurements,
such as TIM, PIM, and IIM, are also covered here. In the quest for meaningful
correspondence between listening and measurement results, other non-traditional
amplifier tests are also described.

Part 5, Topics in Amplifier Design, covers all of those other important matters that
do not fit neatly into the other parts. Advanced designers as well as audiophiles will
find many interesting topics in this part. Some of the controversies in audio, such as the
use of negative feedback, are addressed here. For balance, the design of amplifiers
without negative feedback is covered. Integrated circuit power amplifiers and drivers
are also discussed.

Class D amplifiers are playing a more important role in audio amplification as every
day passes. They have enjoyed vast improvements in performance over the last several
years and can be expected to improve much further in the future. Four chapters in Part 6
cover this exciting technology.

Many of the following topics covered in Designing Audio Power Amplifiers should
prove especially interesting to readers familiar with earlier texts:

e Ultra-low distortion input and voltage amplifier topologies

¢ Non-conventional feedback compensation techniques

¢ Lateral and vertical MOSFET power amplifiers

¢ Qutput stage error correction circuits

¢ Thermal stability analysis of BJT and MOSFET output stages

e QOutput transistors with temperature tracking diodes

¢ Integrated circuit amplifiers and drivers

¢ SPICE simulation and modeling for amplifier design

¢ Amplifier measurement instrumentation and techniques

¢ PC-based instrumentation for amplifier evaluation

¢ How amplifiers misbehave and why they sound different

e Sources of distortion in class D amplifiers

e PWM, sigma-delta, and direct digital class D amplifiers

No single text can cover all aspects of audio power amplifier design. It is my hope

that an experienced designer or a hobbyist who seeks to learn more about audio

amplifier design will find this book most helpful. I also hope that this text will provide
a sound basis for those wishing to learn analog circuit design.

Bob Cordell
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PART 1

Audio Power Amplifier
Basics

art 1 introduces audio power amplifier design and covers the basics.

This part is written to be readable and friendly to those with less

technical background while still providing a very sound footing for
the more detailed design issues to follow. That footing includes discus-
sions of transistor operation, important circuit building blocks, negative
feedback, and the different amplifier classes. In Chapter 3 we show how a
simple power amplifier design can be evolved in several steps to become
a modern architecture with very good performance. At each step we
describe how performance deficiencies are mitigated with circuitimprove-
ments. Part 1 closes with a chapter that summarizes in a succinct way the
many issues that should be addressed in the power amplifier design pro-
cess. This serves as a preamble for the more detailed chapters that follow
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in the later parts. Even experienced designers will gain valuable insights in Part 1.
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CHAPTER 1
Introduction

one. Solid-state power amplifiers have been around since the late 1960s, and

yet new designs still proliferate. Questions about relating sonic performance to
measured performance still abound. This is not just limited to the high end where audio
mystique has a strong influence. While there is a tremendous amount of science to the
design of audio power amplifiers, there are also many nuances that demand attention
to detail. At times, it is difficult to separate the influence of experience from just plain
art. There are also things we still do not understand fully, and this is where the art
aspect of amplifier design flourishes.

This book is not meant to be a survey. Topologies of historical or narrow interest are
ignored in favor of deeper coverage of important nuances in relevant contemporary
designs. I have sought to touch on virtually every amplifier design subject, but some are
treated in less depth when there is a better treatment elsewhere.

There are thousands of variations on amplifier architectures out there, and it would
be impossible to study all of them. For that reason, there is a strong focus on deeply
understanding the more popular architectures in a way that conveys enough under-
standing so that the reader can analyze and even conceive many variants, some of
which may be very different from the ones covered here.

ﬁ udio power amplifier design is both an art and a science, in more ways than

Organization of the Book

There is no right or wrong way to organize the enormous amount of material on power
amplifier design. The approach taken here is to ramp up your confidence first, with
emphasis on how to think about amplifier designs and analyze them. For this reason,
some details and nuances are postponed to later parts of the book.

I begin with a very basic amplifier and show how it works and how to analyze it.
I also discuss its shortcomings. The approach includes emphasis on examples and
plugging in the numbers to evaluate design approaches and see how well they actually
perform.

A strong attempt has been made in the early chapters to avoid distracting you with
side trips along the way to understanding amplifier design. As you progress through
the book, an adequate amount of just-in-time tutorial material is presented to aid the
less experienced reader. This includes material on transistors and building block cir-
cuits that is written to be easily digestible. Nevertheless, even the experienced designer
will find some welcome nuggets of detail here.

Power amplifier design is introduced by describing a very basic design. That design
is analyzed and then followed through many stages of improvements. The explanation

3
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of the reasons for and results of the improvements illustrates how to think about ampli-
fier design and understand many of the trade-offs. Actual simulated distortion results
are presented at each stage of the evolution of the design.

Once you are made comfortable with amplifier design and analysis, Part 2
delivers the meat of high-performance design and a much deeper understanding
of performance-limiting factors and sources of distortion.

By the end of Part 2, you have gone deeply through the design of amplifiers that per-
form superbly on the lab bench. Alas, the real world is introduced in Part 3. There is indeed
a large gap between a superlative laboratory amplifier and one that will perform that way
and survive in the real world. Protection circuits, EMI filtering, power supplies, grounding,
and many other things need to be taken into account, and that is the priority of Part 3.

Tools are very important to the successful design of power amplifiers, and these are
covered in Part 4. Some tools are physical, like distortion analyzers, while others take
the form of software, like the SPICE simulator. SPICE is most valuable in the design
process before the amplifier is built, helping to evaluate and sort out the many possible
combinations of circuit architectures from which to choose. SPICE can then be used in
optimizing the selected design.

After the amplifier is built, it must be thoroughly evaluated for distortion and other
behavior, and this is where different kinds of instrumentation and measurement tech-
niques come into play. Here is where the rubber meets the road in terms of measuring an
amplifier in ways that may have some correlation with how well it sounds. To some
extent, amplifiers sound different because they misbehave differently. The ability to
expose and sort out amplifier misbehavior is a key to making a fine-sounding amplifier.

Part 5 of the book is titled “Topics in Amplifier Design.” Here a wide variety of
subjects of keen interest are covered. For example, a book on audio power amplifier
design would not be complete without discussion of the pros and cons of negative feed-
back; its pervasive use and sometimes controversial reputation demand it. Amplifier
design myths and common misunderstandings are also discussed. Why amplifiers
sound different and how that may correlate to measurable differences are also consid-
ered. This part of the book also covers other types of amplifiers, such as balanced ampli-
fiers and amplifiers without negative feedback.

Part 6 covers class D amplifiers. Traditional amplifiers have served us well for many
decades, and will continue to do so. However, class D amplifiers are the wave of the future.
They are smaller and far more efficient. As a result, they generate less heat, making them
ideal for multi-channel Home Theater receivers. Sound quality has historically been a
problem for class D, but that has improved greatly in the last decade. Their design requires
a somewhat different skill set. Part 6 will introduce you to these new design challenges.

The Role of the Power Amplifier

The power amplifier in an audio system converts the line-level signal to a large signal
that can drive the loudspeaker. The line-level signal is typically on the order of 1 to 3 V
RMS at maximum power and is not expected to supply much current to the power
amplifier. A typical power amplifier will have an input impedance of greater than 10 k<.
A 100-W power amplifier driving 8 Q will need to produce about 28 V RMS at about
3.5 ARMS at full power with a sine wave. Thus, it is the job of the power amplifier to
produce both relatively high voltage and high current. A very common range of power
amplifier voltage gains is on the order of 20 to 30. One volt RMS into a power amplifier
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Power amplifier

15V m ~30V
~20-30
Line-level source 8-Q loudspeaker

Fiure 1.1 Power amplifier driving a load.

with a gain of 20 will produce 50 W into an 8-Q load. Ideally, the power amplifier has
very low output impedance so that it essentially acts like a voltage source driving the
load. The power amplifier’s role in the system is illustrated in Figure 1.1.

Basic Performance Specifications

The performance specifications listed by the manufacturer of an audio power amplifier
range from a very sparse set to a fairly detailed list. The primary specifications include
maximum power, frequency response, noise, and distortion.

Rated Output Power

Maximum output power is almost always quoted for a load of 8 Q and is often quoted
for a load of 4 Q as well. A given voltage applied to a 4-Q load will cause twice the
amount of current to flow, and hence twice the amount of power to be delivered. Ide-
ally, the output voltage of the power amplifier is independent of the load, both for small
signals and large signals. This implies that the maximum power into a 4-Q load would
be twice that into an 8-Q load. In practice, this is seldom the case, due to power supply
sag and limitations on maximum available output current.

The correct terminology for power rating is continuous average sine wave power, as in
100-W continuous average sine wave power. However, many often take the liberty of using
the term W RMS. Although technically incorrect, this wording simply is referring to the
fact that the power would have been measured by employing a sine wave whose RMS
AC voltage was measured on a long-term basis. There are other ways of rating power
that are sometimes used because they provide larger numbers for the marketing folks,
but we will ignore them here. When you hear terms like peak power just realize that these
are not the same as the more rigorous continuous average power rating.

Frequency Response

The frequency response of a power amplifier must extend over the full audio band from
20 Hz to 20 kHz within a reasonable tolerance. Modern amplifiers usually far exceed
this range, with frequency response from 5 Hz to 200 kHz not the least bit uncommon.
The frequency response for such an amplifier is illustrated with the solid curve in
Figure 1.2. While the tolerance assigned to the frequency response of loudspeakers is
often + 3 dB, the tolerance associated with power amplifiers is usually + 0 dB, — 3 dB, or
tighter. Specifying where an amplifier is down by 3 dB from the nominal 0 dB reference
is the conventional way of specifying the bandwidth of a system. This is often referred
to as the 3-dB bandwidth.

5
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Ficure 1.2 Amplifier frequency response.

The frequency response for a less capable amplifier is shown with the dashed curve
in Figure 1.2. This amplifier has a 3-dB bandwidth from 10 Hz to 80 kHz. Its response is
down 1dB at 20 Hz and 0.5 dB at 20 kHz.

Noise

It is important that power amplifiers produce low noise, since the noise they make is
always there, independent of the volume control setting and the listening level. This is
particularly so when the amplifiers are used with high-efficiency loudspeakers. The noise
is usually specified as being so many decibels down from either the maximum output
power or with respect to 1 W. The former number will be larger by 20 dB for a 100-W
amplifier, so it is often the one that manufacturers like to cite. The noise referenced to 1 W
into 8 Q (or, equivalently, 2.83 V RMS) is the one more often measured by reviewers.

The noise specification may be unweighted or weighted. Unweighted noise for an
audio power amplifier will typically be specified over a full 20-kHz bandwidth (or
more). Weighted noise specifications take into account the ear’s sensitivity to noise in
different parts of the frequency spectrum. The most common one used is A weighting,
illustrated in Figure 1.3. Notice that the weighting curve is up about +1.2 dB at 2 kHz
and down 3 dB at approximately 500 Hz and 10 kHz.

0dB

-3dB

-10dB

| l |
20 Hz 200 Hz 2 kHz 20 kHz
Frequency

-20 dB

Fieure 1.3 A weighting frequency response.
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The A-weighted noise specification for an amplifier will usually be quite a bit better
than the unweighted noise because the weighted measurement tends to attenuate noise
contributions at higher frequencies and hum contributions at lower frequencies. A very
good amplifier might have an unweighted signal to noise ratio (S/N) of 90 dB with
respect to a 1-W output into 8 €, while that same amplifier might have an A-weighted
S/N of 105 dB with respect to 1 W. A fair amplifier might sport 65 dB and 80 dB S/N
figures, respectively. The A-weighted number will usually be 10-20 dB better than the
unweighted number.

Distortion

The most common distortion specification is total harmonic distortion (THD). It will usu-
ally be specified at one or two frequencies or over a range of frequencies. It will be
typically specified at a given power level with the amplifier driving a specified load
impedance. A good 100-W amplifier might have a 1-kHz THD (referred to as THD-1) of
0.005% at 100 W into 8 Q. That same amplifier might have a 20-kHz THD (THD-20) of
0.02% up to 100 W into 8 Q. Although 1-kHz THD is at a frequency in the middle of the
audible frequency range where hearing sensitivity is high, it is not very difficult to
achieve low THD figures at 1 kHz. Good THD-20 performance is much more difficult
to achieve and is generally a better indicator of amplifier performance.

In practice, the harmonic distortion specification will be described as THD + N,
where the N refers to noise. This reflects the way in which THD is most often measured.
When measuring THD-1, a 1-kHz fundamental sine wave is applied to the amplifier
input. The 1-kHz fundamental appearing in the output signal is then notched out by a
very sharp filter. Everything else, both distortion harmonics and noise, is measured,
giving rise to the THD + N specification. At higher power testing levels, the true THD
will often dominate the noise, but at lower power levels the measurement may often
reflect the noise rather than the actual THD being measured. Graphs that show rising
THD + N at lower power levels can be misleading. The rising level may actually be
noise rather than distortion. This is because a fixed noise voltage becomes a larger per-
centage of the level of the fundamental as the fundamental decreases in amplitude at
lower power levels. There are many other power amplifier distortion specifications,
and these will be covered in detail in later chapters in this book.

The Federal Trade Commission (FTC) long ago tried to wrap things up in a single
statement that would largely capture power, distortion, and bandwidth together [1]. It
would read something like “100-W continuous average power from 20 Hz to 20 kHz
with less than 0.02% total harmonic distortion.” This was a reasonably comprehensive
and honest way to describe the most basic capability of an amplifier. It is unfortunate
that it has fallen into disuse by many manufacturers. Part of the reason was that it also
required that the amplifier could be run at /3 rated power into 8 Q for an extended
period of time without overheating. Operating at /3 rated power is close to the point
where most amplifiers dissipate the most heat, and it was expensive for many amplifier
manufacturers to provide enough heat sinking to meet this requirement.

Additional Performance Specifications
There is almost no limit to the number of useful performance specifications for an
audio power amplifier, but the following are a few that are a bit less basic and yet
quite useful.

1
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/— Power amplifier —\

Zout
0.4 Q

DF =20
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Voltage divider

Max = 0.99 (-0.09 dB)
- Min = 0.88 (-1.11dB) =
Gain spread = 1.02 dB

Ficure 1.4 Amplifier output impedance.

Damping Factor

A flat frequency response is desirable to avoid tonal coloration, but a flat response may
not always be obtained when the amplifier is driving a real-world loudspeaker load.
The input impedance of real loudspeakers can vary dramatically as a function of fre-
quency, while the output impedance of the power amplifier is nonzero. A voltage
divider is thus formed by the amplifier output impedance and the loudspeaker input
impedance, as illustrated in Figure 1.4. Here the amplifier is modeled with an ideal
amplifier with zero output impedance in series with impedance Z_ that describes its
actual output impedance. This is referred to as a Thévénin equivalent circuit.

This is where the damping factor (DF) comes into play. In spite of its important-sounding
name, this is just a different way of expressing the output impedance of the amplifier.
While amplifiers ideally act like voltage sources with zero output impedance, they all
have finite output impedance. The term damping factor came from the fact that a loud-
speaker is a mechanically resonant system; the low output impedance of an amplifier
damps that resonance via the resistance of the loudspeaker’s voice coil and electromotive
force. An amplifier with higher output impedance will provide less damping of the loud-
speaker cone motion because it adds to the total amount of resistance in the circuit.

Damping factor is defined as the ratio of 8 Q to the actual output impedance of the
amplifier. Thus, an amplifier with an output impedance of 0.2 Q will have a DF of 40.
Most vacuum tube amplifiers have a DF of less than 20, while many solid-state ampli-
fiers have a DF in excess of 100. It is important to bear in mind that the DF is usually a
function of frequency, often being larger at low frequencies. This is consistent with the
need to dampen the cone motion of woofers, but ignores the influence of the DF on
frequency response at higher frequencies. Many loudspeakers have a substantial peak
or dip in their impedance at or near their crossover frequencies. This could result in
coloration if the amplifier DF is low.

The effect of damping factor and output impedance on frequency response must not
be underestimated in light of the large impedance variations seen in many contemporary
loudspeakers. It is not unusual for a loudspeaker’s impedance to dip as low as 3 Q and
rise as high as 40 Q across the audio band. Consider this wildly varying load against the
0.4-Q output impedance of a vacuum tube amplifier with a DF of 20. This will cause an
audible peak-to-peak frequency response variation of + 0.5 dB across the audio band.

Dynamic Headroom

Unlike a sine wave, music is impulsive and dynamic. Its power peaks are often many
times its average power. This ratio is often referred to as the crest factor. Dynamic headroom
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refers to the fact that an amplifier can usually put out a greater short-term burst of
power than it can on a continuous basis. The primary cause of this is power supply sag
which is a reflection of power supply regulation. The power supply voltages will ini-
tially remain high and near their no-load values for a brief period of time during heavy
loading due to the energy storage of the large reservoir capacitors. Under long-term
conditions, the voltage will sag and less maximum power will be available.

Consider an amplifier that clips at 100 W into 8  on a continuous test basis. If this
amplifier has a power supply with 10% regulation from no-load to full load (which is
fairly good), the available power supply voltage will be about 10% higher during a
short-term burst. This will result in a short-term power capability on the order of 120 W,
since power goes as the square of voltage.

Dynamic headroom is a two-edged sword. It is good to have it because music
tends to have an average power level much lower than the brief peak power levels it
can demand (referring again to the crest factor). It is nice to have 20% to 40% more
power available when it is needed for those brief peaks. On the other hand, a large
amount of dynamic headroom is often symptomatic of an amplifier with a sloppy
power supply.

Slew Rate

Slew rate is a measure of how fast the output voltage of the amplifier can change under
large-signal conditions. It is specified in volts per microsecond. Slew rate is an indicator
of how well an amplifier can respond to high-level transient program content. A less
capable amplifier might have a slew rate of 5 V/us, whereas a really high-performance
amplifier might have a slew rate on the order of 50 to 300 V/us. For a given type of
program material, a higher-power amplifier needs to have a higher slew rate to do as
well as a lower-power amplifier, since its voltage swings will be larger. A 100-W ampli-
fier driving a loudspeaker whose efficiency is 85 dB will need to have 3.16 times the
amount of slew rate capability as a 10-W amplifier driving a 95-dB speaker to the same
sound pressure level.

As a point of reference, the maximum voltage rate of change of a 20-kHz sine wave
is 0.125 V/us per volt peak. This means that a 100-W amplifier that produces a level of
40-V peak at 20 kHz must have a slew rate of at least 5 V/us. In practice a much larger
value is desirable for low-distortion performance on high-frequency program content.
Although technically imprecise, the rate of change of a signal is often referred to its slew
rate for convenience.

The slew rate capability of audio power amplifiers received a lot more attention
after the term transient intermodulation distortion (TIM) was coined and studied intensely
during the 1970s and early 1980s [2,3,4]. This was largely another way of describing
high-frequency distortion that resulted from slew rate deficiency. The TIM controversy
will be discussed in greater detail in Chapter 24.

Output Current

Output current is another lesser-known amplifier specification that can have a strong
influence on sonic quality. As we will see later, the complex reactive loudspeaker load
presented to an amplifier can demand larger currents than the rated resistive load with
which an amplifier is often tested. Add to this is the fact that many loudspeakers have
impedances that dip well below their rated impedance, and we have a recipe for high
current demands.

9
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Minimum Load Impedance

Related to output current capability is the specification of minimum stable or safe output
impedance that an amplifier can drive. Although there are many 4-Q-rated loudspeakers out
there (whose impedance often dips below 3 Q), there are many amplifiers in AV receivers
that are not able to properly drive a 4-Q load. This is partly because cramming five or more
amplifiers into one enclosure that can properly drive 4-Q loads while being able to deliver
over 100 W each into 8 Q is quite difficult and surely more expensive. This is much less of a
problem with stereo amplifiers, where heat removal for only two channels is necessary.
However, even amplifiers that are rated to drive 4-Q loads may at times find themselves with
too little current drive capability to drive some contemporary loudspeakers. High-end loud-
speakers are often designed with little regard for what it takes to drive them.

Output Voltage and Current

Here we will briefly touch on the reality of output voltage and current swing that an
amplifier may have to deliver in practice. Table 1.1 shows the RMS value of the sine
wave voltage, the peak voltage, the peak current, and the reserve current required for
the popular 8-Q resistive load as a function of power.

The reserve current listed below is simply a factor of three greater than the peak
current required of a resistive load and represents the reality of driving difficult reactive
loudspeaker loads with nonsinusoidal waveforms. In Chapter 18 we will see where this
somewhat arbitrary factor of three comes from. The reserve current can be assumed to
occur only in a brief time interval under fairly rare circumstances.

This data gives a glimpse of what is necessary for the amplifier to provide. Notice
the very substantial voltage swings, and implied power supply voltages, required for a
400-W amplifier. The peak and reserve currents are also into the tens of amperes at
400 W. This is just the beginning of the story, however. Table 1.2 shows what the same
amplifier would encounter when driving a 4-Q load. Here we have assumed that the
drive signal has remained the same and only the load impedance has dropped. We have
also implicitly assumed that the amplifier has ideal power supply regulation, so all of
the power numbers are doubled.

Given the nature of some of today’s high-end loudspeakers, some have argued that
really high-performance amplifiers should be rated for power delivery into 2 Q (at least
for short intervals). Indeed, the testing done in some amplifier technical reviews regu-
larly subjects power amplifiers to a 2-Q resistive load test. The figures for output cur-
rent become almost bewildering under these conditions.

An important point here is that there are amplifiers sold every day that are rated at
up to 400 W per channel into 8 €2, and designers implement such amplifiers every day.

Power, W Vs Vo L L ecorve

50 20 28 35 | 105
100 28 | 40 50 | 15.0
200 40 56 70 | 21.0
400 57 80 10.0 30.0

TaBLe 1.1 \Voltage and Current into an 8-Q Load
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Power’ w VRMS Vpeak ’peak ’reserve
100 20 28 7 21
200 28 40 10 30
400 40 56 14 42
800 57 80 20 60

TaBLe 1.2 \Voltage and Current into a 4-Q Load

Power, W | Voo Voo | Lo leone
200 20 28 14 42
400 28 | 40 20 60
800 40 | 56 | 28 84

1600 57 80 40 120

TaBLe 1.3 Voltage and Current into a 2-Q Load

The sobering point is that if at the same time the designer thinks in terms of his ampli-
fier being 2-Q compatible, the potential demanded burst current could on occasion be
quite enormous. This is illustrated in Table 1.3.

Basic Amplifier Topology
Figure 1.5 shows a simplified three-stage audio power amplifier design. This is a direct
descendant of the Lin topology introduced in the 1950s. Although other arrangements
have appeared through the years, this one and its many derivatives account for the vast
majority of power amplifier designs, and it will be the focus of most of this book.

Transistors Q1 and Q2 form the input differential pair. This arrangement is often
called a long-tailed pair (LTP) because it is supplied with a so-called tail current from a
very high-impedance circuit like the current source shown. We will often take the lib-
erty of referring to the amplifier’s input stage as the IPS. The input differential amplifier
usually has a fairly low voltage gain, typically ranging from 1 to 15.

The IPS compares the applied input signal to a fraction of the output of the ampli-
fier and provides the amount of signal necessary for the remainder of the amplifier to
create the required output. This operation forms the essence of the negative feedback
loop. The fraction of the output to which the input is compared is determined by the
voltage divider consisting of R3 and R2. If the fraction is 1/20 and the forward gain of
the amplifier is large, then very little difference need exist between the input and the fed
back signal applied to the IPS in order to produce the required output voltage. The gain
of the amplifier will then be very nearly 20. This is referred to as the closed-loop gain of
the amplifier (CLG or A ).

This simplified explanation of how negative feedback works is illustrated in Figure 1.6.
The core of the amplifier that provides all of the open-loop gain (OLG or A ) is shown as a

i
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Fieure 1.5 Simple three-stage power amplifier.
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Ficure 1.6 Negative feedback operation.

gain block symbol just like an operational amplifier. For purposes of illustration, it is shown
with a gain of 1000. The feedback network is shown as a block that attenuates the signal
being fed back by a factor of 20. Suppose the output of the amplifier is 20 V, the amount
fed back will then be 1 V. The input across the differential inputs of the gain block will
be 20 mV if the forward gain is 1000. The required input from the input terminal will
then be 1.02 V. This simplified approach to looking at a feedback circuit is sometimes
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referred to as input-referred feedback analysis because we start at the output and work
our way back to the input to see what input would have been required to produce the
assumed output. The closed-loop gain is thus 20/1.02 = 19.6. This is just 2% shy of what
we would get if we assumed that the closed-loop gain were just the inverse of the atten-
uation in the feedback path.

Transistor Q3 in Figure 1.5 forms what is called the voltage amplifier stage (VAS). It is
a high-gain common-emitter (CE) stage that provides most of the voltage gain of the
amplifier. Notice that it is loaded with a current source rather than a resistor so as to
provide the highest possible gain. It is not unusual for the VAS to provide a voltage gain
of 100 to 10,000. This means that the difference signal needed to drive the input stage
does not need to be very large to drive the output to its required level. If the difference
signal is close to zero, and 1/20 of the output is compared to the input, it follows that
the output would be almost exactly 20 times the input.

The output stage (OPS) is composed of transistors Q4 through Q7. Its main job is to
provide buffering in the form of current gain between the output of the VAS and the
loudspeaker load. Most output stages have a voltage gain of approximately unity. The
output stage here consists essentially of two pairs of emitter followers (EF), one for each
polarity of the output swing. This is called a complementary push-pull output stage.
Transistors Q4 and Qb are referred to as the drivers, while Q6 and Q7 are the output
devices.

The two-stage OPS, like this one, will typically provide a current gain between 500
and 10,000. This means that an 8-Q load resistance will look like a load resistance between
4000 and 80,000 Q to the output of the VAS. Other output stages, like so-called triples, can
provide current gain of 100,000 to 1 million, greatly reducing the load on the VAS.

This OPS is the classic class B output stage used in most audio power amplifiers.
The upper output transistor conducts on positive half-cycles of the signal when it is
necessary to source current to the load. The bottom output transistor conducts on the
negative half-cycle when it is necessary to sink current from the load. The signal thus
follows a different path through the amplifier on different halves of the signal. This of
course can lead to distortion

The box labeled bias provides a DC bias voltage that overcomes the turn-on
base-emitter voltage drops (V, ) of the driver and output transistors. It also keeps
them active with a small quiescent bias current even when no current is being deliv-
ered to the load. This bias circuit is usually referred to as the bias spreader. The out-
put stage bias current creates a small region of overlapping conduction between the
positive and negative output transistors. This smoothes the transition from the
upper transistors to the lower transistors (and vice versa) when the output signal
goes from positive to negative and the output stage goes from sourcing current to the
load to sinking current from the load. We'll have much more to say about this crossover
region and the distortion that it can create in Chapters 5 and 10. Because there is a small
region of overlap where both transistors are conducting, this type of output stage is
often referred to as a class AB output stage.

If the bias spreader is set to provide a very large output stage idle bias current,
both the top and bottom output transistors will conduct on both half-cycles of the
signal. One will be increasing its current as the other decreases its current, with the
difference flowing into the load. In this case we have a so-called class A output stage.
The fact that the signal is then always taking the same path to the output (consisting
of two parallel paths) tends to result in less distortion because there is no crossover
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from one half of the output stage to the other as the signal swings from positive to
negative. The price paid is very high power dissipation as a result of the high output
stage bias current.

Actual operation of the amplifier of Figure 1.5 is quite simple. The input differential
amplifier compares the input voltage to a scaled-down version of the output voltage
and acts to make them essentially the same. This action applies to both stabilization of
the DC operating points and the processing of AC signals. In the quiescent state transis-
tors Q1 and Q2 are conducting the same amount of current, in this case 1 mA each. The
resulting voltage drop across R1 is just enough to turn on Q3 to conduct 10 mA, balanc-
ing the current supplied to its collector by the 10-mA current source.

Now suppose the output is more positive than it should be, the voltage at the
base of PNP transistor Q1 will then be negative with respect to the scaled version of
the output voltage at the base of Q2. A more negative voltage at the base of a PNP
transistor causes it to conduct more current. Transistor Q1 will thus conduct more
current and increase the voltage drop across R1. This will increase the voltage at the
base of NPN transistor Q3. A more positive voltage at the base of an NPN transistor
causes it to conduct more current. Transistor Q3 will thus turn on harder. This will
cause an imbalance between Q3’s collector current and the 10-mA current source.
Q3’s increased collector current will thus pull the voltage at its collector node more
negative. This will drive the bases of the driver and output transistors more negative.
Their emitters will follow this negative voltage change, causing the output of the
amplifier to go more negative. The result will be that the initially assumed positive
error in the output voltage will be corrected.

Summary

We’ve seen what an audio power amplifier can do, and the basic design described in
qualitative terms. In the next chapter we’ll learn a bit about bipolar transistors and the
simple circuit building blocks that make up a power amplifier. Equipped with this
knowledge, we will then analyze in some detail the workings of the basic power amplifier.
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CHAPTER 2
Power Amplifier Basics

information about transistors will first be discussed, followed by a simple analysis

of the basic building block circuits that are inevitably used to build a complete
amplifier circuit. This will provide a good foundation for the detailed analysis of the
basic amplifier that follows. Chapter 3 will then take us on a tour of amplifier design,
evolving and assessing a design as its performance is improved to a high level.

In this chapter we’ll look at the design of a basic power amplifier in detail. Some

About Transistors

The bipolar junction transistor (BJT) is the primary building block of most audio power
amplifiers. This section is not meant to be an exhaustive review of transistors, but rather
presents enough knowledge for you to understand and analyze transistor amplifier
circuits. More importantly, transistor behavior is discussed in the context of power
amplifier design, with many relevant tips along the way.

Current Gain

If a small current is sourced into the base of an NPN transistor, a much larger current
flows in the collector. The ratio of these two currents is the current gain, commonly
called beta (B) or h, . Similarly, if one sinks a small current from the base of a PNP transis-
tor, a much larger current flows in its collector.

The current gain for a typical small-signal transistor often lies between 50 and 200.
For an output transistor, B typically lies between 20 and 100. Beta can vary quite a bit
from transistor to transistor and is also a mild function of the transistor current and col-
lector voltage.

Because transistor  can vary quite a bit, circuits are usually designed so that their
operation does not depend heavily on the particular value of 3 for its transistors. Rather,
the circuit is designed so that it operates well for a minimum value of 3 and better for
very high B. Because § can sometimes be very high, it is usually bad practice to design
a circuit that would misbehave if § became very high. The transconductance (gm) of the
transistor is actually the more predictable and important design parameter (as long as
B is high enough not to matter much). For those unfamiliar with the term, transconduc-
tance of a transistor is the change in collector current in response to a given change in
base-emitter voltage, in units of siemens (S; amps per volt).

gm= AIC/AVbe

The familiar collector current characteristics shown in Figure 2.1 illustrate the
behavior of transistor current gain. This family of curves shows how the collector current
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Ficure 2.1 Transistor collector current characteristic.

increases as collector-emitter voltage (V) increases, with base current as a parameter.
The upward slope of each curve with increasing V _ reveals the mild dependence of 8
on collector-emitter voltage. The spacing of the curves for different values of base cur-
rent reveals the current gain. Notice that this spacing tends to increase as V_ increases,
once again revealing the dependence of current gain on V_. The spacing of the curves
may be larger or smaller between different pairs of curves. This illustrates the depen-
dence of current gain on collector current. The transistor shown has B of about 50.

Beta can be a strong function of current when current is high; it can decrease
quickly with increases in current. This is referred to as beta droop and can be a source of
distortion in power amplifiers. A typical power transistor may start with a  of 70 at
a collector current of 1 A and have its {3 fall to 20 or less by the time I_ reaches 10 A. This
is especially important when the amplifier is called on to drive low load impedances.
This is sobering in light of the current requirements illustrated in Table 1.3.

Base-Emitter Voltage

The bipolar junction transistor requires a certain forward bias voltage at its base-emitter
junction to begin to conduct collector current. This turn-on voltage is usually referred to
as V, . For silicon transistors, V, is usually between 0.5 and 0.7 V. The actual value of
V,. depends on the transistor device design and the amount of collector current (I ).

The base-emitter voltage increases by about 60 mV for each decade of increase in
collector current. This reflects the logarithmic relationship of V, _ to collector current.
For the popular 2N5551, for example, V, =600 mV at 100 uA and rises to 720 mV at
10 mA. This corresponds to a 120 mV increase for a two-decade (100:1) increase in
collector current.

Tiny amounts of collector current actually begin to flow at quite low values of for-
ward bias (V). Indeed, the collector current increases exponentially with V, . That is
why it looks like there is a fairly well-defined turn-on voltage when collector current is
plotted against V, on linear coordinates. It becomes a remarkably straight line when
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the log of collector current is plotted against V, . Some circuits, like multipliers, make
great use of this logarithmic dependence of V,_on collector current.

Put another way, the collector current increases exponentially with base-emitter
voltage, and we have the approximation

— 1 o(Vee/Vp)
I =1

where the voltage V_ is called the thermal voltage. Here V. is about 26 mV at room tem-
perature and is proportional to absolute temperature. This plays a role in the tempera-
ture dependence of V, . However, the major cause of the temperature dependence of V, _
is the strong increase with temperature of the saturation current I.. This ultimately results
in a negative temperature coefficient of V,  of about -2.2 mV /°C.

Expressing base-emitter voltage as a function of collector current, we have the anal-

ogous approximation
V.=V, In( /L)

where In (I /L) is the natural logarithm of the ratio I /L. The value of V,_here is the
intrinsic base-emitter voltage, where any voltage drops across physical base resistance
and emitter resistance are not included.

The base-emitter voltage for a given collector current typically decreases by about
2.2 mV for each degree Celsius increase in temperature. This means that when a transis-
tor is biased with a fixed value of V, , the collector current will increase as temperature
increases. As collector current increases, so will the power dissipation and heating of the
transistor; this will lead to further temperature increases and sometimes a vicious cycle
called thermal runaway. This is essentially positive feedback in a local feedback system.

The V, of power transistors will start out at a smaller voltage at a low collector cur-
rent of about 100 mA, but may increase substantially to 1 V or more at current in the 1
to 10-A range. At currents below about 1 A, V,  typically follows the logarithmic rule,
increasing by about 60 mV per decade of increase in collector current. As an example,
V,. might increase from 550 mV at 150 mA to 630 mV at 1 A. Even this is more than
60 mV per decade.

Above about 1 A, V, versus I for a power transistor often begins to behave linearly
like a resistance. In the same example, V, might increase to about 1.6 V at 1 A. This
would correspond to effectively having a resistance of about 0.1 Q in series with the
emitter. The actual emitter resistance is not necessarily the physical origin of the increase
in V, . The voltage drop across the base resistance RB due to base current is often more
significant. This voltage drop will be equal to RB(I /B). The effective contribution to
resistance as seen at the emitter by RB is thus RB/[. The base resistance divided by J is
often the dominant source of this behavior.

Consider a power transistor operating at I =10 A and having a base resistance of 4 2,
an operating 3 of 50, and an emitter resistance of 20 m€Q. Base current will be 200 mA
and voltage drop across the base resistance will be 0.8 V. Voltage drop across the emitter
resistance will be 0.2 V. Adding the intrinsic V, of perhaps 660 mV, the base-emitter
voltage becomes 1.66 V. It is thus easy to see how rather high V, can develop for power
transistors at high operating currents.

The Gummel Plot

If the log of collector current is plotted as a function of V, , the resulting diagram is very
revealing. As mentioned above, it is ideally a straight line. The diagram becomes even
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Fiure 2.2 Transistor Gummel plot.

more useful and insightful if base current is plotted on the same axes. This is now called
a Gummel plot. It sounds fancy, but that is all it is. The magic lies in what it reveals about
the transistor. A Gummel plot is shown in Figure 2.2.

In practice, neither the collector current nor the base current plots are straight lines
over the full range of V, , and the bending illustrates various nonidealities in the tran-
sistor behavior. The vertical distance between the lines corresponds to the B of the tran-
sistor, and the change in distance shows how B changes as a function of V, and, by
extension, [ . The curves in Figure 2.2 illustrate the typical loss in transistor current gain
at both low and high current extremes.

Transconductance

While transistor current gain is an important parameter and largely the source of its
amplifying ability, the transconductance of the transistor is perhaps the most important
characteristic used by engineers when doing actual design. Transconductance, denoted
as gm, is the ratio of the change in collector current to the change in base voltage.

The unit of measure of transconductance is the siemens (S), which corresponds to a
current change of 1 A for a change of 1 V. This is the inverse of the measure of resistance,
the ohm (it was once called the mho, ohm spelled backward). If the base-emitter voltage
of a transistor is increased by 1 mV, and as a result the collector current increases by
40 pA, the transconductance of the transistor is 40 milliseimens (mS).

The transconductance of a bipolar transistor is governed by its collector current.
This is a direct result of the exponential relationship of collector current to base-emitter
voltage. The slope of that curve increases as I_increases; this means that transconduc-
tance also increases. Transconductance is given simply as

gm=1/V,

where V_ is the thermal voltage, typically 26 mV at room temperature. At a current of
1 mA, transconductance is 1 mA /26 mV =0.038 S.
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The inverse of gm is a resistance. Sometimes it is easier to visualize the behavior of
a circuit by treating the transconductance of the transistor as if it were a built-in dynamic
emitter resistance re’. This resistance is just the inverse of g, so we have

re’=V./ I = 0.026/ I (at room temperature)

In the above case re’ = 26 Q at a collector current of 1 mA.

An important approximation that will be used frequently is that re’ = 26 Q/1_where
I_is expressed in milliamperes. If a transistor is biased at 10 mA, re” will be about 2.6 Q.
The transistor will act as if a change in its base-emitter voltage is directly impressed
across 2.6 Q; this causes a corresponding change in its emitter current and very nearly
the same change in its collector current. This forms the basis of the common-emitter
(CE) amplifier.

It is important to recognize that gm = 1/re’ is the intrinsic transconductance, ignor-
ing the effects of base and emitter resistance. Actual transconductance will be reduced
by emitter resistance (RE) and RB/ being added to re’ to arrive at net transconduc-
tance. This is especially important in the case of power transistors.

Input Resistance

If a small change is made in the base-emitter voltage, how much change in base current
will occur? This defines the effective input resistance of the transistor. The transconduc-
tance dictates that if the base-emitter voltage is changed by 1 mV, the collector current
will change by about 40 pA if the transistor is biased at 1 mA. If the transistor has a B of
100, the base current will change by 0.38 LA. Note that the B here is the effective current
gain of the transistor for small changes, which is more appropriately referred to as the
AC current gain or AC beta (B,.). The effective input resistance in this case is therefore
about 1 mV/0.38 uA = 2.6 kQ. The effective input resistance is just 8, . times re’.

Early Effect

The Early effect manifests itself as finite output resistance at the collector of a transistor
and is the result of the current gain of the transistor being a function of the collector-base
voltage. The collector characteristic curves of Figure 2.1 show that the collector current
at a given base current increases with increased collector voltage. This means that the
current gain of the transistor is increasing with collector voltage. This also means that
there is an equivalent output resistance in the collector circuit of the transistor.

The increase of collector current with increase in collector voltage is called the Early
effect. If the straight portions of the collector current curves in Figure 2.1 are extrapo-
lated to the left, back to the X axis, they will intersect the X axis at a negative voltage.
The value of this voltage is called the Early voltage (VA). The slope of these curves repre-
sents the output resistance ro of the device.

Typical values of VA for small-signal transistors lie between 20 and 200 V. A very
common value of VA is 100 V, as for the 2N5551. The output resistance due to the Early
effect decreases with increases in collector current. A typical value of this resistance for
a small-signal transistor operating at 1 mA is on the order of 100 k<.

The Early effect is especially important because it acts as a resistance in parallel with
the collector circuit of a transistor. This effectively makes the net load resistance on the
collector smaller than the external load resistance in the circuit. As a result, the gain of
a common-emitter stage decreases. Because the extra load resistance is a function of
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collector voltage and current, it is a function of the signal and is therefore nonlinear and
so causes distortion.

The Early effect can be modeled as a resistor ro connected from the collector to the
emitter of an otherwise “perfect” transistor [1]. The value of ro is

(VA+V.)
1=

c

For the 2N5551, with a VA of 100 and operating at V_ =10V and I =10 mA, ro comes
out to be 11 kQ. The value of ro is doubled as the collector voltage swings from very
small voltages to a voltage equal to the Early voltage.

It is important to understand that this resistance is not, by itself, necessarily the
output resistance of a transistor stage, since it is not connected from collector to ground.
It is connected from collector to emitter. Any resistance or impedance in the emitter
circuit will significantly increase the effective output resistance caused by ro.

The Early effect is especially important in the VAS of an audio power amplifier. In
that location the device is subjected to very large collector voltage swings and the
impedance at the collector node is quite high due to the usual current source loading
and good buffering of the output load from this node.

A 2N5551 VAS transistor biased at 10 mA and having no emitter degeneration will
have an output resistance on the order of 14 kQ at a collector-emitter voltage of 35 V.
This would correspond to a signal output voltage of 0 V in an arrangement with 35V
power supplies. The same transistor with 10:1 emitter degeneration will have an output
resistance of about 135 kQ.

At a collector-emitter voltage of only 5 V (corresponding to a —=30-V output swing)
that transistor will have a reduced output resistance of 105 kQ. At a collector-emitter
voltage of 65 V (corresponding to a +30-V output swing), that transistor will have an
output resistance of about 165 kQ. These changes in output resistance as a result of sig-
nal voltage imply a change in gain and thus second harmonic distortion.

Because the Early effect manifests itself as a change in the B of the transistor as a func-
tion of collector voltage, and because a higher-f3 transistor will require less base current, it
can be argued that a given amount of Early effect has less influence in some circuits if the
B of the transistor is high. A transistor whose  varies from 50 to 100 due to the Early effect
and collector voltage swing will have more effect on circuit performance in many cases
than a transistor whose [ varies from 100 to 200 over the same collector voltage swing. The
variation in base current will be less in the latter than in the former. For this reason, the
product of B and VA is an important figure of merit (FOM) for transistors. In the case of
the 2N5551, with a current gain of 100 and an Early voltage VA of 100 V, this FOM is
10,000 V. The FOM for bipolar transistors often lies in the range of 5000 to 50,000 V.

Early effect FOM =3 * VA

Junction Capacitance
All BJTs have base-emitter capacitance (C, ) and collector-base capacitance (C,). This
limits the high-frequency response, but also can introduce distortion because these
junction capacitances are a function of voltage.

The base, emitter, and collector regions of a transistor can be thought of as plates of
a capacitor separated by nonconducting regions. The base is separated from the emitter
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by the base-emitter junction, and it is separated from the collector by the base-collector
junction. Each of these junctions has capacitance, whether it is forward biased or reverse
biased. Indeed, these junctions store charge, and that is a characteristic of capacitance.

A reverse-biased junction has a so-called depletion region. The depletion region can
be thought of roughly as the spacing of the plates of the capacitor. With greater reverse
bias of the junction, the depletion region becomes larger. The spacing of the capacitor
plates is then larger, and the capacitance decreases. The junction capacitance is thus a
function of the voltage across the junction, decreasing as the reverse bias increases.

This behavior is mainly of interest for the collector-base capacitance C,, since in
normal operation the collector-base junction is reverse biased while the base-emitter
junction is forward biased. It will be shown that the effective capacitance of the forward-
biased base-emitter junction is quite high.

The variance of semiconductor junction capacitance with reverse voltage is taken to
good use in varactor diodes, where circuits are electronically tuned by varying the reverse
bias on the varactor diode. In audio amplifiers, the effect is an undesired one, since
capacitance varying with signal voltage represents nonlinearity. It is obviously undesir-
able for the bandwidth or high-frequency gain of an amplifier stage to be varying as a
function of the signal voltage.

The collector-base capacitance of the popular 2N5551 small-signal NPN transistor
ranges from a typical value of 5 pF at 0 V reverse bias (V) down to 1 pF at 100 V. For
what it’s worth, its base-emitter capacitance ranges from 17 pF at 0.1-V reverse bias to
10 pF at 5 V reverse bias. Remember, however, that this junction is usually forward
biased in normal operation. The junction capacitances of a typical power transistor are
often about two orders of magnitude larger than those of a small-signal transistor.

Speed and f,

The AC current gain of a transistor falls off at higher frequencies in part due to the need
for the input current to charge and discharge the relatively large capacitance of the
forward-biased base-emitter junction.

The most important speed characteristic for a BJT is its f,, or transition frequency.
This is the frequency where the AC current gain f3, . falls to approximately unity. For
small-signal transistors used in audio amplifiers, f, will usually be on the order of
50 to 300 MHz. A transistor with a low-frequency B,. of 100 and an f; of 100 MHz
will have its B, begin to fall off (be down 3 dB) at about 1 MHz. This frequency is
referred to as f,.

The effective value of the base-emitter capacitance of a conducting BJT can be shown
to be approximately

Cbe =gm/0‘)T

where @, is the radian frequency equal to 2rf and gm is the transconductance.
Because gm =1/V_, one can also state that

Cbe = Ic/(VT * wT)

This capacitance is often referred to as C_for its use in the so-called hybrid pi model.
Because transconductance increases with collector current, so does C, . For a transistor
with a 100 MHz f, and operating at 1 mA, the effective base-emitter capacitance will be
about 61 pE.
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Power transistors usually have a much lower value of f,, often in the range of 1 to
8 MHz for conventional power devices. The effective base-emitter capacitance for a power
transistor can be surprisingly large. Consider a power transistor whose f, is 2 MHz.
Assume it is operating at I =1 A. Its transconductance will be I /V., =1.0/0.026 =38.5 S.
Its o, will be 12.6 Mrad/s. Its C, will be

C,.=gm/ow,=3.1uF

Needless to say, this is a real eye-opener!

This explains why it can be difficult to turn off a power transistor quickly. Suppose
the current gain of the power transistor is 50, making the base current 20 mA. If that
base-current drive is removed and the transistor is allowed to turn off, the V, will
change at a rate of

I,/C,=0.02/3.1x10%=64mV/us

Recall that a 60 mV change in V| will change the collector current by a factor of
about 10. This means that it will take about 9 us for the collector current to fall from 1 to
0.1 A. This illustrates why it is important to actively pull current out of the base to turn
off a transistor quickly. This estimate was only an approximation because it was assumed
that C_ was constant during the discharge period. It was not, since I was decreasing.
However, the base current, which was the discharge current in this case, was also
decreasing during the discharge period. The decreasing C_and the decreasing base cur-
rent largely cancel each other’s effects, so the original approximation was not too bad.

In a real circuit there will usually be some means of pulling current out of the base,
even if it is just a resistor from base to emitter. This will help turn off the transistor
more quickly.

In order to decrease the collector current of the transistor from 1to 0.1 A, C_ must be
discharged by 60 mV. Recognizing that the capacitance will decrease as the collector
current is brought down, the capacitance can be approximated by using an average
value of one-half, or about 1.5 uF. Assume high transistor p so that the base current that
normally must flow to keep the transistor turned on can be ignored. If a constant base
discharge current of 30 mA is employed, the time it takes to ramp down the collector
current by a decade can be estimated as follows:

T=C*V/I=30us

This is still quite a long time if the amplifier is trying to rapidly change the output
current as a result of a large high-frequency signal transient. Here the average rate of
change of collector current is about 0.3 A/us. To put this in perspective, assume an
amplifier is driving 40-V peak into a 4-Q load at 20 kHz. The voltage rate of change is
5 V/us and the current rate of change must be 1.25 A/us.

Unfortunately, just as BJTs experience beta droop at higher currents, so they also
suffer from f, droop at higher currents. A good conventional power transistor might start
off with f, of 6 MHz at 1 A, be down in f by 20% at 3 A, and be all the way down to
2 MHz at 10 A. At the same time, BJTs also suffer f, droop at lower collector-emitter
voltages while operating at high currents. This compounds the problem when an out-
put stage is at a high-amplitude portion of a high-frequency waveform and delivering
high current into the load. Under these conditions, V_ might be as little as 5 V or less
and device current might be several amperes.
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Ficure 2.3 Hybrid pi model.

So-called ring emitter transistors (RET5) and similar advanced BJT power transistor
designs can have f, in the 20- to 80-MHz range. However, they also suffer from f, droop
at high currents. A typical RET might start out with an f, of 40 MHz at 1 A and maintain
it quite well to 3 A, then have it crash to 4 MHz or less at 10 A. The RET devices also lose
f; at low current. At 100 mA, where they may be biased in a class AB output stage, the
same RET may have f, of only 20 MHz.

The Hybrid Pi Model

Those more familiar with transistors will recognize that much of what has been dis-
cussed above is the makeup of the hybrid pi small-signal model of the transistor, shown
in Figure 2.3. The fundamental active element of the transistor is a voltage-controlled
current source, namely a transconductance. Everything else in the model is essentially a
passive parasitic component. AC current gain is taken into account by the base-emitter
resistance 7. The Early effect is taken into account by ro. Collector-base capacitance is
shown as C . Current gain roll-off with frequency (as defined by f,) is modeled by C .
The values of these elements are as described above. This is a small-signal model; ele-
ment values will change with the operating point of the transistor.

The Ideal Transistor
Operational amplifier circuits are often designed by assuming an ideal op amp, at least
initially. In the same way a transistor circuit can be designed by assuming an “ideal”
transistor. This is like starting with the hybrid pi model stripped of all of its passive
parasitic elements. The ideal transistor is just a lump of transconductance. As needed,
relevant impairments, such as finite §, can be added to the ideal transistor. This usually
depends on what aspect of performance is important at the time.

The ideal transistor has infinite current gain, infinite input impedance, and infinite
output resistance. It acts as if it applies all of the small-signal base voltage to the emitter
through an internal intrinsic emitter resistance re’.

Safe Operating Area

The safe operating area (SOA) for a transistor describes the safe combinations of voltage
and current for the device. This area will be bounded on the X axis by the maximum
operating voltage and on the Y axis by the maximum operating current. The SOA is also
bounded by a line that defines the maximum power dissipation of the device. Such a plot
is shown for a power transistor in Figure 2.4, where voltage and current are plotted on log
scales and the power dissipation limiting line becomes the outermost straight line.
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Ficure 2.4 Safe operating area.

Unfortunately, power transistors are not just limited in their safe current-handling
capability by their power dissipation. At higher voltages they are more seriously lim-
ited by a phenomenon called secondary breakdown. This is illustrated by the more steeply
sloped inner line in Figure 2.4.

Although there are many different ways to specify SOA, perhaps the single most
indicative number for audio power amplifier design is the amount of current the tran-
sistor can safely sustain for at least 1 second at some high collector-emitter voltage such
as 100 V. In the absence of secondary breakdown, a 150-W power transistor could sus-
tain a current of 1.5 A at 100 V. In reality, this number may only be 0.5 A, corresponding
to only 50 W of dissipation. Secondary breakdown causes the sustainable power dissi-
pation at high voltages to be less than that at low voltages.

Secondary breakdown results from localized hot spots in the transistor. At higher
voltages the depletion region of the collector-base junction has become larger and the
effective base region has become thinner. Recall that the collector current of a transistor
increases as the junction temperature increases if the base-emitter voltage is held con-
stant. A localized increase in the power transistor’s base-emitter junction temperature
will cause that area to hog more of the total collector current. This causes the local area
to become hotter, conduct even more current, and still become hotter; this leads to a
localized thermal runaway.

SOA is very important in the design of audio amplifier output stages because the
SOA can be exceeded, especially when the amplifier is driving a reactive load. This can
lead to the destruction of the output transistors unless there are safe area protection
circuits in place. There will be a much deeper examination of power transistor SOA in
Chapter 15, including discussion of the higher value of SOA that a transistor can with-
stand for shorter periods of time.

JFETs and MOSFETs

So far nothing has been said about JFET and MOSFET transistors. These will be dis-
cussed in Chapters 7 and 11 where their use in power amplifiers is covered. The short



2.2

Power Amplifier Basics

version is that they are really not much different than BJTs in many of the characteristics
that have been discussed. Their gate draws essentially no DC current in normal opera-
tion, as they are voltage-controlled devices. Just think of them as transistors with infinite
current gain and about 1/10 the transconductance of BJTs, and you will not be far off.
This is a major simplification, but it is extremely useful for small-signal analysis. In real-
ity, a FET is a square-law device, while the current in a B]T follows an exponential law.

Circuit Building Blocks

An audio power amplifier is composed of just a few important circuit building blocks put
together in many different combinations. Once each of those building blocks can be under-
stood and analyzed, it is not difficult to do an approximate analysis by inspection of a
complete power amplifier. Knowledge of how these building blocks perform and bring
performance value to the table permits the designer to analyze and synthesize circuits.

Common-Emitter Stage

The common-emitter (CE) amplifier is possibly the most important circuit building
block, as it provides basic voltage gain. Assume that the transistor’s emitter is at ground
and that a bias current has been established in the transistor. If a small voltage signal is
applied to the base of the transistor, the collector current will vary in accordance with
the base voltage. If a load resistance R, is provided in the collector circuit, that resistance
will convert the varying collector current to a voltage. A voltage-in, voltage-out ampli-
fier is the result, and it likely has quite a bit of voltage gain. A simple common emitter
amplifier is shown in Figure 2.5a.

The voltage gain will be approximately equal to the collector load resistance times
the transconductance gm. Recall that the intrinsic emitter resistance re’ = 1/gm. Thus,
more conveniently, assuming the ideal transistor with intrinsic emitter resistance re’, the
gain is simply R, /re’.

Consider a transistor biased at 1 mA with a load resistance of 5000 © and a supply
voltage of 10 V, as shown in Figure 2.5a. The intrinsic emitter resistance re” will be about
26 Q. The gain will be approximately 5000/26 = 192.

+10V

Output

Ficure 2.5a Common-emitter amplifier.
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This is quite a large value. However, any loading by other circuits that are driven by
the output has been ignored. Such loading will reduce the gain.

The Early effect has also been ignored. It effectively places another resistance ro in
parallel with the 5-kQ load resistance. This is illustrated by the dashed resistor drawn
in the figure. As mentioned earlier, ro for a 2N5551 operating at 1 mA and relatively low
collector-emitter voltages will be on the order of 100 k€, so the error introduced by
ignoring the Early effect here will be about 5%.

Because re’ is a function of collector current, the gain will vary with signal swing
and the gain stage will suffer from some distortion. The gain will be smaller as the cur-
rent swings low and the output voltage swings high. The gain will be larger as the cur-
rent swings high and the output voltage swings low. This results in second harmonic
distortion.

If the input signal swings positive so that the collector current increases to 1.5 mA
and the collector voltage falls to 2.5V, re’ will be about 17.3 Q and the incremental gain
will be 5000/17.3 = 289. If the input signal swings negative so that the collector current
falls to 0.5 mA and the collector voltage rises to 7.5 V, then re” will rise to about 52 Q and
incremental gain will fall to 5000/52 = 96. The incremental gain of this stage has thus
changed by over a factor of 3 when the output signal has swung 5 V peak-to-peak. This
represents a high level of distortion.

If external emitter resistance is added as shown in Figure 2.5b, then the gain will
simply be the ratio of R, to the total emitter circuit resistance consisting of re¢” and the
external emitter resistance R . Since the external emitter resistance does not change with
the signal, the overall gain is stabilized and is more linear. This is called emitter degen-
eration. It is a form of local negative feedback.

The CE stage in Figure 2.5b is essentially the same as that in 2.5a but with a 234-Q
emitter resistor added. This corresponds to 10:1 emitter degeneration because the total
effective resistance in the emitter circuit has been increased by a factor of 10 from 26 to
260 Q. The nominal gain has also been reduced by a factor of 10 to a value of approxi-
mately 5000/260 = 19.2.

Output

Ficure 2.5b CE stage with emitter degeneration.
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Consider once again what happens to the gain when the input signal swings posi-
tive and negative to cause a 5-V peak-to-peak output swing. If the input signal swings
positive so that the collector current increases to 1.5 mA and the collector voltage falls
to 2.5V, total emitter circuit resistance R, will become 17 + 234 = 251 Q, and the incre-
mental gain will rise to 5000/251 = 19.9.

If the input signal swings negative so that the collector current falls to 0.5 mA and
the collector voltage rises to 7.5 V, then R_will rise to about 234 + 52 = 287 Q and incre-
mental gain will fall to 5000/287 = 17.4. The incremental gain of this stage has now
swung over a factor of 1.14:1, or only 14%, when the output signal has swung 5 V
peak to peak. This is indeed a much lower level of distortion than occurred in the un-
degenerated circuit of Figure 2.5a. This illustrates the effect of local negative feedback
without resort to any negative feedback theory.

We thus have, for the CE stage, the approximation

Gain=R, /(r¢’ +R)

where R is the net collector load resistance and R, is the external emitter resistance. The
emitter degeneration factor is defined as (re’ + R )/re’. In this case that factor is 10.

Emitter degeneration also mitigates nonlinearity caused by the Early effect in the
CE stage. As shown by the dotted resistance ro in Figure 2.5b, most of the signal current
flowing in ro is returned to the collector by way of being injected into the emitter. If
100% of the signal current in ro were returned to the collector, the presence of ro would
have no effect on the output resistance of the stage. In reality, some of the signal current
in rois lost by flowing in the external emitter resistor R  instead of through emitter resis-
tance re’ (some is also lost due to the finite current gain of the transistor). The fraction of
current lost depends on the ratio of e’ to R , which in turn is a reflection of the amount
of the emitter degeneration. As a rough approximation, the output resistance due to the
Early effect for a degenerated CE stage is

R, ~ ro * degeneration factor

If ro is 100 kQ and 10:1 emitter degeneration is used as in Fig. 2.5b, then the out-
put resistance of the CE stage due to the Early effect will be on the order of 1 MQ.
Bear in mind that this is just a convenient approximation. In practice, the output
resistance of the stage cannot exceed approximately ro times the current gain of the
transistor. It has been assumed that the CE stage here is driven with a voltage source.
If it is driven by a source with significant impedance, the output resistance of the
degenerated CE stage will decrease somewhat from the values predicted above.
That reduction will occur because of the changes in base current that result from the
Early effect.

Bandwidth of the Common-Emitter Stage and Miller Effect

The high-frequency response of a CE stage will be limited if it must drive any load
capacitance. This is no different than when a source resistance drives a shunt capaci-
tance, forming a first-order low-pass filter. A pole is formed at the frequency where the
source resistance and reactance of the shunt capacitance are the same; this causes the
frequency response to be down 3 dB at that frequency. The reactance of a capacitor is
equal to 1/(2rnfC) = 0.159/( fC). The -3 dB frequency f, will then be 0.159/(RC).

In Figure 2.5a the output impedance of the CE stage is approximately that of the
5-kQ collector load resistance. Suppose the stage is driving a load capacitance of 100 pF.
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The bandwidth will be dictated by the low-pass filter formed by the output impedance
of the stage and the load capacitance. A pole will be formed at

£,=1/(2nR,C,) = 0.159/(5 kQ * 100 pF) = 318 kHz

As an approximation, the collector-base capacitance should also be considered part
of C,. The bandwidth of a CE stage is often further limited by the collector-base capaci-
tance of the transistor when the CE stage is fed from a source with significant imped-
ance. The source must supply current to charge and discharge the collector-base
capacitance through the large voltage excursion that exists between the collector and
the base. This phenomenon is called the Miller effect.

Suppose the collector-base capacitance is 5 pF and assume that the CE stage is being
fed from a 5-kQ source impedance R.. Recall that the voltage gain G of the circuit in
Figure 2.5a was approximately 192. This means that the voltage across C_ is 193 times
as large as the input signal (bearing in mind that the input signal is out of phase with
the output signal, adding to the difference). This means that the current flowing through
C,, is 193 times as large as the current that would flow through it if it were connected
from the base to ground instead of base to collector. The input circuit thus sees an effec-
tive input capacitance C,_ thatis 1 + G times that of the collector-base capacitance. This
phenomenon is referred to as Miller multiplication of the capacitance. In this case the
effective value of C, would be 965 pF.

The base-collector capacitance effectively forms a shunt feedback circuit that ulti-
mately controls the gain of the stage at higher frequencies where the reactance of the
capacitor becomes small. As frequency increases, a higher proportion of the input signal
current must flow to the collector-base capacitance as opposed to the small fixed amount
of signal current required to flow into the base of the transistor. If essentially all of the
input signal current flowed through the collector-base capacitance, the gain of the stage
would simply be the ratio of the capacitive reactance of C, to the source resistance

coXe_ 1 0.159

Ry~ @nfC,)Ry) ~ (fC,Ry)

This represents a value of gain that declines at 6 dB per octave as frequency increases.
This decline will begin at a frequency where the gain calculated here is equal to the low-
frequency gain of the stage. The Miller effect is often used to advantage in providing the
high-frequency roll-off needed to stabilize a negative feedback loop. This is referred to
as Miller compensation.

Differential Amplifier

The differential amplifier is illustrated in Figure 2.6. It is much like a pair of common
emitter amplifiers tied together at the emitters and biased with a common current.
This current is called the tail current. The arrangement is often referred to as a long-tailed
pair (LTP).

The differential amplifier routes its tail current to the two collectors of Q1 and Q2 in
accordance with the voltage differential across the bases of Q1 and Q2. If the base volt-
ages are equal, then equal currents will flow in the collectors of Q1 and Q2. If the base
of Q1 is more positive than that of Q2, more of the tail current will flow in the collector
of Q1 and less will flow in the collector of Q2. This will result in a larger voltage drop
across the collector load resistor R, and a smaller voltage drop across load resistor R ..
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Ficure 2.6 Differential amplifier.

Output A is thus inverted with respect to Input A, while Output B is noninverted with
respect to Input A.

Visualize the intrinsic emitter resistance re’ present in each emitter leg of Q1 and Q2.
Recall that the value of re” is approximately 26 Q divided by the transistor operating
current in milliamperes. With 1 mA flowing nominally through each of Q1 and Q2, each
can be seen as having an emitter resistance re’ of 26 Q. Note that since gm =1/re’ is depen-
dent on the instantaneous transistor current, the values of gm and re” are somewhat signal
dependent, and indeed this represents a nonlinearity that gives rise to distortion.

Having visualized the ideal transistor with emitter resistance re’, one can now assume
that the idealized internal emitter of each device moves exactly with the base of the tran-
sistor, but with a fixed DC voltage offset equal to V, . Now look what happens if the base
of Q1 is 5.2 mV more positive than the base of Q2. The total emitter resistance separating
these two voltage points is 52 ©, so a current of 5.2 mV /52 Q = 0.1 mA will flow from the
emitter of Q1 to the emitter of Q2. This means that the collector current of Q1 will be
100 pA more than nominal, and the collector current of Q2 will be 100 nA less than nomi-
nal. The collector currents of Q1 and Q2 are thus 1.1 mA and 0.9 mA, respectively, since
they must sum to the tail current of 2.0 mA (assuming very high [ for the transistors).

This 100-pA increase in the collector current of Q1 will result in a change of 500 mV
at Output A, due to the collector load resistance of 5000 Q2. A 5.2-mV input change at the
base of Q1 has thus caused a 500-mV change at the collector of Q1, so the stage gain to
Output A in this case is approximately 500/5.2 = 96.2. More significantly, the stage gain
defined this way is just equal numerically to the load resistance of 5000 Q divided by
the total emitter resistance re’ = 52 Q across the emitters.

Had additional external emitter degeneration resistors been included in series with
each emitter, their value would have been added into this calculation. For example, if
48-Q emitter degeneration resistors were employed, the gain would then become 5000/
(52 + 48 + 48 + 52) = 5000/200 = 25. This approach to estimating stage gain is a very
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important back-of-the-envelope concept in amplifier design. In a typical amplifier
design, one will often start with these approximations and then knowingly account for
some of the deviations from the ideal. This will be evident in the numerous design
analyses to follow.

It was pointed out earlier that the change in transconductance of the transistor as a
function of signal current can be a source of distortion. Consider the situation where a
negative input signal at the base of Q1 causes Q1 to conduct 0.5 mA and Q2 to conduct
1.5 mA. The emitter resistance re’ of Q1 is now 26/0.5 =52 Q. The emitter resistance re” of
Q2 is now 26/1.5 =17.3 Q. The total emitter resistance from emitter to emitter has now
risen from 52 Q in the case above to 69.3 Q. This results in a reduced gain of 5000/69.3 =
72.15. This represents a reduction in gain by a factor of 0.75, or about 25%. This is an
important origin of distortion in the LTP. The presumed signal swing that caused the
imbalance of collector currents between Q1 and Q2 resulted in a substantial decrease in
the incremental gain of the stage. More often than not, distortion is indeed the result of a
change in incremental gain as a function of instantaneous signal amplitude.

The gain of an LTP is typically highest in its balanced state and decreases as the
signal goes positive or negative away from the balance point. This symmetrical behav-
ior is in contrast to the asymmetrical behavior of the common-emitter stage, where the
gain increases with signal swing in one direction and decreases with signal swing in the
other direction. To first order, the symmetrical distortion here is third harmonic distor-
tion, while that of the CE stage is predominantly second harmonic distortion.

Notice that the differential input voltage needed to cause the above imbalance in
the LTP is only on the order of 25 mV. This means that it is fairly easy to overload an LTP
that does not incorporate emitter degeneration. This is of great importance in the design
of most power amplifiers that employ an LTP input stage.

Suppose the LTP is pushed to 90% of its output capability. In this case Q1 would be
conducting 0.1 mA and Q2 would be conducting 1.9 mA. The two values of re’ will be
260 Q and 14 Q, for a total of 274 Q. The gain of the stage is now reduced to 5000/274 =
18.25. The nominal gain of this un-degenerated LTP was about 96.2. The incremental gain
under these large signal conditions is down by about 80%, implying gross distortion.

As in the case of the CE stage, adding emitter degeneration to the LTP will substan-
tially reduce its distortion while also reducing its gain. In summary we have the
approximation

oo Ry
Gain = m
where R | is a single-ended collector load resistance and R_ is the value of external emit-
ter degeneration resistance in each emitter of the differential pair. This gain is for the
case where only a single-ended output is taken from the collector of Q1. If a differential
output is taken from across the collectors of Q1 and Q2, the gain will be doubled. For
convenience, the total emitter-to-emitter resistance in an LTP, including the intrinsic re’
resistances, will be called R, . In the example above,

R, ,=2(r¢ +R)

Emitter Follower

The emitter follower (EF) is essentially a unity voltage gain amplifier that provides cur-
rent gain. It is most often used as a buffer stage, permitting the high impedance output
of a CE or LTP stage to drive a heavier load.
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Ficure 2.7 Emitter follower.

The emitter follower is illustrated in Figure 2.7. It is also called a common collec-
tor (CC) stage because the collector is connected to an AC ground. The output pull-
down resistor R1 establishes a fairly constant operating collector current in Q1. For
illustration, a load resistor R2 is being driven through a coupling capacitor. For AC
signals, the net load resistance R, at the emitter of Q1 is the parallel combination of R1
and R2. If re’ of Q1 is small compared to R, virtually all of the signal voltage applied
to the base of Q1 will appear at the emitter, and the voltage gain of the emitter fol-
lower will be nearly unity.

The signal current in the emitter will be equal to V_ /R, while the signal current in
the base of Q1 will be this amount divided by the B of the transistor. It is immediately
apparent that the input impedance seen looking into the base of Q1 is equal to the
impedance of the load multiplied by the current gain of Q1. This is the most important
function of the emitter follower.

As mentioned above, the voltage gain of the emitter follower is nearly unity. Sup-
pose R1 is 9.4 kQ and the transistor bias current is 1 mA. The intrinsic emitter resistance
re’ will then be about 26 Q. Suppose R2 is 1 k2, making net R, equal to 904 Q. The volt-
age gain of the emitter follower is then approximately

G=R_ /(R +1e)=097

At larger voltage swings the instantaneous collector current of Q1 will change with
signal, causing a change in re’. This will result in a change in incremental gain that cor-
responds to distortion. Suppose the signal current in the emitter is 0.9 mA peak in each
direction, resulting in an output voltage of about 814 mV peak. At the negative peak
swing, emitter current is only 0.1 mA and re¢’ has risen to 260 Q. Incremental gain is
down to about 0.78. At the positive peak swing the emitter current is 1.9 mA and re’ has
fallen to 13.7 Q; this results in a voltage gain of 0.985.

Voltage gain has thus changed by about 21% over the voltage swing excursion; this
causes considerable second harmonic distortion. One solution to this is to reduce R1 so
that a greater amount of bias current flows, making re” a smaller part of the gain equa-
tion. This of course also reduces net R, somewhat. A better solution is to replace R1 with
a constant current source.

The transformation of low-value load impedance to much higher input imped-
ance by the emitter follower is a function of the current gain of the transistor. The f is

i
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a function of frequency, as dictated by the f, of the transistor. This means, for exam-
ple, that a resistive load will be transformed to impedance at the input of the emitter
follower that eventually begins to decrease with frequency as f,. decreases with
frequency. A transistor with a nominal B of 100 and f; of 100 MHz will have an f, of
1 MHz. The AC B of the transistor will begin to drop at 1 MHz. The decreasing input
impedance of the emitter follower thus looks capacitive in nature, and the phase
of the input current will lead the phase of the voltage by an amount approaching
90 degrees.

The impedance transformation works both ways. Suppose we have an emitter fol-
lower that is driven by a source impedance of 1 kQ. The low-frequency output imped-
ance of the EF will then be approximately 1 kQ divided by B, or about 10 Q (ignoring re’).
However, the output impedance will begin to rise above 1 MHz where 3 begins to fall.
Impedance that increases with frequency is inductive. Thus, Z_ of an emitter follower
tends to be inductive at high frequencies.

Now consider an emitter follower that is loaded by a capacitance. This can lead to
instability, as we will see. The load impedance presented by the capacitance falls with
increasing frequency. The amount by which this load impedance is multiplied by B, .
also falls with frequencies above 1 MHz. This means that the input impedance of the
emitter follower is ultimately falling with the square of frequency. It also means that the
current in the load, already leading the voltage by 90 degrees, will be further trans-
formed by another 90 degrees by the falling transistor current gain with frequency. This
means that the input current of the emitter follower will lead the voltage by an amount
approaching 180 degrees. When current is 180 degrees out of phase with voltage, this
corresponds to a negative resistance. This can lead to instability, since the input imped-
ance of this emitter follower is a frequency-dependent negative resistance under these
conditions. This explains why placing a resistance in series with the base of an emitter
follower will sometimes stabilize it; the positive resistance adds to the negative resis-
tance by an amount that is sufficient to make the net resistance positive.

There is one more aspect of emitter follower behavior that pertains largely to its use
in the output stage of a power amplifier. It was implied above that if an emitter follower
was driven from a very low impedance source that its output impedance would simply
be re’ of its transistor. This is not quite the whole story. Transistors have finite base resis-
tance. The output impedance of an emitter follower will actually be the value of re’ plus
the value of the base resistance divided by P of the transistor. This can be significant in
an output stage. Consider a power transistor operating at 100 mA. Its re’ will be about
0.26 Q. Suppose that transistor has a base resistance of 5 Q and a current gain of 50. The
value of the transformed base resistance will be 0.1 Q. This is not insignificant com-
pared to the value of e’ and must be taken into account in some aspects of design. This
can also be said for the emitter resistance of the power transistor, which may range from
0.01t0 0.1 Q.

The simplicity of the emitter follower, combined with its great ability to buffer a
load, accounts for it being the most common type of circuit used for the output stage
of power amplifiers. An emitter follower will often be used to drive a second emitter
follower to achieve even larger amounts of current gain and buffering. This arrange-
ment is sometimes called a Darlington connection. Such a pair of transistors, each with
a current gain of 50, can increase the impedance seen driving a load by a factor of
2500. Such an output stage driving an 8-Q load would present an input impedance of
20,000 Q.
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Ficure 2.8 Cascode.

Cascode

A cascode stage is implemented by Q2 in Figure 2.8. The cascode stage is also called a
common base stage because the base of its transistor is connected to AC ground. Here the
cascode is being driven at its emitter by a CE stage comprising Q1. The most important
function of a cascode stage is to provide isolation. It provides near-unity current gain,
but can provide very substantial voltage gain. In some ways it is like the dual of an
emitter follower.

A key benefit of the cascode stage is that it largely keeps the collector of the driving
CE stage at a constant potential. It thus isolates the collector of the CE stage from the
large swing of the output signal. This eliminates most of the effect of the collector-base
capacitance of Q2, resulting in wider bandwidth due to suppression of the Miller effect.
Similarly, it mitigates distortion caused by the nonlinear collector-base junction capaci-
tance of the CE stage, since very little voltage swing now appears across the collector-
base junction to modulate its capacitance.

The cascode connection also avoids most of the Early effect in the CE stage by nearly
eliminating signal swing at its collector. A small amount of Early effect remains, how-
ever, because the signal swing at the base of the CE stage modulates the collector-base
voltage slightly.

If the current gain of the cascode transistor is 100, then 99% of the signal current
entering the emitter will flow in the collector. The input-output current gain is thus 0.99.
This current transfer factor from emitter to collector is sometimes referred to as the alpha
of the transistor.

The Early effect resistance ro still exists in the cascode transistor. It is represented as
a resistance ro connected from collector to emitter. Suppose ro is only 10 kQ. Is the out-
put impedance of the collector of the cascode 10 kQ? No, it is not.

Recall that 99% of the signal current entering the emitter of the cascode re-appears
at the collector. This means that 99% of the current flowing in ro also returns to the

3
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collector. Only the lost 1% of the current in ro results in a change in the net collector
current at the collector terminal. This means that the net effect of ro on the collector
output impedance in the cascode is roughly like that of a 1-MQ resistor to ground.
This is why the output impedance of cascode stages is so high even though Early
effect still is present in the cascode transistor.

R ,=B*ro

VA+V
ro=—7—"

ro=VA/I atlow V
Rout= B * VA/IC

Notice that the product of B and VA is the Early effect figure of merit mentioned
previously. The output resistance of a cascode is thus the FOM divided by the collector
current.

R, =FOM/L

Current Mirror

Figure 2.9a depicts a very useful circuit called a current mirror. If a given amount of
current is sourced into Q1, that same amount of current will be sunk by Q2, assuming
that the emitter degeneration resistors R1 and R2 are equal, that the transistor V, drops
are the same, and that losses through base currents can be ignored. The values of R1 and
R2 will often be selected to drop about 100 mV to ensure decent matching in the face of
unmatched transistor V, drops, but this is not critical.

+50V +50V
5mA \L ~5mA SRL
5000
21b o5\
+
[

(o

or |
R1 R2
100 100

Ficure 2.9a Simple current mirror.
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Ficure 2.9b Improved current mirror.

If R1 and R2 are made different, a larger or smaller multiple if the input current can
be made to flow in the collector of Q2. In practice, the base currents of Q1 and Q2 cause
a small error in the output current with respect to the input current. In the example
above, if transistor B is 100, the base current I, of each transistor will be 50 uA, causing
a total error of 100 uA, or 2% in the output current.

Figure 2.9b shows a variation of the current mirror that minimizes errors due to the
finite current gain of the transistors. Here emitter follower Q3, often called a helper tran-
sistor, provides current gain to minimize that error. Resistor R3 assures that a small
minimum amount of current flows in Q3 even if the current gains of Q1 and Q2 are very
high. Note that the input node of the current mirror now sits one V, higher above the
supply rail than in Figure 2.9a.

Many other variations of current mirrors exist, such as the Wilson current mirror
shown in Figure 2.9¢c. The Wilson current mirror includes transistors Q1, Q2, and Q3.
Input current is applied to the base of Q3 and is largely balanced by current flowing in
the collector of Q1. Input current that flows into the base of output transistor Q3 will
turn Q3 on, with its emitter current flowing through Q2 and R2. Q1 and Q2 form a con-
ventional current mirror. The emitter current of Q3 is mirrored and pulled from the
source of input current by Q1.

Any difference between the current of Q1 and the input current is available to drive
the base of Q3. If the input current exceeds the mirrored emitter current of Q3, the base
voltage of Q3 will increase, causing the emitter current of Q3 to increase and self-correct
the situation with feedback action. The equilibrium condition can be seen to be when
the input current and the output current are the same, providing an overall 1:1 current
mirror function.

Notice that in normal operation all three of the transistors operate at essentially the
same current, namely the supplied input current. Ignoring the Early effect, all of the
base currents will be the same if the betas are matched. Assume that each base current
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Ficure 2.9¢  Wilson current mirror.

is I, and that the collector current in Q1 is equal to I. It can be quickly seen that the input
current must then be I + I, and that the emitter current of Q3 must be I + 2],. It is then
evident that the collector current of Q3, which is the output current, will be I + I, which
is the same as the input current. This illustrates the precision of the input-output rela-
tionship when the transistors are matched.

Transistor Q3 acts much like a cascode, and this helps the Wilson current mirror to
achieve high output impedance. Transistors Q1 and Q2 operate at a low collector volt-
age, while output transistor Q3 will normally operate at a higher collector voltage.
Thus, the Early effect will cause the base current of Q3 to be smaller, and this will result
in a slightly higher voltage-dependent output current. This is reflected in the output
resistance of the Wilson current mirror.

Current Sources

Current sources are used in many different ways in a power amplifier, and there are
many different ways to make a current source. The distinguishing feature of a current
source is that it is an element through which a current flows wherein that current is
independent of the voltage across that element. The current source in the tail of the dif-
ferential pair is a good example of its use.

Most current sources are based on the observation that if a known voltage is
impressed across a resistor, a known current will flow. A simple current source is shown
in Figure 2.10a. The voltage divider composed of R2 and R3 places 2.7 V at the base of
Q1. After a V, drop of 0.7 V, about 2 V is impressed across emitter resistor R1. If R1 is a
400-Q resistor, 5 mA will flow in R1 and very nearly 5 mA will flow in the collector of
Q1. The collector current of Q1 will be largely independent of the voltage at the collec-
tor of Q1, so the circuit behaves as a decent current source. The load resistance R, is just
shown for purposes of illustration. The output impedance of the current source itself
(not including the shunting effect of R, ) will be determined largely by the Early effect in
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Ficure 2.10a Simple current source.

the same way as for the CE stage. The output impedance for this current source is found
by SPICE simulation to be about 290 kQ.

In Figure 2.10b, R3 is replaced with a pair of silicon diodes. Here one diode drop is
impressed across R1 to generate the desired current. The circuit employs 1N4148 diodes
biased with the same 0.5 mA used in the voltage divider in the first example. Together

+50V +50V

0.5 mA ~5 mA $ R,
5000

R2
$ 99k +25V

111V r Q1

ON5551

SZ 1n4148 0.38V
R1
SZ 1N4148 75

Ficure 2.10b Current source using diodes.
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Ficure 2.10c Current source using LED.

they drop only about 1.1 V, and about 0.38 V is impressed across the 75-Q resistor R1.
The output impedance of this current source is approximately 300 kQ, about the same
as the one above.

Turning to Figure 2.10c, R3 is replaced instead with a Green LED, providing a
convenient voltage reference of about 1.8 V, putting about 1.1 V across R1. Once again,
0.5 mA is used to bias the LED. The output impedance of this current source is about
750 kQ. It is higher than in the design of Figure 2.10b because there is effectively more
emitter degeneration for Q1 with the larger value of R1.

R3 is replaced with a 6.2-V Zener diode in Figure 2.10d. This puts about 5.5 V across
R1. The output impedance of this current source is about 2 MQ, quite a bit higher than
the earlier arrangements due to the larger emitter degeneration for Q1. The price paid
here is that the base of the transistor is fully 6.2 V above the supply rail, reducing head-
room in some applications.

In Figure 2.10e, a current mirror fed from a known supply voltage is used to imple-
ment a current source. Here a 1:1 current mirror is used and 5 mA is supplied from the
known power rail. The output impedance of this current source is about 230 kQ. Only
0.25 V is dropped across R1 (corresponding to 10:1 emitter degeneration), and the base
is only 1 V above the rail.

Figure 2.10f illustrates a clever two-transistor feedback circuit that is used to force
one V, of voltage drop across R1. It does so by using transistor Q2 to effectively regu-
late the current of Q1. If the current of Q1 is too large, Q2 will be turned on harder and
pull down on the base of Q1, adjusting its current downward appropriately. As in Fig-
ure 2.10a through 2.10d, a 0.5-mA current is supplied to bias the current source. This
current flows through Q2. The output impedance of this current source is an impressive
3 MQ. This circuit achieves higher output impedance than the Zener-based version and
yet only requires the base of Q1 to be 1.4 V above the power rail. This circuit can also be
used to place an overcurrent limit on a CE transistor stage implemented with Q1.
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Fieure 2.10d Current source using Zener diode.
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R3 R1
50 50

Ficure 2.10e Current mirror current source.

This circuit will work satisfactorily even if less than 0.5 mA (one-tenth of the output
current) is supplied as bias for Q2, but then the output impedance will fall to a lower
value and the “quality” of the current source will suffer somewhat. This happens
because at lower collector current, Q2 has less transconductance and its feedback con-
trol of the current variations in Q1 as a result of the Early effect is less strong. If the bias
current is reduced to 0.1 mA, for example, the output impedance falls to about 1 MQ.

39



40 Audio Power Amplifier Basics

R2
0.5 mA $ ~5mA $RL
B3 LS55

+25V

1.4V r Qi

2N5551

Q2 0.67V

2N5551
R1
133

Ficure 2.10f Feedback current source.

V,, Multiplier

Figure 2.11 shows what is called a V| multiplier. This circuit is used when a voltage drop
equal to some multiple of V, drops is needed. This circuit is most often used as the bias
spreader for power amplifier output stages, partly because its voltage is conveniently
adjustable.

+50V

(\L) 10mAl
N Y

2100
0.75V Q1
2N5551
re’=2.9
R2
700

Ficure 2.11  V,_ multiplier.



2.3

Power Amplifier Basics

In the circuit shown, the V|, of Q1 is multiplied by a factor of approximately 4.
Notice that the voltage divider formed by R1 and R2 places about one-fourth of the col-
lector voltage at the base of Q1. Thus, in equilibrium, when the voltage at the collector
isat four V, , one V, will be at the base, just enough to turn on Q1 by the amount neces-
sary to carry the current supplied. This is simply a shunt feedback circuit. In this
arrangement, about 1 mA flows through the resistive divider while about 9 mA flows
through Q1.

When the V, multiplier is used as a bias spreader, R2 will be made adjustable with
a trim pot. As R2 is made smaller the amount of bias voltage is increased. Notice that if
for some reason R2 fails open, the voltage across the V, multiplier falls to about one V, ,
failing in the safe direction.

In practice the V, multiplication ratio will be a bit greater than 4 due to the base
current required by Q1 as a result of its finite current gain. The extra drop caused across
R1 by the base current will slightly increase the collector voltage at equilibrium, making
the apparent multiplier factor slightly larger than 4.

The impedance of the V, multiplier is about 4 re’ for Q1. At 9 mA, re’ is 2.9 Q, so
ideally the impedance of the multiplier would be about 11.6 Q. In practice, SPICE simu-
lation shows it to be about 25 Q. This larger value is mainly a result of the finite current
gain of Q1.

The impedance of the V, multiplier rises at high frequencies. This is a result of
the fact that the impedance is established by a negative feedback process. The
amount of feedback decreases at high frequencies and the impedance-reducing
effect is lessened. The impedance of the V, multiplier in Figure 2.11 is up by 3 dB at
about 2.3 MHz and doubles for every octave increase in frequency from there. It is
thus inductive. For this reason, the V, multiplier is often shunted by a capacitor of
0.1 to 10 uF. A shunt capacitance of as little as 0.1 uF eliminates the increase in imped-
ance at high frequencies.

Amplifier Design Analysis
Here we apply the understanding of transistors and circuit building blocks to analyze
the basic power amplifier. Having accomplished this, we will be well armed to explore,
evolve, and analyze the amplifier design steps that will be taken to achieve high perfor-
mance in the next chapter.
Figure 2.12 is a schematic of a basic 50-W power amplifier that includes the three
stages that appear in most solid-state power amplifiers.

¢ Differential input stage (IPS) comprising Q1-Q3
* Voltage Amplification Stage (VAS) comprising Q4, Q6, and Q7
¢ Output stage (OPS) comprising Q8-Q11

The design also includes a bias spreader implemented with Q5 connected asa V/_
multiplier. Some details like coupling capacitors, input networks, and output networks
have been left out for simplicity.

The amplifier of Figure 2.12 will be described in simple terms, so that those who are
less familiar with circuit design will quickly come to understand its behavior. Those
who are already familiar with these concepts can relax and skim through this section.

|
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Ficure 2.12 A basic 50-W power amplifier.

Basic Operation

This simple design is a more detailed version of the basic amplifier design illustrated in
Figure 1.5. As shown, it is a DC-coupled design, so that even DC changes at the input
will be amplified and presented at the output.

Input Stage

The input signal is applied to the input differential pair at the base of Q1. A fraction of
the output signal is coupled via the negative feedback path to the other differential
input at the base of Q2. Transistor Q3 implements a 2-mA current source that provides
tail current to the differential pair. This input arrangement is often called a Long-Tailed
Pair (LTP).

Feedback resistors R2 and R3 implement a voltage divider that feeds back 1/20 of
the output signal to the input stage. The forward path gain of the amplifier in the
absence of negative feedback is called the open-loop gain (A ). If the open-loop gain is
large, then the error signal across the bases of Q1 and Q2 need only be very small to
produce the desired output. If the signals at the bases of Q1 and Q2 are nearly equal,
then the output of the amplifier must be 20 times that of the input, resulting in a closed-
loop gain (A ) of 20. This is just a very simplified explanation of the negative feedback
process.
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Ficure 2.13 Amplifier gain at low frequencies.

The approximate low-frequency gain of the input stage is the ratio of the net col-
lector load resistance divided by the total emitter-to-emitter resistance R, (which
includes the intrinsic emitter resistance re” of Q1 and Q2). With each transistor biased
at 1 mA, the intrinsic emitter resistance re’ is about 26 Q each, so the total emitter-to-
emitter resistance is 52 Q. If we assume that the 3 of the following VAS transistor Q4 is
infinity, the net IPS collector load resistance is just that of R1. The DC gain of the IPS is
then 1000/52 = 19. In practice the finite p of Q4 reduces this to about 13.7 if we assume
that the B of Q4 is 100.

IPS gain = 13.7

The amplifier at low frequencies is illustrated in Figure 2.13 where the input stage
is shown as a block of transconductance with ¢m =1/52 Q =0.019 S. The R1’ load of
714 Q on the IPS is just the parallel combination of R1 and the estimated input imped-
ance of the VAS.

The VAS

The VAS is formed by common-emitter transistor Q4 loaded by the 10-mA current
source formed by Q6 and Q7. Recall from the discussion of current sources above that
Q6 forces one V,  (here about 620 mV) across 62-Q resistor R9; this produces the desired
current flow.

Emitter degeneration has been applied to Q4 in the form of R6. At 10 mA, re” of Q4
is about 2.6 Q. The 22-Q resistance of R6 therefore increases the total effective emitter
circuit resistance to about 25 Q, or by a factor of nearly 10. This corresponds to 10:1
emitter degeneration. The emitter degeneration makes the VAS stage more linear in its
operation.

If the 3 of Q4 is assumed to be 100, the input impedance of the VAS will be about
100 = 25 Q = 2500 Q. This impedance is in parallel with R1, making the actual load on
the first stage approximately 714 Q. The voltage gain of the input stage is therefore
close to 13.7. The loading of Q4 thus plays a substantial role in determining the first-
stage gain. It would play a far greater role if Q4 were not degenerated by Ré6. In that
case the impedance seen looking into the base of Q4 would be only about 260 Q (B =
100 times re’ = 2.6 Q).

The low-frequency gain of the VAS will be set by the ratio of its collector load
impedance to its total effective emitter resistance of about 25 Q. The VAS collector load
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impedance in this simple design is dominated by the loading of the output stage, since
the output impedance of the current source is quite high.

The output stage is a complementary Darlington arrangement, buffering the loud-
speaker load impedance as seen by the VAS collector circuit. The amount of buffering
depends on the current gain of the driver and output transistors. Throughout these
discussions it will be assumed that small-signal transistors have current gain of 100 and
power transistors have current gain of 50. If the driver and output transistor current
gains are assumed to be 100 and 50 respectively, the buffering factor will be the product
of these, or about 5000. If the load impedance at the output is assumed to be 8 Q, this
will appear as a load impedance of 40,000 Q to the VAS collector circuit. The gain of the
VAS is thus on the order of 40,000/25 = 1600.

In the discussion on the Early effect in Section 2.1 it was shown that a common-
emitter stage like the VAS used here (10-mA bias, 10:1 emitter degeneration) has an
intrinsic output impedance of about 135 kQ. Recall that the output resistance ro for a
transistor is

VA+V,
ro = I—

and that R, for a common-emitter stage with degeneration is approximated by

R =70 * degeneration factor
out

The Early voltage for the 2N5551 is about 100 V. At a collector current of 10 mA and
aV_of 35V, ro for the 2N5551 will be about 13.5 kQ. With 10:1 degeneration, R, of the
CE stage will be about 135 kQ, or about 3.4 times that of the load imposed by the output
stage.

The net collector load impedance is the parallel combination of the 135-kQ Early
effect resistance and the 40-kQ effective external load resistance, or 31 kQ. The output
resistance of the current source has been ignored because it is much higher. The esti-
mated voltage gain of the VAS equal to 31 k€ /25 = 1240.

VAS gain = 1240
This VAS voltage gain of 1240 is shown in Figure 2.13.

Open-Loop Gain

If the voltage gain of the output stage is approximately unity, the forward gain of the
amplifier (without considering negative feedback) is the product of the input stage gain
and the VAS gain, or about 13.7 * 1240 = 17,000. Recall that we refer to this as the open-
loop gain A . In reality the gain of the output stage is about 0.96 when driving an 8-Q
load, so the open-loop gain is a bit less.

Open-loop gain = 16,300

Because the feedback network attenuates the signal by a factor of 20, the gain around
the feedback loop, or loop gain, is about 816. This corresponds to about 58 dB of nega-
tive feedback (NFB) at low frequencies.

Loop gain = 816
NFB = 20 log(816) = 58 dB
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If the amplifier is producing 20 V at its output, the error signal across the bases of
Q1 and Q2 needs only to be 20/16,300 = 1.2 mV. Earlier it was asserted that the closed-
loop gain would be approximately 20 on the basis of the feedback network attenuating
the output by a factor of 20 and the required differential input to the amplifier being
small. Because the input only needs to be 1.2 mV (compared to the input signal level of
1V), itis apparent that this is a very good approximation.

Miller Feedback Compensation

Capacitor C1 is the so-called Miller compensation capacitor C,,. It plays a critical role in
stabilizing the global negative feedback loop around the amplifier. It does this by roll-
ing off the high-frequency gain of the amplifier so that the gain around the feedback
loop falls below unity before enough phase lag builds up to cause instability. This will
be discussed in much more detail in Chapter 4.

The effect of Miller compensation capacitor C1 on the open-loop gain is illustrated
in Figure 2.14. Here the topology of the amplifier has effectively transitioned from that
of Figure 2.13 to that of Figure 2.14 as the analysis has gone from low frequencies to
high frequencies. In Figure 2.14 the combined gain of the input stage and the VAS is
equal to the product of the transconductance of the IPS and the impedance of C1. At
high frequencies the gain is dominated by C1 rather than by R1".

The capacitor controls the high-frequency AC gain of the VAS by forming a shunt
feedback loop around the VAS transistor. At higher frequencies, virtually all of the signal
current from the LTP input stage flows through C1. This creates a voltage drop across C1
that becomes the output voltage of the VAS. At this point the VAS is acting like a so-
called Miller integrator, where the output voltage is the integral of the input current.

While at low frequencies the gain of the combined input stage and VAS is set by the
product of the individual voltage gains of those two stages, at higher frequencies that
combined gain is set by the ratio of the impedance of C1 to the total emitter resistance
(1/gm) in the LTP. That is because the signal current from the input stage is inversely
proportional to the total LTP emitter resistance R, . Since the impedance of C1 is
inversely related to frequency, the gain set by it will decrease at 6 dB per octave as fre-
quency increases. The frequency at which the AC gain based on this calculation becomes

C1 300 pF
Miller integrator I
M
In IPS VAS OPS
oO—+
gm= G =1240 G=0.96 Out
0.019 8 H - K O
- < RY
£ 714

Feedback
1/20 <

Fieure 2.14 Amplifier gain at high frequencies.
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smaller than the DC gain is where the roll-off of the amplifier’s open-loop frequency
response begins.

Assume for the moment an operating frequency of 20 kHz. At this frequency the
reactance of C1 is 1/(2r * 20 kHz * 300 pF) = 26,500 Q. If all of the signal current pro-
vided by the LTP passes through C1, then the gain of the combined input and VAS stage
at this frequency is 26,500/52 = 510. This is considerably less than the low-frequency
open-loop gain of 17,000. This means that the capacitor is dominating the gain at this
frequency. This further supports the validity of the assumption that essentially all sig-
nal current from the LTP flows through the capacitor at this frequency.

The frequency where the gain around the negative feedback loop becomes unity is
called the gain crossover frequency f., or simply the unity-gain frequency. This is illustrated
by Figure 2.15, which is called a Bode plot. It shows the various gains of the amplifier in
an idealized form with straight lines.

The open-loop gain starts out at 84 dB at low frequencies and begins to fall off at
20 dB per decade starting at about 613 Hz. This frequency corresponds to the open-loop
bandwidth and is the frequency where the behavior of the amplifier transitions from
that of Figure 2.13 to that of Figure 2.14.

The closed-loop gain of 20, corresponding to 26 dB, is shown as the horizontal dot-
ted line. Where it intersects the falling open-loop gain line is the gain crossover frequency.
This also corresponds approximately to the actual closed-loop bandwidth of the ampli-
fier. Here, that crossing occurs at 500 kHz. The distance between the closed-loop gain
line and the open-loop gain curve represents the amount of negative feedback, often
called loop gain because it is the gain around the feedback loop.

The gain crossover frequency f, is chosen to be low enough to assure adequate feed-
back loop stability. There is a trade-off between stability and distortion here. Making the
gain crossover frequency higher results in more negative feedback at high frequencies

Open-loop bandwidth

OLG =84 dB 613 Hz
2 A
20 dB/decade
6 dB/octave
60 -
Feedback factor = 58 dB
g (loop gain) Gain crossover frequency
.% 40 (~closed-loop bandwidth)
S
0 Closed-loop gain = 26 dB
0 | | | | H
10 100 1k 10k 100k ™ 10M

Frequency, Hz

Ficure 2.15 Bode plot of the amplifier.
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and less high-frequency distortion. Making the gain crossover frequency too high jeop-
ardizes loop stability. For this amplifier f_ has been chosen to be 500 kHz as a reasonable
compromise between distortion reduction and stability.

The high-frequency open-loop gain of this simple amplifier is the ratio of Miller
capacitor reactance to IPS total emitter resistance R, . The closed-loop gain A is the
same as the attenuation ratio in the feedback path. The Miller capacitance needed to
establish a gain crossover frequency f, is then simply

Cuinee = 1/@nf %R, *A))

=0.159/(500 kHz * 52 Q * 20) = 306 pF

Miller

If instead we define C,,  in terms of the transconductance of the IPS, gm, ., we have

Coter =8 mLTI’/ (2nfc * Acl)

This shows clearly that increasing the gm of the LTP requires a corresponding increase
in C,,., to maintain the same f..

The gain crossover frequency for most audio power amplifiers usually lies between
200 kHz and 2 MHz. If the open-loop gain falls off at 6 dB per octave (as it does with
simple Miller compensation), this corresponds to 20 dB per decade. It can then be seen
that an amplifier with a gain crossover frequency of 200 kHz will have about 20 dB of
negative feedback at 20 kHz. An amplifier with a 2-MHz gain crossover frequency will
have about 40 dB of negative feedback at 20 kHz.

le LTP”

The Output Stage

The output stage is a class AB complementary Darlington arrangement consisting of
emitter follower drivers Q8 and Q9 followed by output devices Q10 and Q11. Emitter
resistors R11 and R12 set the idle current of the drivers at about 20 mA. The output stage
emitter resistors R13 and R14 provide thermal bias stability and also play a role in con-
trolling crossover distortion. These resistors will also be referred to as R,. The output
stage provides a voltage gain of slightly less than unity. Its main role is to buffer the out-
put of the VAS with a large current gain. If driver transistor betas are assumed to be 100 and
output transistor betas are assumed to be 50, the combined current gain of the output
stage is 5000. When driving the 8-Q output load as shown, the load impedance seen by
the VAS looking into the output stage will be about 40,000 Q.

On positive half-cycles of the signal, Q8 and Q10 conduct current and transport the
signal to the output node by sourcing current into the load. On negative half-cycles, Q9
and Q11 conduct current and transport the signal to the output node by sinking current
from the load. When there is no signal, a small idle bias current of approximately 100 mA
flows from the top NPN output transistor through the bottom PNP output transistor. A
key observation is that the signal takes a different path through the output stage on
positive and negative half-cycles. If the voltage or current gains of the top and bottom
parts of the output stage are different, distortion will result. Moreover, the “splice point”
where the signal current passes through zero and crosses from one path to the other can
be tricky, and this can lead to so-called crossover distortion.

The voltage gain of the output stage is determined by the voltage divider formed by
the output stage emitter follower output impedance and the loudspeaker load imped-
ance. The output impedance of each half of the output stage is approximately equal to
re’ plus R_. This is illustrated in Figure 2.16.

Y|
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Ficure 2.16 Push-pull output stage.

Since the two halves of the output stage act in parallel when they are both active at
idle and under small-signal conditions, the net output impedance will be about half
that of each side.

= (re' .+t R)/2

out(small signal) idle

If the output stage is biased at 100 mA, then re’ of each output transistor will be
about 0.26 Q. The summed resistance for each side will then be 0.26 + 0.33 = 0.59 Q. Both
output halves being in parallel will then result in an output impedance of about 0.3 Q.
Because voltage gain is being calculated, these figures assume that the output stage is
being driven by a voltage source. If the load impedance is 8 Q, then the voltage gain of
the output stage will be 8/(8 + 0.3) = 0.96, as shown in Figures. 2.13 and 2.14. If instead
the load impedance is 4 Q, the gain of the output stage will fall to 0.93. The voltage
divider action governing the output stage gain is illustrated in Figure 2.17.

Bear in mind that the small-signal gain of the output stage has been calculated at its
quiescent bias current. The value of re” for each of the output transistors will change as
transistor currents increase or decrease, giving rise to complex changes in the output
stage gain. Moreover, at larger signal swings only one half of the output stage is active.
This means that the output impedance under those conditions will be approximately

Output stage
A N

Function of /| gap
Zout / °

/
0.3Q LOAD
+1 'A% O
Source / . ZLOAD
Voltage divider 8Q

Ficure 2.17 Amplifier output stage gain.
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re’ + R, rather than half that amount. These changes in incremental output stage gain as
a function of output signal current cause what is called static crossover distortion.
out(large signal) = re,high current + RE = RE

Athigh current, re’ becomes very small. At 1 A, re’ is just 0.026 €, much smaller than
a typical value of Ry At 10 A, re is theoretically just 0.0026 Q. Thatiswhy Z_ ...~
R,. If R, is chosen so that

Ry=re"y,

then

out(large signal) out(small signal) = E

and crossover distortion is minimized by making the large-signal and small-signal
output stage gains approximately equal [2]. This is only a compromise solution and
does not eliminate static crossover distortion because the equality does not hold at
intermediate values of output current as the signal passes through the crossover
region. This variation in output stage gain as a function of output current is illus-
trated in Figure 2.18.

Output Stage Bias Current

The idle bias current of the output stage plays a critical role in controlling crossover
distortion. It is important that the right amount of bias current flows through the out-
put stage, from top to bottom, when the output is not delivering any current to the
load. Notice that together the two driver and two output transistors require at least
four V,  voltage drops from the base of Q8 to the base of Q9 to begin to turn on. Any
additional drop across the output emitter resistors will increase the needed bias spread-
ing voltage.

0.90 | ] | | | | | |
-1000 =750 -500 -250 0 250 500 750 1000
Current, mA

Fieure 2.18 Output stage gain versus output current.
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The optimum class AB idle bias for a conventional output stage like this is that
amount of current that produces a voltage drop of approximately 26 mV across each of
the output emitter resistors [2]. Recall that

re’ = VT/IC =26 mV/IC
Then
1.=26 mV/re’=26 mV/R,
and

V=1 *R,=26mV

This amount of bias current makes re’ of the output transistor equal to the resistance
of its associated emitter resistor. With 0.33-Q emitter resistors, this corresponds to about
79 mA. In the example design here I have chosen to overbias the output stage slightly
to a current of 100 mA. This means that small-signal gain will be slightly larger than
large-signal gain in this case. This is evident in Figure 2.18.

There is a caveat to the assertion that the optimum bias point occurs when 26 mV is
dropped across each output emitter resistor. Recall from Section 2.1 that the actual out-
put impedance of an emitter follower is slightly greater than re’. The additional resis-
tance results from physical base and emitter resistances inside the transistor. This
additional resistive component acts as an extension of the external emitter resistor R.
This means that the optimum voltage drop across the external emitter resistor will be
somewhat less than 26 mV.

The required bias voltage for the output stage is developed across the bias spreader
comprising a V, multiplier built around Q5. In practice R7 is adjusted to set the output
stage bias current to the desired value.

The objective of the bias spreader design is temperature stability of the bias point of
the output stage. The temperature coefficient of the voltage produced by the V, multi-
plier should match approximately that of the base-emitter junction voltages of the
driver and output transistors. Since the V, of a transistor decreases by about 2.2 mV/°C,
it is important for thermal bias stability that these junction drops track one another
reasonably. The output transistors will usually heat up the most. Because they are
mounted on a heat sink, Q5 should also be mounted on the heat sink so that it is exposed
to the same approximate temperature. This approach is only an approximation, because
the drivers are often not mounted on the heat sink and because the temperature of the
heat sink changes more slowly in time than that of the power transistor junctions.

Performance Limitations of the Simple Amplifier

The basic amplifier of Figure 2.12 has a decent low-frequency open-loop gain of about
16,300, or about 84 dB. With a closed-loop gain of 20 (26 dB) it has a feedback factor of
about 816, corresponding to about 58 dB of negative feedback. However, its open-loop
gain has not been made very linear and it is very vulnerable to B variations with signal
in the output stage.

The feedback compensation was set to obtain a moderate negative feedback gain
crossover frequency f. of 500 kHz. This will typically result in a closed-loop 3-dB band-
width of about 500 kHz. Selection of f, = 500 kHz is what governed the choice of C1 at
300 pF. With f =500 kHz and the assumed 6 dB per octave roll-off, the amount of negative
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feedback at 20 kHz is about 500 kHz/20 kHz = 25, corresponding to 28 dB. This means
that there will be less distortion correction at 20 kHz than at low frequencies.

Notice that the input stage can never deliver more than +1 mA with respect to its
nominal bias point. If all of this 1-mA swing goes into charging or discharging C1, the
maximum voltage rate of change across C1 will be 1 mA /300 pF =3.3 V/us. This is very
inadequate for virtually any power amplifier and will likely result in high frequency
distortion often referred to as slewing-induced distortion (SID) or transient intermodulation
distortion (TIM) [3, 4, 5]. Even with a demanded voltage rate of change well below the
slew rate limit of 3.3 V/us, the un-degenerated input differential stage will become
nonlinear and produce high-frequency distortion.

These limitations will all be addressed in the next chapter as the design is evolved
to a high-performance architecture.
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CHAPTER 3

Power Amplifier
Design Evolution

progress through various improvements to it. The rationale for the performance-

improving changes is described at each step of the way. The amplifier does not
include all of the usual circuit details needed in a real amplifier, such as input AC
coupling and filtering, output stage protection circuits, and output stage networks.
Nevertheless, it serves to illustrate the design choices and process in evolving a design
to a high performance level.

In this chapter I begin by describing and analyzing a simple power amplifier and then

The Basic Power Amplifier

Figure 3.1 is the simple 50-W amplifier analyzed in the last chapter. It has many perfor-
mance limitations as a result of its simple design.

The performance of the amplifier was evaluated by simulating it with a version of
the SPICE program called LIspice [1, 2]. This free program is very useful for audio elec-
tronics design and its use is described in detail in Chapter 19. Of special interest is its
ability to perform distortion analysis. Because simulations do not always capture or
model all of the distortion mechanisms that can exist in the real world, results can some-
times be a bit optimistic. Nevertheless, they do provide valuable comparisons among
different circuit design arrangements.

The 50-W amplifier was simulated under various conditions to evaluate its Total
Harmonic Distortion (THD). Performance of the first version of the amplifier is shown
in Chart 3.1 below. THD results are presented at 1 kHz and 20 kHz at 50 W when driving
an 8-Q load. This corresponds to a peak output voltage of 28 V. For comparison, results
are also shown for the same voltage output with a no-load condition. Distortion at
slightly reduced output voltages when the amplifier drives a 4-Q load and a 2-Q load
are also shown, exposing the effects of heavier loading. Those voltages correspond to
power levels of 90 W at 4 Q and 145 W at 2 Q.

For reference, the 1-kHz clipping points for this amplifier into 8, 4, and 2 Q are 62 W,
110 W, and 178 W, respectively. Note that a real amplifier incorporating only a single pair
of output transistors would be unable to safely produce 178 W into a 2-Q load.

The first thing to notice is the fairly low amount of distortion at 1 kHz (THD-1) of
about 0.01% when driving no load. This rises by almost a factor of 5 when driving an
8-Q load, reflecting the loading on the output stage. The higher peak currents required
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CHarT 3.1 THD for amplifier of Figure 3.1.

to drive the 4-Q and 2-Q loads are reflected in even higher amounts of distortion. At a
drive level of 17 V RMS into a 2-Q load, the peak current is 12 A. At this current level
the output transistors are suffering considerable beta droop, contributing significantly

to the distortion.
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It is very revealing to evaluate distortion under conditions ranging from no-load to
a heavy load. This helps isolate the distortion contributions of the output stage from
those of the remainder of the amplifier.

At 20 kHz distortion is very high, even under a no-load condition. This is a direct
reflection of the inadequate slew rate of the amplifier. Recall from Chapter 2 that the
estimated slew rate of this amplifier is 3.3 V/us. A 28-V peak sine wave at 20 kHz has a
maximum rate of change of 3.5 V/us. This means that at 20 kHz this amplifier is just
into slew rate limiting when it is attempting to deliver 50 W. The THD-20 results are in
the range of 4%.

Adding Input Stage Degeneration

There are several different ways in which to evolve this amplifier and improve it. There
is nothing sacred about the order in which the improvements are made. Here I have
chosen to make the first improvement by adding emitter degeneration to the input
stage LTP to improve the slew rate and reduce high-frequency distortion.

The design of Figure 3.2 differs from that of Figure 3.1 by the addition of emitter
degeneration resistors R15 and R16 and by reducing C1 from 300 pF to 30 pF. The pair
of 234-Q emitter degeneration resistors implements 10:1 degeneration of the input
differential pair by increasing the total emitter-to-emitter resistance R, from 52 Q to
520 Q. This reduces its transconductance by a factor of 10. In order to keep the negative
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Ficure 3.2 Input stage emitter degeneration.
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feedback gain crossover frequency f. at the same 500 kHz for equivalent stability, C1
must be reduced by that same 10:1 factor.
Recall the relationship described in Chapter 2 for Miller compensation.

CMiller = 1/(2nfc * RLTP * Acl)

A, is the closed-loop gain, R, is the total emitter-to-emitter LTP resistance includ-
ing re’, and f_is the desired gain crossover frequency for the negative feedback loop.

C1=C,,,.. =0.159/(500 kHz = 520 Q * 20) = 30.6 pF

Miller

By this calculation C1 must be reduced to about 30 pF. Notice that the same maxi-
mum * 1 mA is still available from the input stage to charge and discharge C1. This now
results in an achievable slew rate of 1 mA /30 pF =33 V/us. This is a much more respect-
able value of slew rate for an audio power amplifier. At the same time, the input stage
has been made significantly more linear by the addition of the emitter degeneration.
This leads to lower input stage distortion under virtually all signal conditions.

Figure 3.3 shows the transfer function of the input stage before and after the intro-
duction of emitter degeneration. The relative output current at the collector of Q1 is
plotted as a function of differential input voltage applied between the base of Q1 and
the base of Q2. The great improvement in linearity with degeneration is notable. The
very small range of input voltage over which the un-degenerated pair is linear is quite
obvious. Differential input signals greater than about 40 mV will produce gross distor-
tion in the un-degenerated pair, while differential inputs of 400 mV are producing just
barely perceptible bending at the edge of the range in the degenerated pair.

Figure 3.4 illustrates the behavior of the two cases by plotting differential stage gain
as a function of relative output current. As in Figure 3.3, these plots assume that the
collector load at Q1 is only the 1-kQ resistor R1. Two things are immediately apparent.
First, the gain at the quiescent point has been reduced by the expected factor of 10 when
degeneration is introduced. Secondly, the gain in the un-degenerated case is a strong

-1000 —

-800 |
600 - Un-degenerated

—400 |~
—200
0
200
400
600
800

1000 | | | | | |
400 -300  -200  —100 0 100 200 300 400

Input Voltage, mV

Degenerated 10:1

Relative Output Current, pA
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Ficure 3.4 Differential stage gain versus output current.

function of the output current. This was also apparent in Figure 3.3 when one recog-
nizes that the gain of the stage corresponds to the slope of the transfer function curve.
At an output current of only half its maximum value, the gain in the un-degenerated
case has fallen from 19 to 14.

The Bode plot in Figure 3.5 illustrates how the gain variation with signal in the
un-degenerated input stage also affects dynamically the frequency responses in the
amplifier. The shaded region shows the variation in open-loop gain as the output current
from the input stage varies from its quiescent point to half its maximum signal value.
Because the closed-loop bandwidth is changing with signal, the in-band phase response
of the amplifier will also change with the signal. This phenomenon has been termed phase
intermodulation (PIM) distortion [3, 4], and will be discussed in more detail in Chapter 22.
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Fieure 3.5 Modulation of frequency response.
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There is a price to be paid for employing emitter degeneration in the input stage. The
DC gain of the input stage was previously 13.7; it is now only 1.37. This combined with
the VAS-OPS gain of about 1200 yields an open-loop gain of about 1644 and a loop gain
of about 82.

IPS gain = 1.4
NEFB = 38 dB

The reduced IPS gain means that the amplifier’s low-frequency open-loop gain and
negative feedback factor have been reduced by a factor of 10 (20 dB). The amplifier now
has only 38 dB of negative feedback available at low frequencies. This reduces the ability
of the negative feedback to reduce distortion caused by the VAS and the OPS. Feedback
at 20 kHz is still about the same, approximately 28 dB. This change in the open-loop
frequency response of the amplifier is illustrated in Figure 3.6. The important thing to
notice is that the high-frequency gain behavior above the open-loop bandwidth fre-
quency remains unchanged because the value of the Miller compensation capacitor was
changed to account for the reduced input stage gain.

Notice that a side effect of the reduced open-loop gain at low frequencies is an increase
in the open-loop bandwidth frequency from 613 to 6130 Hz. Some have been misled in the
past to conclude that higher open-loop bandwidth is required for higher slew rate and lower
Transient Intermodulation Distortion (TIM) [5]. As will be shown later, this view is wrong; high
open-loop bandwidth is not required for low TIM [6]. It is merely coincidental here that the
open-loop bandwidth increased as a consequence of the reduced input stage gain.

Another price to be paid is noise. While the introduction of emitter degeneration into
the input stage will cause a modest noise increase in the LTP itself, the bigger issue is the
fact that the near-unity gain of the input stage allows the noise of the VAS to play a
nearly equal role, degrading overall amplifier noise performance. Chapter 7 will present
a closer look at noise sources in power amplifiers and will discuss how to minimize
them. Suffice it to say that voltage gain in the IPS substantially reduces the noise con-

tribution of the VAS.
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Ficure 3.6 Reduced open-loop gain with degeneration.
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Shown below in Chart 3.2 is the corresponding distortion performance of the ampli-
fier of Figure 3.2.

There is a dramatic improvement in the high-frequency performance of the ampli-
fier with this very simple and inexpensive change to the input stage. Notice especially
the reduction in distortion at 20 kHz when there is no load. In this situation, the distor-
tion caused by the output stage is minimized because it is not being called on to drive a
load. The no-load condition exposes the distortion contribution of the input stage and
VAS more clearly. The reduced distortion at 20 kHz is a direct result of the greatly
increased slew rate capability of the amplifier and the improved linearity of the input
stage as a result of the introduction of the emitter degeneration.

Unfortunately, the distortion at 1 kHz has worsened under all loading conditions.
This is a direct result of the reduction in negative feedback that has occurred because of
the emitter degeneration introduced into the input stage.

It is interesting to observe that the distortion at 20 kHz is not much different from
the distortion at 1 kHz. This is not always what we would expect. As can be seen in
Figure 3.6, there is still more global negative feedback present at 1 kHz than at 20 kHz.
This would normally lead one to expect lower distortion at 1 kHz.

The reason for this seemingly anomalous behavior is that the dominant source of
distortion in this version of the amplifier is the VAS. At low frequencies the VAS does
indeed have more negative feedback surrounding it via the normal global negative
feedback loop. However, at higher frequencies the loss of global negative feedback
around the VAS is replaced by greater local negative feedback introduced by the Miller
compensation capacitor. The two effects largely cancel, leaving the distortion caused by
the VAS about the same at low and high frequencies.

Adding a Darlington VAS

The next logical evolution is to try and get back some of that open-loop gain that was
lost by the introduction of the input stage emitter degeneration. This can be accom-
plished by adding an emitter follower in front of the VAS transistor to provide some
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Ficure 3.7 Amplifier with Darlington VAS added.

current gain. This is shown in the design of Figure 3.7, where Q12 has been added to
buffer the input of the VAS. This is often referred to as a Darlington VAS, although in the
strict sense the transistor connection would only be a Darlington if the collector of Q12
were connected to the collector of Q4. There is a good reason to connect Q12’s collector
to ground that will be discussed shortly.

The inclusion of Q12 increases the input impedance of the new VAS to about
40 kQ, assuming a beta of 100 for Q12. Also note that this 40-kQ input impedance is
largely determined by the choice of the 470-Q emitter resistor R17, which provides a
healthy 2 mA of turn-off current to the base of Q4. This is needed to sustain a high slew
rate in the face of the collector-base capacitance of Q4. If Q4 has a C_, of 5 pF, this turn-
off current will sustain a slew rate of about 2 mA /5 pF =400 V/us, far more than what
is needed.

I have also chosen to reduce the bias current in the LTP by a factor of 2 to reduce
input noise current contributions. Keeping the same 10:1 degree of emitter degenera-
tion raises the required value of R15 and R16 by a factor of 2 to 470 Q. This halves the
input stage transconductance and halves the capacitance value needed for compensat-
ing capacitor C1 to 15 pE. Since the available charging current was halved and the
amount of capacitance was halved, the achievable slew rate remains the same at 33 V/us.
Notice that the 1-mA tail current source formed by Q3 is now implemented with an
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8.2-V Zener diode; this results in a higher current source output impedance and better
power supply rejection.

The inclusion of Q12 also raises the node voltage at the output of the LTP to about
1.7 V above the negative rail. This calls for the use of a larger LTP load resistor R1.
With R1 now at 3.4 kQ, the input stage load resistance is about 3.1 kQ and IPS voltage
gain is back up to about 3.0. Combined with the VAS-OPS gain of 1200, the open-loop
gain becomes 3600 and the loop gain becomes 180, corresponding to about 45 dB.
This approximate 7-dB increase in negative feedback as compared to the design
of Figure 3.2 will tend to reduce low-frequency distortion by nearly 7 dB.

IPS gain = 3.0
NFB = 45 dB

Transistor Q13 has also been added to limit the maximum current of Q4 if the ampli-
fier clips on negative-going signals. Under such clipping conditions, Q1 will conduct
the full 1 mA of LTP tail current and will attempt to raise the node voltage at the base of
Q12 to almost 3.4 V above the negative rail, severely overloading the VAS. Current lim-
iter transistor Q13 turns on only if the emitter current of Q4 exceeds about 27 mA. This
protection is desirable because the addition of the Darlington transistor Q12 made sub-
stantial overdrive of Q4 possible. In many cases the current source loading the VAS will
limit the current of Q4 to about 10 mA; however, this will not be the case in the event of
an output short circuit. It will also not be the case with some safe area protection circuits
that shunt the VAS output node to the output node when they protect. Even in a normal
clipping scenario, Q12 will attempt to deliver high current to the emitter of Q4 through
Q4’s base-emitter junction, and Q13 will limit this current by limiting the total emitter
current of Q4 to about 27 mA.

Another important improvement has taken place with the introduction of the
Darlington VAS. Prior to the use of the Q12 buffer, the collector-base capacitance of
Q4 was effectively in parallel with the Miller compensation capacitor C1 in the earlier
design. Unfortunately, the collector-base junction capacitance of a transistor is nonlin-
ear, going from a high value when collector-base voltage is low, to a smaller value
when V, is high. The resulting change in net compensation capacitance with signal
causes the high-frequency gain of the amplifier to change with signal, corresponding
to a source of high-frequency nonlinear distortion. The isolation afforded by buffer
Q12 suppresses this effect.

Chart 3.3 lists the corresponding distortion performance of the amplifier of Figure 3.7.
Note the significant improvement in performance at both low and high frequencies
provided by this very inexpensive addition of two small-signal transistors Q12 and Q13.
Both low- and high-frequency distortion when driving an 8-Q load have decreased by a
factor of about 2. This correlates with the approximate 2:1 increase in input stage gain.
The no-load distortion at 20 kHz has been significantly reduced from 0.1% to 0.028%. The
1-kHz distortion has also been improved by a factor of over 3. These improvements are a
result of the increase in low-frequency feedback factor. Distortion is still quite high with
4-Q and 2-Q loads, however. This is a reflection of the output stage struggling to drive the
low-value load impedances.

It is still the case that THD-1 and THD-20 are about the same at all load impedances.
This is a reflection of the fact that VAS distortion is still dominating performance.
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Input Stage Current Mirror Load

The voltage gain of the input stage has been limited by the load impedance at its output
collector in the designs that have been discussed to this point. This impedance is gov-
erned by load resistor R1 in parallel with the input impedance of the VAS. The introduc-
tion of the Darlington VAS greatly reduced the loading due to the latter, but only reduced
the influence of the collector-load resistance by a factor of about 3. The single-ended use
of just one of the output collector signals from the LTP is also wasteful of gain.

Figure 3.8 shows the addition of a current mirror to serve as the load for the input
stage. The current mirror is composed of Q14 and Q15 along with their associated emit-
ter degeneration resistors. An added benefit of the current mirror is that it forces the
collector currents of input transistors Q1 and Q2 to be essentially the same. In the earlier
designs the balance of the collector currents of Q1 and Q2 depended on the proper rela-
tionship among numerous parameters, such as the tail current in relation to R1 and the
voltage at the input to the VAS. Differential amplifier input stages produce lowest dis-
tortion only when they are well balanced. Even a fairly small amount of imbalance in
an LTP can cause the creation of second harmonic distortion.

The gain of the input stage has now increased by a large amount because its
transconductance has doubled and because its output load impedance is now just the
input impedance of the Darlington VAS, which is on the order of 40 kQ. The gain of the
input stage is now approximately 80. When combined with the VAS-OPS gain of 1200,
the open-loop gain becomes about 96,000, corresponding to nearly 100 dB. Loop gain
will be 26 dB below that, or about 74 dB.

IPS gain = 2 * (40 kQ/1 kQ) = 80
NFB ~ 74 dB

The open-loop gain and amount of negative feedback are greater by a factor of over
27 as compared to the case in Figure 3.7. The total open-loop gain of this version of the
amplifier is illustrated in Figure 3.9.
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CHART 3.4 THD of amplifier of Figure 3.8.

The use of both signal currents from the collectors of the LTP effectively doubles the
transconductance of the LTP. This means that C1 must be doubled to 30 pF in order to
maintain the negative feedback gain crossover frequency at about 500 kHz.

As an aside, it should be mentioned that the current mirror chosen here is a very simple
one. A slightly more complex current mirror arrangement could be employed to maintain
the collector voltages of both Q14 and Q15 at more nearly the same value, further improv-
ing symmetry and performance. One of the other current mirrors described in Chapter 2
would help accomplish this. The current mirror of Figure 2.9b would be a good choice.

Chart 3.4 lists the corresponding distortion performance of the amplifier of
Figure 3.8.

Note the very significant improvement in performance at both low and high fre-
quencies provided by this very inexpensive addition of the current mirror load. No-
load THD-1 has been reduced by a factor of 30, and no-load THD-20 has been reduced
by a factor of 13. These reductions in distortion are attributable to two things. First, the
input stage does not have to work as hard to drive the VAS to produce a given output
level. Second, there is now a far greater amount of negative feedback. Notice that the
input stage gain has been increased by a factor of 27 and that this is similar to the factor
by which THD-1 was reduced.

Especially notable is the very low amount of THD-20 under no-load conditions.
This suggests that the IPS-VAS combination is capable of very good performance even
out to high frequencies. It now becomes much clearer how the output stage is limiting
both low-frequency and high-frequency performance as the load becomes heavier.

The Output Triple

With this section the design evolution begins in earnest to improve the output stage.
The performance comparisons thus far have shown that performance degrades as the
amplifier goes from a no-load condition to a heavy-load condition. This is almost always
a sign of distortion that originates in the output stage or in the way the output stage
loads the VAS.



Power Amplifier Design Evolution 65

The use of two stages of emitter follower current gain in the output stage is simply
not sufficient for driving lower-impedance loads with the highest quality. To the extent
possible, it is very desirable to isolate the high impedance output of the VAS from the
loudspeaker load.

Figure 3.10 shows the use of an output stage that is a triple emitter follower, often
just called a Triple. This output stage was popularized by Bart Locanthi, and is also
known as the Locanthi T circuit [7, 8]. The extra emitter follower stage provides an addi-
tional amount of buffering for the VAS stage in the form of higher current gain by a
factor of about 100.

Transistors Q16 and Q17 act as pre-driver emitter followers that provide the extra
current gain and buffering. This increases the input impedance of the output stage to a
typical value of about 4 MQ when an 8-Q load is being driven. With the Triple, the total
current gain in the output stage is on the order of 500,000. The extra buffering is espe-
cially effective in mitigating the effects of beta droop at high currents in the output
transistors.

The VAS gain was previously estimated to be governed by an output stage load
resistance of 40 kQ in parallel with a 135-kQ Early effect output resistance of the VAS
transistor, for a net load of 31 kQ. The ratio of 31 kQ to the effective VAS emitter
resistance provided the VAS voltage gain figure of 1240. When combined with an
output stage gain of about 0.96 when driving an 8-Q load, the VAS-OPS gain became

about 1200.
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Ficure 3.10 Output stage with Triple emitter follower.
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The 40-kQ output stage load resistance has now become 4 MQ with the introduction
of the Triple, for a net VAS load resistance on the order of 130 kQ. With the effective
emitter resistance in the VAS at about 25 Q, the VAS gain now becomes 130 kQ/25 =5200.
This is an increase of about 12 dB in VAS gain.

IPS gain = 80
VAS gain = 5200
OPS gain = 0.96
Open-loop gain = 400,000 (112 dB)
Feedback factor = 20,000 (86 dB)

The frequency responses of the amplifier employing the Triple output stage are
shown in the Bode plot of Figure 3.11. It is important to notice that although the amount
of open-loop gain and negative feedback have increased substantially, the high-frequency
portion of the frequency responses remains the same, including the gain crossover fre-
quency and closed-loop bandwidth. This is again due to the fact that the Miller com-
pensation capacitor is controlling the gain at high frequencies. In this context, that
means all frequencies above 25 Hz. The gain at low frequencies is actually poorly con-
trolled because it depends heavily on the B of many transistors and on the Early effect.
For this reason, the estimated value of low-frequency gain of 112 dB is indeed a very
rough estimate. What is important is that the number is large, even if it is uncertain.

A second benefit of the Locanthi T output stage architecture is the way in which the
bias current in the predriver and driver stages is established. In each case a single resistor
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Ficure 3.11 Performance with output Triple.
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is connected from emitter to emitter of the respective stage. This can be seen in the way
that R11 and R12 are connected. This gives the output stage its T-like appearance. More
importantly, this connection of the bias resistors causes the predriver and driver emit-
ter follower stages to stay turned on throughout the signal swing. They are operating
in class A. In the earlier designs, where the bias resistors were connected to the output
rail, the driver transistors turned off for one-half of the signal cycle, just like the output
transistors.

As with many of the other improvements made in the evolution of this amplifier,
this improvement has been made with the addition of only two inexpensive small-
signal transistors, Q16 and Q17. Yet another advantage of the Triple is that the VAS no
longer needs to drive the larger transistors that are usually required to supply the fairly
high base currents of the output transistors. This often means that the smaller predriver
transistors will load the high-impedance VAS output node with less nonlinear collector-
base junction capacitance.

Chart 3.5 lists the corresponding distortion performance of the amplifier of
Figure 3.10.

Note the very significant improvement in performance at low frequencies provided
by this very inexpensive addition of two small-signal transistors. As expected, this
improvement is especially notable when driving the 2-Q load, where THD-1 has been
reduced by a factor of 14 as compared to the same design using only a Darlington output
stage.

The improvement at 20 kHz is less dramatic, ranging from a reduction factor of
2.5 when driving an 8-Q load down to a factor of 1.5 when driving a 2-Q load. This
suggests that at high frequencies the performance is being limited largely by output
stage crossover distortion. In Chapter 10 it will be shown how such crossover distortion
can be reduced.

Note that while the introduction of the Triple increased the amount of negative
feedback at very low frequencies by about 12 dB, a comparison of Figures 3.9 and 3.11
reveals that it did not increase the amount of global negative feedback at either 1 kHz
or 20 kHz. The reductions in distortion occurred as a result of the Triple making the
VAS-OPS combination more linear.
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CHarT 3.5 THD for amplifier of Figure 3.10.
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3.6 Cascoded VAS

It was shown in the earlier discussion on the Early effect that the transistor has a very
finite output resistance characteristic as a result of the current gain of the transistor
increasing as the collector voltage increases. Since the current gain of the device is
changing with signal, this is a nonlinear effect.

The load impedance presented by the output stage is now much larger due to the
use of the Triple, so the intrinsic output impedance of the VAS matters much more.
Recall that the estimated Early effect output resistance of the VAS is about 135 kQ2, while
the Triple output stage presents a load of about 4 MQ when it is driving an 8-Q load.
Indeed, the addition of the VAS cascode would not have made much sense until the
Triple output stage was introduced into the design.

Figure 3.12 illustrates the addition of a cascode transistor Q18 to the VAS. The base
of Q18 is held at a fixed potential of about 2.5 V above the negative supply rail by the
combination of D2 (a Green LED) and D3 (a conventional silicon diode). This biasing
arrangement provides VAS transistor Q4 with enough operating collector voltage with-
out seriously compromising the negative voltage swing capability of the VAS.

The addition of the cascode increases the output impedance of the VAS to several
MQ. As a consequence, the very low-frequency open-loop gain of the circuit is further
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Ficure 3.12 Amplifier with cascoded VAS.
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increased at frequencies below 25 Hz. Increased open-loop gain and negative feedback in
this very low-frequency region make little difference in the performance of the amplifier.

The high-frequency open-loop gain is largely determined by the Miller compensa-
tion, so it is essentially unchanged. It is once again important to point out that the
amount of open-loop gain at both 1 kHz and 20 kHz has not been changed by the addition
of the cascode, since the open-loop gain even at 1 kHz is being fully controlled by the
Miller compensation capacitor. The amount of global negative feedback at both 1 kHz
and 20 kHz is essentially the same in this design with the VAS cascode and the previous
design without the VAS cascode.

The biggest benefit of the cascode is the reduction in open-loop nonlinearity and
distortion in the VAS due to the near-elimination of the Early effect. Chart 3.6 lists the
corresponding distortion performance of the amplifier of Figure 3.12. The distortion
scale has been shifted down by a factor of 10 compared to the previous chart. The min-
imum distortion on the vertical scale is now 0.00001%.

Note the further improvement in performance at low frequencies under no-load
conditions. THD-1 has decreased by a factor of about 5. However, only a small improve-
ment in THD-20 under no-load conditions has occurred. This is because the Early effect
contribution to distortion is less dominant at higher frequencies. Virtually no perfor-
mance improvement is seen under any conditions under the heavily loaded 2-Q condi-
tion. Less performance improvement is seen under loaded conditions because the
distortion is being dominated by output stage crossover distortion.

Paralleling Output Transistors

The power amplifier that has been evolved to this point has been rated at only 50 W
when driving an 8-Q load. This has served well the purpose of comparisons during
design evolution, but it has been noted earlier that this design would not really be able
to support (at full power) the 2-Q load conditions for which it has been simulated. At
the same time, it is true that this design is scalable to higher power levels by simply
increasing the power supply rail voltages.
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Amplifiers operating at high power levels require more power dissipation capabil-
ity in the output stage than one transistor can provide, but this is only part of the story.
First, the current gain of typical power transistors begins to fall off fairly rapidly at col-
lector currents beyond a certain point. This is commonly referred to as beta droop. This
causes distortion and may impose unreasonable current demands on the driver transis-
tors. If the safe operating area of the driver transistors is exceeded, destruction may
result. At the rated power of 145 W into a 2-Q load, the peak output current is 12 A. At
a collector current of 12 A, the current gain of the MJL21193 has drooped to about 12,
meaning that the driver transistor would have to supply about 1 A. The MJE243 has a
safe operating area of only 12 V at a current of 1 A, even at room temperature.

Secondly, the paralleling of output transistors allows one to achieve lower output
impedance for a given amount of thermal stability. The output transistor emitter resis-
tors R, play an important role here. If R, is kept the same and each of the output pairs
is biased at the same idle current, thermal stability will be the same and output imped-
ance will be halved due to the paralleling action. When the output impedance is halved,
any percentage variation in output impedance will have half the effect on output stage
gain. This then reduces crossover distortion. Of course, the amplifier now dissipates
twice as much power under the idle condition.

The amplifier of Figure 3.13 employs an output stage that uses two pairs of output
devices to drive the load. The remainder of the amplifier is identical to that of Figure 3.12.
At a given load current, each transistor in this arrangement only needs to supply half
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Ficure 3.13 Amplifier with double output stage.
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the current that the output transistor had to supply in the previous arrangements. This
significantly reduces the deleterious effects of beta droop. Chart 3.7 lists the correspond-
ing distortion performance of the amplifier of Figure 3.13.

As expected, the most dramatic improvement is seen when the amplifier is driving
the 2-Q load. Here the THD-1 falls from 0.0023% to 0.0006% with the introduction of the
paralleled output stage. More importantly, THD-20 falls by a factor of more than 5 from
0.074% to 0.014%. This demonstrates the distortion-reducing value of employing paral-
leled output devices.

As mentioned above, the output impedance is halved if it is assumed that the out-
put stage was driven with a voltage source, since two pairs of emitter resistors are now
effectively in parallel driving the load. Moreover, the total amount of idle bias current
has been doubled without overbiasing the output stage. The doubling of idle current
means that the class A region of operation of the output stage has been quadrupled in
terms of watts of output power where the transition from class A to class B operation
occurs. In the earlier design, with an idle bias of 100 mA, this transition occurred at a
peak output current of 200 mA, corresponding to 0.16 W when driving an 8-Q load.
This design, with an idle bias of 200 mA, remains in class A up to an output power of
0.64 W when driving an 8-Q load.

These improvements have been made without compromising the thermal stability
of the output stage because the values of R, for each output transistor have remained
the same. This will be explained in much greater detail in a later chapter that deals with
thermal stability. However, the temperature rise of the heat sink under idle conditions
will be larger because the idle power dissipation of the output transistors has increased
from approximately 7 W to 14 W. To put this in perspective, note that output stage dis-
sipation will be about 55 W when the amplifier is driving a 4-Q load at 1/3 power (30 W).
If the heat sink temperature is allowed to rise by 35°C under these conditions, the heat
sink must be designed to have a thermal resistance of about 0.6°C per watt. With such
a heat sink, the 7-W increase in idle dissipation will cause a rise in heat sink temperature
of only 4°C under idle conditions.

[/



72  Audio Power Amplifier Basics

3.8 Higher-Power Amplifiers

Thus far the evolution of a 50-W power amplifier has been illustrated. Keeping the dis-
cussion to a fairly low-power design has simplified some things and allowed a level
playing field to be maintained throughout the evolution of the design. We now take a
look at what happens as the power capability of the design is increased.

Here the amplifier design is evolved to one rated at 200 W when driving an 8-Q load,
with correspondingly higher powers when driving loads of 4 € and 2 Q. Such an ampli-
fier requires higher power supply rail voltages to accommodate the 56.6-V peak output
swing required for 200 W with an 8-Q load. Here + 64-V rails have been specified.

The amplifier of Figure 3.14 employs an output stage that uses four pairs of output
devices to drive the load. This is done in order to support the higher peak current that
will occur. This also provides the necessary higher output stage safe operating area
(SOA) and power dissipation capability. When driving its rated 580 W into a 2-Q load,
peak output current will be 24 A, or 6 A for each of the four output devices.

Some other changes have been made to accommodate the higher supply voltage
and the higher power dissipation that will result. The VAS cascode and current source
transistors have been replaced by the 25C3503/2SA1381 pair. These devices are rated at
300 V and are provided in a TO-126 package that can dissipate more power than the
TO-92 package of the 2N5551/2N5401 pair used in the earlier examples. These devices
also feature a fairly high f, of 150 MHz and a very high Early voltage of over 500 V.
These devices have also been used as the predrivers in the output Triple. The VAS
transistors in this example each dissipate 640 mW, while the predriver transistors each
dissipate 1 W.
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Ficure 3.14 High-power version of the amplifier.
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The MJE243 and MJE253 drivers have also been replaced by the MJE15032 and
MJE15033 transistors. This change provides the higher driver SOA and power dissipa-
tion capability needed for the higher-power amplifier. These devices are provided in a
TO-220 package and are rated at 250 V. They will dissipate up to 28 W when used with
a heat sink to limit the case temperature to no more than 80°C. The bias current in the
drivers has been nearly doubled from 23 mA to 40 mA to provide more turn-off current
for the larger output stage. As a result, the driver transistors now dissipate about 2.6 W
each. Each output transistor is still biased at 100 mA, so in this design each one dissi-
pates about 6.4 W. The complete output stage thus dissipates about 51 W at idle.

Sometimes the kind of quality low-noise transistors that would be preferred for use
in the input stage are not able to withstand high rail voltages. While this is not a serious
problem for 50-W to 100-W amplifiers, it does become an issue for larger power ampli-
fiers with higher rail voltages, sometimes in the 60- to 100-V range. This problem is a
special concern when JFET devices are used in the input stage. Although not used in
this example, a common solution to this problem is to cascode the input stage so that
the collector or drain voltages of the LTP may reside at a lower voltage like 15 V.

Chart 3.8 lists the corresponding distortion performance of the amplifier of
Figure 3.14. Although it is operating at quadruple the power levels of the amplifier
of Figure 3.13, distortion levels are quite comparable and in some cases even smaller.
Notably, THD-20 has fallen from 0.014% to 0.0084%. This is a further reflection of
reduced crossover distortion resulting from the doubled-size and halved-output
impedance of the output stage.

Crossover Distortion

Crossover distortion has been mentioned many times during this evolution of the
amplifier design, but amplifier performance has always been compared on the basis of
full-rated power into the different load impedances. Before leaving the discussion on
amplifier evolution, it is instructive to show the effect of crossover distortion.

It is generally understood that crossover distortion becomes worse at high frequen-
cies and when lower-impedance loads are being driven. THD-20 is a better indicator of

3
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Ficure 3.15 THD-20 versus power into 4-Q load.

crossover distortion because there is less negative feedback available at 20 kHz and its
harmonic frequencies to reduce distortion. THD-20 also captures both static and
dynamic (switching) crossover distortion.

Crossover distortion characteristically becomes worse at lower power levels. Figure 3.15
shows THD-20 as a function of power when the amplifier of Figure 3.14 is driving a 4-Q
load. The graph illustrates how crossover distortion peaks at a relatively low power.
Here the crossover distortion manifests itself as a peak in THD-20 at a power level of 11 W
for an amplifier that is rated at 360 W into this 4-Q load.

Full power distortion thus does not tell the whole story. Here THD-20 peaks at
0.014% when THD-20 at maximum power is only 0.0084%. Crossover distortion in this
example results in THD-20 that is greater by a factor of 1.7.

Figure 3.15 also illustrates where the transition occurs from class A operation to
class B operation for this amplifier when driving the 4-Q load. With an idle bias current
of 400 mA in the output stage, this amplifier can drive about 800 mA into the load
before either the top or bottom power transistors go into cutoff. This 800 mA of peak
current into a 4-Q load corresponds to 1.28 W.

It was mentioned earlier in this chapter that the output stage of this amplifier
design was not fully optimized for low crossover distortion. The per-transistor operat-
ing current of 100 mA represents an approximate 26% overbiasing compared to the
theoretical optimum that places a voltage drop of 26 mV across the emitter resistors [9].
The choice of 0.33-Q emitter resistors is also not optimal. Smaller emitter resistors
and correspondingly higher bias currents would reduce crossover distortion by
further reducing output stage output impedance. However, this would be at the
expense of some thermal stability. Much more will be said about crossover distortion
in Chapter 10.
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CHARrT 3.9 Performance comparison of the amplifiers. All driving 90 W into 4 Q except 3.14
driving 360 W into 4Q.

3.10 Performance Summary

Chart 3.9 shows a summary of distortion performance for all the example amplifiers
discussed in this chapter. In all cases the load being driven is 4 Q and each amplifier is
being driven at the maximum power level that was used in the individual discussions.
This power level was 90 W for all cases except the high-power amplifier of Figure 3.14,
where the power level was 360 W. THD-1 decreased by a factor of 600 from beginning
to end, while THD-20 decreased by a factor of 900 from beginning to end.

3.11 Completing an Amplifier

The amplifier versions described have been deliberately simplified in some ways.
Before leaving this chapter, I will discuss a couple of necessary additions to these ampli-
fier cores to make them at least somewhat complete.

Much of this added circuitry is illustrated in Figure 3.16, where the core amplifier is
merely shown as a block of open-loop gain. Feedback network resistors R2 and R3 that
were included in the core amplifier designs above are shown here for clarity.

Input Network

Resistor R, and capacitor C, form a first-order input low-pass filter that keeps out
unwanted radio frequencies. This filter is often designed to limit the bandwidth of the
complete amplifier to a frequency that is somewhat less than the actual closed-loop
bandwidth of the amplifier proper. A typical 3-dB frequency for the input filter might
be 270 kHz, as shown in Figure 3.16 with R_=2.2kQ and C, =270 pF. Resistor R, keeps
the input terminal from floating at DC.

[4]
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Ficure 3.16 A more complete amplifier.

Coupling capacitor C_blocks any DC that might be present from the source, while
R,, . provides a return path for the input bias current of the amplifier’s input stage. This
keeps the noninverting input node of the amplifier near 0 V. Notice that if Q1 in the
amplifier is biased at 0.5 mA and it has a beta of 100, its base current will be approxi-
mately 0.005 mA. This will cause a voltage drop of 95 mV across R _. The value of R _
will often be set to equal that of R3 so that voltage drops across these two resistors bal-
ance out any DC offset. In this case, R would be set to 19 kQ. The capacitance of C,
against R __forms a high-pass filter whose 3-dB frequency we wish to keep below 5 Hz
so as not to introduce significant frequency response roll-off at 20 Hz. Here a 2 uF capac-
itor provides a lower 3-dB frequency of 4 Hz. This capacitor should be of very high
quality, and performance would be even better if it were 5 uF. However, there is a cost
and size issue here. Later we will see that some other trade-offs can be made.

Feedback AC Decoupling Network

The core amplifiers illustrated thus far have been DC coupled. They have the same gain
of 20 at DC as AC signals. This means that any offset at the input of the amplifier will be
amplified 20 times. In the case where there is an input R, whose voltage drop is not fully
compensated, that voltage will be amplified by a factor of 20. A 10-mV offset will become
a 200-mV offset at the output, for example. This is excessive. For this reason capacitor C
is placed in series with feedback network resistor R2. This causes the gain of the amplifier
to become unity at DC, greatly reducing the creation of output offset voltage.

Of course, C, in combination with R2 forms a high-pass filter that will decrease
amplifier gain at low frequencies. Once again, we desire that the 3-dB frequency of this
filter be at a very low frequency of 5 Hz or less. Because C,, is working against a smaller
resistor, it will have to be a significantly larger value than was used for C_. Because R2
at1kQis 19 times smaller than R __at 19 k€, the value of C, will have to be 19 times as
large to achieve comparable performance. This comes out to 38 uF. In practice, a 100-uF
nonpolarized electrolytic capacitor would typically be used for C,. Once again, capaci-
tor quality comes into play with few easy solutions here. The quality of this capacitor is
every bit as important as that of coupling capacitor C . We will later see some discussion
of alternatives to the use of this capacitor in Chapter 8 where DC servos are discussed.
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Output Network

Most solid-state power amplifiers include an output network to keep them from becom-
ing unstable under unusual load conditions. The emitter follower output stage itself can
sometimes become unstable at high frequencies under a no-load condition. This problem
is avoided by inclusion of the shunt Zobel network consisting of R and C,. This network
assures that at very high frequencies the output stage is never loaded by less than the load
provided by R . Typical values for R_and C_are 10 € and 0.05 uF, respectively.

Capacitive loads can destabilize an emitter follower stage. For this reason, most
amplifiers incorporate a parallel R-L isolating network in series with the output of the
amplifier. At very high frequencies the impedance of the inductor becomes large; this
leaves the series resistance of the resistor to isolate any load capacitance from the emit-
ter follower output stage. Typical values of L, and R, might be 2 uH and 2 Q, respec-
tively. The series output impedance of this network reduces damping factor at high
frequencies and can cause a reduction in high-frequency response. The impedance of a
2-uH inductor at 20 kHz is about 0.25 Q. This corresponds to a damping factor of
32 even if the output impedance of the amplifier proper is zero. When a 4-Q load is
being driven, this will cause a frequency response droop at 20 kHz of about 0.06 dB.
Much more will be said about these output networks in a later chapter.

Power Supply Decoupling

A single pair of positive and negative power supply rails has been used to power all of
the circuits in the amplifiers that have been described. This was done for simplicity. In a
practical amplifier the IPS and VAS circuits will usually have an R-C filter inserted in the
power supply rail to filter their supply. This provides them with a much cleaner power
supply rail than the high-current portion of the rail that supplies the output stage. The
high-current portion of the rail usually has considerable ripple and noise on it.

3.12 Summary

We’ve seen how the basic power amplifier topology can be evolved with straightforward
steps into a design with fairly high performance. The main purpose of this chapter has
been to show the thinking that goes into such an evolution. Although the result achieved
here is quite good, this is just the beginning of high-performance design. There are many
more nuances and topologies to be considered in the following chapters. Other approaches
include JFET input stages, complementary push-pull VAS designs, MOSFET output
stages, and many more variations and improvements. Moreover, the designs evolved
here did not address many real-world issues like protection circuits, power supplies, and
many other such matters.
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CHAPTER 4

Negative Feedback,
Compensation, and
Slew Rate

that the basic amplifier design concepts could be understood. Negative feedback is
fundamental to the vast majority of audio power amplifiers and its optimal use
requires more understanding. Much of that will be provided in this chapter.

In Chapters 1 and 3 the basic concepts of negative feedback were discussed briefly so

How Negative Feedback Works

Negative feedback was invented in 1927 by Harold Black to reduce distortions and bet-
ter control gain and frequency response in telephone amplifiers [1]. Figure 4.1 shows a
simplified block diagram of a negative feedback amplifier. The basic amplifier has a
forward gain A . This is called the open-loop gain because it is the gain that the overall
amplifier would have from input to output if there were no negative feedback.

A portion of the output is fed back to the input with a negative polarity. The fraction
governing how much of the output is fed back is referred to as beta (). The negative
feedback loop gain is the product of A ; and B. The overall gain of the closed-loop ampli-
fier is called the closed-loop gain and is designated as A . The action of the negative
feedback opposes the input signal and makes the closed-loop gain smaller than the
open-loop gain, often by a large factor.

The output of the subtractor at the input of the amplifier is called the error signal. It
is the difference between the input signal v, and the divided-down replica of the output
signal. The error signal, when multiplied by the open-loop gain of the amplifier, becomes
the output signal. As the gain A j becomes large, it can be seen that the error signal will
necessarily become small, meaning that the output signal will become close to the value
v, /B.If A is very large and J3 is 0.05, it is easy to see that the closed-loop gain A will
approach 20. The important thing to notice here is that the closed-loop gain in this case
has been determined by B and not by the open-loop gain A . Since B is usually set by
passive components like resistors, the closed-loop gain has been stabilized by the use of
negative feedback. Because distortion can often be viewed as a signal-dependent varia-
tion in amplifier gain, it can be seen that the application of negative feedback also
reduces distortion.
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Ficure 4.1 Block diagram of a negative feedback amplifier.

The closed-loop gain for finite values of open-loop gain is shown in Eq. 4.1. As an
example, if A | is 100 and B is 0.05, then the product A B = 5 and the closed-loop gain
(A,) will be equal to 100/(1 + 5) = 100/6 = 16.7. This is slightly less than the closed loop
gain of 20 that would result for an infinite value of A . If A  were 2000, A, would be
2000/(1 + 100) = 2000/101 = 19.8. Here we see that if A_f = 100, the error in gain from
the ideal value is about 1%. The product A f is called the loop gain because it is the gain
around the feedback loop. The net gain around the feedback loop is a negative number
when the negative sign at the input subtractor is taken into account.

A=A, /(1+A,B) @1

Notice that if the sign of A f is negative for some reason, the closed-loop gain will
become greater than the open-loop gain. The closed-loop gain will ultimately go to
infinity, and oscillation will result if the product A B reaches 1. The potential for posi-
tive feedback effects is of central importance to feedback compensation and stability.

Negative feedback is said to have a phase of 180 degrees, corresponding to a net
inversion as the signal circles the loop. Positive feedback has a phase of 0 degrees, which
is the same as 360 degrees.

Input-Referred Feedback Analysis

A useful way to look at the action of negative feedback is to view the circuit from the
input, essentially answering the question, “ What input is required to produce a given
output?” Viewing negative feedback this way essentially breaks the loop. We will find
later that viewing distortion in an input-referred way can also be helpful and lend
insight.

In the example above with A = 100 and B = 0.05, assume that there is 1.0 V at the
output of the amplifier. The amount of signal fed back will be 0.05 V. The error signal
driving the forward gain path will need to be 0.01 V to drive the forward amplifier. An
additional 0.05 V must be supplied by the input signal to overcome the voltage being
fed back. The input must therefore be 0.06 V. This corresponds to a gain of 16.7 as calcu-
lated above in Eq. 4.1.
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Suppose that B =-0.009. This corresponds to positive feedback, which reinforces the
input signal in driving the forward amplifier. With an output of 1.0 V, the feedback
would be -0.009 V. The drive required for the forward amplifier to produce
1.0 Visonly 0.01 V, of which 0.009 V will be supplied by the positive feedback. The required
input is then only 0.001 V. The closed-loop gain has been enhanced to 1000 by the presence
of the positive feedback. If B were —0.01, the product A 3 would be -1 and the denominator
in Eq. 4.1 would go to 0, implying infinite gain and oscillation.

Feedback Compensation and Stability

Negative feedback must remain negative in order to do its job. Indeed, if for some rea-
son the feedback produced by the loop becomes positive, instability or oscillation may
result. As we have seen above, simple negative feedback relies on a 180-degree phase
inversion located somewhere in the loop. High-frequency roll-off within the loop can
add additional lagging phase shift that will cause the loop phase to be larger than 180
degrees. These excess phase shifts are usually frequency dependent.

Atthe 3-dB frequency f, of a pole, the additional lagging phase shift is 45 degrees. At very
high frequencies a pole will contribute 90 degrees of phase shift. If a system has multiple
poles this added phase shift may reach 180 degrees at some high frequency. The total phase
shift around the loop will then equal 360 degrees, and there will be positive feedback. If the
gain around the loop at this frequency is still greater than unity, oscillation will occur.

Poles and Zeros

The concepts of poles and zeros are fairly simple, and yet central to the understanding of
feedback compensation. Ordinary circuits that create high-frequency and low-frequency
roll-offs contain poles and zeros, respectively (or some combination of them). Poles intro-
duce lagging phase shift (negative), and zeros introduce leading phase shift (positive).
Figure 4.2 illustrates three simple circuits. The first one implements a simple pole,
with a 3-dB roll-off at the pole frequency f, = 1/2nR1C1. This is just a simple first-order

c1
100 pF
C1
1pF

R1
1k
| R1
C1 R1 ok R2

| 0.01 pF 100k 1k

16 kHz 1.6 Hz 1.8 MHz
0dB j ﬁ 0dB I 0dB
-20dB
180 kHz
Ficure 4.2 R-C circuits implementing poles and zeros.
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low-pass filter. The second circuit implements a zero atf, = 0 Hz, causing the gain to rise
as frequency increases, resulting in a high-pass filter. The gain can’t get any larger than
unity, so there is a pole to level off the frequency response at the frequency f =
1/2nR1C1.

The third circuit implements a pole-zero pair, with a resulting frequency response
that begins at a lower value and increases to unity at higher frequencies. In this case the
zero is not at 0 Hz, but rather at a finite frequency f, = 1/2rR1C1. Once again, the gain
cannot get any larger than unity, so there is a pole at a higher frequency f = 1/21R C1,
where R, is the resistance of the parallel combination of R1 and R2.

Figure 4.2 also shows Bode plots of the three circuits. The first circuit forms a low-
pass filter. Its frequency response falls at frequencies above the pole frequency f, at a
rate of 6 dB per octave or 20 dB per decade. The phase lag (negative values of phase)
increases to —45 degrees at the pole frequency and eventually increases to 90 degrees at
high frequencies.

The second circuit forms a high-pass filter. Its frequency response is unity at high
frequencies and falls to -3 dB at the frequency of the pole. At this frequency the phase
shift is leading at +45 degrees. As frequency goes lower, its response falls off at 6 dB per
octave and the phase lead eventually increases to +90 degrees.

The third circuit has a rising slope in frequency response beginning at f, and con-
tinuing until f,. Its gain is equal to R2/(R1 + R2) at low frequencies and rises to unity at
high frequencies. This circuit creates a leading phase shift that is at its maximum at the
geometric mean of the pole and zero frequencies. At very high and very low frequencies
its phase shift approaches to 0 degrees.

Figure 4.3 shows the actual gain and phase for a pole at normalized frequencies f/f,
extending far away from the pole. This can be very useful in estimating the impact of
multiple additional poles. It illustrates the way that the phase contribution of a pole
asymptotes to -90 degrees at frequencies far above the pole, while the attenuation from
the pole continues to increase. The phase lag for a pole is about 23 degrees from its
asymptotic value one octave on either side of the pole frequency.

Phase and Gain Margin

If the accumulation of lagging phase shift causes negative feedback to become positive
feedback at some frequencies, instability can result. The nominal phase shift around a
simple negative feedback loop is 180 degrees as a result of the inversion. Additional
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Ficure 4.3 Gain and phase for a pole at frequencies far from the pole frequency.
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lagging phase shift will be introduced by high-frequency roll-offs created by feedback
compensation networks and unwanted poles in the circuit. If the total phase shift in the
loop reaches 360 degrees at the point where the magnitude of the loop gain is unity,
oscillation will result. Central to stability analysis in the frequency domain are the con-
cepts of phase margin and gain margin. They describe how much margin a circuit has
against instability.

The concept of phase margin describes how close we are to 360 degrees of phase
shift at the point in frequency where the loop gain has fallen to unity. This frequency is
often referred to as the gain crossover frequency f.. If the phase shift accumulates to a
value greater than 360 degrees at a higher frequency than this where there is less than
unity gain, oscillation will not result.

Gain margin refers to how much margin we have against the gain becoming unity
at a frequency where the loop phase shift has accumulated to a total of 360 degrees. This
is of particular concern because component tolerances can cause a nominal design to
have higher gain under some conditions.

Figure 4.4 illustrates the concepts of phase margin and gain margin. The Y axis on
the left is loop gain in dB. The Y axis on the right is lagging phase shift in the product
A B. When this lagging phase reaches 180 degrees, oscillation may result. The X axis is
frequency.

The amplifier has a gain crossover frequency of 1 MHz. This is where the loop gain
has fallen to 0 dB. Loop gain rises 6 dB per octave as frequency is reduced, reaching
about 40 dB at 10 kHz. Lagging phase shift at low frequencies is 90 degrees. Two poles
in the open-loop response are located at 2 MHz. Each contributes 22.5 degrees at 1 MHz,
so total lagging phase shift at 1 MHz is 135 degrees. This corresponds to a phase margin
of 45 degrees. Loop gain is down to —-10 dB at 2 MHz where loop phase shift is 180
degrees. Gain margin is thus 10 dB.

Stability against oscillation is not the only reason why adequate phase and gain
margin is needed. Amplifiers with inadequate phase or gain margin usually have poor
transient response and undesirable peaking in their frequency response.

+30
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Loop Gain, dB
Loop Phase, Degrees

I L1l L1 Ll PN 001 —270
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Frequency

Ficure 4.4 Plot showing phase margin and gain margin.
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4.4

Gain and Phase Variation

Component tolerances are not the only contributors to gain and phase variation.
Changes in the operating points of active elements like transistors can cause gain and
phase changes. One example is the change in collector-base capacitance of a transistor
with signal voltage. Another example is change in transistor speed with operating cur-
rent. Changes in the impedance of the load connected to the amplifier can also affect
loop gain and phase.

Feedback Compensation Principles

The simplest way to compensate a negative feedback loop is to roll-off the loop gain at
a frequency low enough that the lagging phase shift accumulated in the loop is well less
than 180 degrees at the frequency where loop gain has fallen below unity. This approach
recognizes that as frequency increases in a real amplifier, more extraneous poles come
into play to create extra lagging phase shift.

Dominant Pole Compensation

Dominant pole compensation is the basis for most compensation approaches. The strat-
egy is to reduce loop gain with frequency while accumulating as little lagging phase
beyond 90 degrees as possible. The key to achieving this is that a single pole continues
to attenuate with frequency while its contribution to lagging phase shift is limited to
90 degrees. For this reason a feedback circuit with a single pole in its loop can never
become unstable.

In real circuits there will be many poles, but if the roll-off behavior is strongly dom-
inated by a single pole, the stability criteria will be more straightforward to meet. The
effects of all other poles can then be lumped together as so-called excess phase. In this
case, at the frequency where the gain around the loop has fallen to 0 dB, the phase
lag of the dominant pole will be 90 degrees. This means that there is an additional
90 degrees to play with before hitting instability. You might allocate 40 degrees for excess
phase from all other sources and keep the remaining 50 degrees in your pocket as phase
margin. You then choose the maximum gain crossover frequency f, as the frequency
where the total amount of excess phase does not exceed 40 degrees.

Excess Phase

Excess phase is usually thought of as additional lagging phase shift that would not
have been expected based on the amount of high-frequency amplitude roll-off. A pure
delay is a very good example of excess phase. If a signal runs through 10 ft of coaxial
cable, it will encounter very little loss, but it will experience a time delay due to the
speed of light in the cable. This will be on the order of 1.5 ns per foot. At 67 MHz, this
would correspond to about 36 degrees of phase lag.

More often, excess phase is not truly time delay, but rather the accumulation of
phase shift from many high-frequency poles, sometimes called parasitic poles. Even
together, these poles may not create much attenuation, but the amount of phase shift
they create can accumulate to an amount sufficient to reduce phase margin in a negative
feedback circuit. Excess phase in the amplifier output stage is an important contributor.
It results from multiple far-out poles due in part to base resistance and AC f3 roll-off of
the driver and output transistors. Output stage excess phase can vary significantly with
load and current/voltage conditions.
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Excess phase can also originate at the feedback input to the LTP input stage. The
resistance of the feedback network can form a pole against the input capacitance of the
LTP. This input capacitance can be a combination of base-emitter capacitance due to
finite f, and the base-collector capacitance of the transistor. This latter capacitance can
be multiplied by the Miller effect if the input stage has voltage gain to its collector.

Lag Compensation

Lag compensation is perhaps the simplest form of frequency compensation, but is
sometimes not the best. It simply involves the introduction of a low-frequency pole by
placing a shunt capacitor from the output of the VAS to ground. Unfortunately, there is
also a pole in the base circuit of the VAS at a low enough frequency to add a large
amount of excess phase. This will often force you to set the gain crossover frequency
fairly low. You may have two poles running together over a significant frequency range
before the loop gain falls to 0 dB.

The pole at the base of the VAS can be canceled by introducing a zero into the lag
compensation circuit at the same frequency. This simply involves adding a resistor in
series with the lag compensation shunt capacitor, forming a pole-zero pair. Figure 4.5
illustrates an amplifier with lag compensation where the pole at the base of the VAS has
been canceled by a zero in the lag compensation network at the VAS collector. The gain
crossover frequency f. for this amplifier is set at 500 kHz. Capacitor C1 has been added
to create a stable pole at 500 kHz at the base of Q3. Lag compensation capacitor C2 has

R7
330

R5
| 330 pF R6
1000 $ 1 p 52

. O -35V

QO +35V
11 12
<¢> 2mA ¢ 10 mA
Q8
b MuE243
P Q10
MJL21194
12}
R3 R4 |E.l§ R8 R19
234 234 R2 :
Input ' I"l 19k Output
Q1 Q2 N\
2N5401  2N5401
R1
1.0k
= Q11
= . £ MJL21193
l MJE253
| 2N5551 1000 pF
ci

Ficure 4.5 An amplifier where lag compensation is employed.
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been set to establish f_at 500 kHz. R7 is put in series with C2 to create a zero at 500 kHz.
In this amplifier the pole-zero compensation has been set at the same frequency as f,
but this will not always be the case.

The use of lag compensation can reduce the amount of slew rate that might be oth-
erwise available in the amplifier, all else remaining equal. The slew rate of this amplifier
is about 10 V/us in the positive direction, established by I2 and C2. It is much higher in
the negative direction.

Miller Compensation

Miller compensation uses local feedback to roll-off the high-frequency response of the
amplifier. The gain that is “thrown away” acts to linearize the VAS with shunt feedback.
The same amplifier as in Figure 4.5 is shown with Miller compensation in Figure 4.6.
Capacitor C1 is the so-called Miller compensation capacitor C,,. It stabilizes the global
negative feedback loop by rolling off the high-frequency gain of the amplifier so that
the gain around the feedback loop falls below unity before enough phase lag builds up
to cause instability. At high frequencies the combined gain of the input stage and the
VAS is equal to the product of the transconductance of the IPS and the impedance of C1.
At high frequencies the gain is dominated by C1 rather than by R5 and/or R6. Since the
impedance of C1 is inversely related to frequency, the gain set by it will decrease at 6 dB
per octave as frequency increases. The transconductance gm is just the inverse of the
total LTP emitter resistance R, ..
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Ficure 4.6 A Miller-compensated amplifier.
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The capacitor controls the high-frequency AC gain of the VAS by forming a shunt
feedback loop around the VAS transistor. At higher frequencies, virtually all of the signal
current from the LTP input stage flows through C1. This creates a voltage drop across C1
that equates to the output voltage of the VAS. At this point the VAS is acting like a so-called
Miller integrator, where the output voltage is the integral of the input current.

While at low frequencies the gain of the combined input stage and VAS is set by the
product of the individual voltage gains of those two stages, at higher frequencies that
combined gain is set by the ratio of the impedance of C1 to R . The frequency at which
the gain set by R ,, and C1 becomes smaller than the DC gain is where the roll-off of the
amplifier’s open-loop frequency response begins. R, for this design is about 480 Q.

Assume for the moment an operating frequency of 20 kHz. At this frequency the
reactance of C1is 1/(2rn * 20 kHz * 33 pF) = 24,000 Q. If all of the signal current provided
by the LTP passes through the capacitor, then the gain of the combined input and VAS
stage at this frequency is 24,000/480 = 500. This is considerably less than the low-frequency
forward gain of the amplifier. This means that the capacitor is dominating the gain at
this frequency. Falling at 6 dB per octave, A  will become 26 dB at 500 kHz. Since A, is
also 26 dB, the gain crossover frequency occurs at 500 kHz.

The peak signal current that the LTP can deliver to C1 is about 1 mA in either direc-
tion. This puts the amplifier slew rate at a symmetrical 30 V/us, superior to the ampli-
fier with lag compensation.

An optional resistor can be placed in series with C1 to create a zero that can be used
to cancel a pole elsewhere in the circuit or cancel some excess phase. A 2.4-kQ resistor
placed in series with C1 will create a zero at 2 MHz, two octaves above the gain cross-
over frequency.

Evaluating Loop Gain

In order to meet the stability target, the gain around the feedback loop must be esti-
mated. There are a number of ways to do this, both in simulation and with laboratory
measurements.

Breaking the Loop

The most obvious way to estimate or evaluate the loop gain is to break the loop. A
stimulus signal is applied at the input side of the loop. The frequency and phase
response is then measured at the output side of the loop. Means must be used to main-
tain proper biasing and DC levels in the amplifier when this is done. This is not always
practical in the real world where very large amounts of gain may be involved.

There is also a caveat: The loading of the output side of the break will often not be
identical after the loop is broken, and this will cause some error. If the source on the
output side of the break is of very low impedance compared to the load seen looking
into the input side of the break, the error will be quite small. This will often be the case
in a power amplifier where the loop is broken at the input to the feedback network.

In SPICE simulations the loop can be kept closed at DC by connecting an extremely
large inductor across the break. It is possible to employ a 1 GH inductor. The source
signal is then applied to the feedback network through an AC coupling capacitor. The
low-frequency corner of this coupling capacitor against the input resistance of the feed-
back network will determine how low in frequency the results of this method will be
accurate. The loop gain is then inferred by viewing the signal at the output of the ampli-
fier. This is illustrated in Figure 4.7.
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Ficure 4.7 Breaking the loop with a large inductor.

In the laboratory, the loop can be kept closed at DC by connecting a noninverting
auxiliary DC servo circuit from the output of the amplifier to the feedback input of
the IPS (see Chapter 8 on DC servos). The low-level test signal from the signal gen-
erator can then be applied to the input of the feedback network. This technique is
illustrated in Figure 4.8. Caution should be observed here in light of the very high
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Ficure 4.8 Breaking the loop using a servo for DC loop closure.
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gain that may be encountered from the signal generator to the output of the amplifier.
The accuracy of measurement is limited at low frequencies by the feedback through
the DC servo. For example, in this arrangement, it will limit open-loop gain readings
to about 76 dB at 10 Hz. R5 places a zero in the integrator at 16 Hz to prevent low-
frequency instability in the event that the open-loop bandwidth of the amplifier is less
than about 10 Hz.

Exposing Open-Loop Gain

Exposing the forward gain A | by setting closed-loop gain very high is an accurate way
to estimate the high-frequency open-loop gain roll-off and phase shift. The forward
gain is exposed by increasing the closed-loop gain by a factor of 100. This decreases the
loop gain by a sufficient amount over the frequency range of interest that feedback
effects do not affect the gain from input to output at these frequencies. The technique
will not be accurate at low frequencies where the open-loop gain would be greater than
100 times the nominal closed-loop gain. This approach will not take into account the
gain and phase characteristics of the feedback network. This includes the pole at the
input of the IPS and any lead compensation.

Simulation

SPICE simulation of the power amplifier can be very valuable in assessing loop gain
and stability because internal nodes can be viewed, impractical component values can
be used, and functions of probed voltages and currents can be calculated and plotted,
such as the ratio of amplifier output voltage to forward path input error voltage. Time
domain performance can also be evaluated with transient simulations to observe
square-wave behavior, for example.

Evaluating Stability

One of the most important aspects of feedback amplifier design is assessing its stability.
Although it is true that one can design for stability, it still must be assessed in simula-
tion and/or in the actual prototype circuit. Obviously, what can be seen and evaluated
is different in simulation than in the real circuit. Each has advantages where the other
may be a bit blind. A proper assessment of stability in the real world using the real cir-
cuit is a must, but for those who can simulate, it is also desirable and beneficial to assess
stability in simulation.

Feedback stability can often be inferred from viewing the closed-loop frequency
response and looking for peaking. It is especially important in these tests to bypass any
input low-pass filters in the amplifier. Peaking of the closed-loop response by more
than about 1 dB just prior to final roll-off is a danger sign. However, apparent flatness
of the closed-loop frequency response is not always sufficient evidence of adequate
stability. Transient response must always be checked as well; this is best done with a
transient simulation using a square-wave source.

Instability can be either local or in the global feedback loop. Local instability can
originate from a local feedback loop or from local circuit instability such as an emitter
follower driving a capacitive load. Such local instabilities can often occur in output
stages.
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Ficure 4.9 Probing points for stability evaluation.

Probing Internal Nodes in Simulation

In assessing stability with AC simulations, it is important to look for evidence of peak-
ing (or sometimes sharp dips) at nodes internal to the circuit. Figure 4.9 shows a block
diagram of a simplified power amplifier with some suggested probing points. The feed-
back input P1 of the IPS should represent a unity-gain follower amplifier stage with
respect to the amplifier input signal. Probe this point and look for overshoot, ringing,
and peaking. This may show behavior that is masked at the output of the amplifier by
high-frequency roll-offs. If this is done in a real amplifier, the IPS feedback input should
be probed with a high-impedance low-capacitance probe. This test should be done with
no amplifier input filters in place.

Stability of local loops can be assessed with an AC simulation in a relatively nonin-
vasive way by injecting an AC current at a chosen node and observing the resulting
signal voltage. This procedure reveals the impedance of the node as a function of fre-
quency. At frequencies where there is instability, the impedance will rise markedly. In
simulation, the current injection is often conveniently carried out with a voltage source
in series with a 10-MQ resistor. The probing locations shown in Figure 4.9 are examples
of where this technique can be applied in simulation. If the stability probe is placed at
the input node P2 of a Miller-compensated VAS, the results may uncover a local insta-
bility. The same can be said for probing at P3. Such local oscillations can be in the 20- to
200-MHz range, and can easily be overlooked.

Figure 4.10 is a plot of square-wave overshoot (left) and frequency response
peaking (right) as a function of phase margin on the X axis from 90 degrees down to
0 degrees. This data was obtained by simulating an amplifier with a dominant pole
and four parasitic poles at a high frequency above the gain crossover frequency. As
the frequency of the parasitic poles was reduced, the phase margin, square-wave
overshoot and frequency response peaking were recorded and plotted. These numbers
will not be accurate for all amplifier designs and roll-off profiles, but are helpfully
representative.
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Ficure 4.10 (a) Square-wave overshoot. (b) Frequency response peaking as a function of
phase margin.

Checking Gain Margin

Power amplifiers should have at least 6 dB of gain margin. Gain margin can be checked
by reducing the closed-loop gain by 6 dB. In a power amplifier with a gain of 20, this
would mean reducing the feedback resistor to change the gain to 10. If the amplifier has
adequate gain margin, it should still be stable under these conditions.

Checking Phase Margin

Power amplifiers should have at least 45 degrees of phase margin. Phase margin ade-
quacy can be checked by adding a pole in the feedback loop at the estimated gain cross-
over frequency f.. This pole will add 45 degrees of lagging phase shift to the loop. It will
also introduce 3 dB of loss in loop gain, which must be made up by decreasing closed-
loop gain by 3 dB. If the amplifier has adequate phase margin, it should still be stable
under these conditions. The pole can be added with a low-impedance lag network
placed between the amplifier output and the feedback resistor. A 100-Q series resistor
and a 3300-pF shunt capacitor will create a pole at about 500 kHz.

Recommendations

For stability in general (both local and global), do not trust only one type of stability
assessment, especially in the simulation world where multiple approaches are practical
and can be tried without great effort. At the breadboard level, don’t assume that there
is adequate stability just because the circuit does not oscillate. Carefully evaluate fre-
quency response and square-wave response.

Operate the circuit with lighter compensation to assess margin against instability.
This can be accomplished by reducing the value of the Miller compensation capacitor
by perhaps a factor of 2. Operate the circuit under large-signal conditions, recognizing
that transistor parameters change with operating point and that instability at operating
points other than quiescent can appear. Operate power amplifiers into difficult and
diverse loads to see if instability can be provoked.
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4.7 Compensation Loop Stability

The loop formed by the Miller compensation capacitor is itself a feedback loop and
must also obey the rules for stability. This is often a very tight, wideband loop and will
not need compensation for stability. Connecting the Miller capacitor from the collector
to the base of a simple one-transistor VAS is a good example. If more complexity is
added to the compensation loop, stability of this loop may have to be evaluated care-
fully. For example, the use of a cascoded Darlington VAS places three transistors in the
compensation loop, all capable of contributing to excess phase (see the amplifier in
Figure 3.12). If the Miller capacitor is connected to the output of a predriver emitter fol-
lower instead of to the VAS collector node, a further opportunity for instability is intro-
duced. This will be touched on again in Chapter 9 where more complex compensation
approaches are discussed.

Figure 4.11 illustrates an amplifier segment where all of these additions to a feed-
back compensation loop have been made. These latter arrangements make the feedback
compensation loop less “local” and in some cases can make it less stable by allowing the
introduction of excess phase shift by the added stages. Notice also that the connection
of C1 to the output of the predrivers leaves the VAS collector node as a high-impedance
point, without even the benefit of loading normally provided by C1. This VAS is driven
by an IPS loaded with a current mirror. Figure 4.12 shows the simulation result of a
stability probe placed at the collector of the VAS in this circuit. The stability probe
injected 1 pA RMS into the node through a 1-MQ resistor and the voltage on the node
was monitored. Notice the fairly large peak at about 90 MHz.
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Ficure 4.11 Example of a “longer” Miller compensation loop.
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Ficure 4.12 Stability probe result at the collector of the VAS.

4.8

Slew Rate

The maximum rate of voltage change that an amplifier can achieve is usually referred
to as the slew rate. It is often expressed in volts per microsecond. Slew rate in an ampli-
fier is usually limited by the ability of a particular circuit to charge a capacitance at a
given rate. Indeed, for a circuit that can supply a current I _ to a node with capacitance
C on it, the slew rate is simply I__/C. If a maximum current of 1 mA is available for
charging 100 pF, the slew rate will be limited to 10 V/us.

We saw in Chapter 3 that negative feedback compensation can place a limitation on
slew rate. It is important to point out that negative feedback compensation is not the
only thing that limits slew rate, but in many cases it is the first one to come into play.

Figure 4.13 shows an amplifier with traditional Miller feedback compensation. The
values shown are similar to those in the simple amplifier depicted in Figure 4.6. Closed-
loop gain is 20 and f, = 500 kHz. Capacitor C,, forms a local feedback loop around the
VAS that turns the VAS into an integrator. This means that the VAS will have a straight
6 dB per octave roll-off over a very large frequency range, from very low frequencies to
frequencies above the gain crossover frequency. Once C,, is determined and we know
the maximum peak signal current output of the input stage I__, the slew rate is
SR=1_/C,.

max”

Calculating the Required Miller Capacitance
The required Miller compensation capacitance is calculated to yield the desired unity-
gain crossover frequency f. This calculation depends on the transconductance of the
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Ficure 4.13 Traditional Miller feedback compensation.

input stage and the chosen closed-loop gain for the amplifier. C,; is chosen so that
A = A, atf.If transconductance of the input stage is g, then

A = _8M 4.2)
o 2nCy,f.
Setting A = A, we have
gm
C.=—S— 4.3
M 2n Aclfc ( )

For gm =2mS§, A =20, and f, = 500 kHz, we have C,, = 32 pF.

Slew Rate
The slew rate of the amplifier is simply SR =I__ /C, . Substituting Eq. 4.3 for C, and
doing some rearrangement, we have

I
SR = 21A_f. (;—mj (4.4)

Notice that I _ /gm is a key parameter of the input stage that determines achievable
slew rate. It has the units of volts. For Eq. 4.4, whenI =1mAandgm=2mS,I__ /gm=
0.52 V. Interestingly, gm = I / V. for a BJT and gm = I_,/2V.. for an un-degenerated dif-
ferential pair. We thus have I /¢gm = V. = 52 mV for an un-degenerated differential
pair.



Negative Feedback, Compensation, and Slew Rate

The LTP of Figures 4.6 and 4.13 is degenerated by a factor of R ,/2re’, or F =
2(220 + 26)/52 = 490 Q/52 Q = 9.46. This means that the transconductance or gain is
9.46 times smaller than it would be without degeneration by emitter resistors. We have

_ R
Fp= 2re’ (45)
Imax
g_m =2V.F, (4.6)
SR=4n A fV,F, 47)

Traditional Miller feedback compensation is suboptimal in regard to slew rate and
high-frequency linearity. The reason for this is that Miller compensation establishes a
fixed relationship among input stage transconductance, input stage tail current, closed-
loop gain, closed-loop bandwidth, and slew rate. This relationship is such that, for a
given closed-loop gain and closed-loop bandwidth, slew rate can only be increased by
adding degeneration to the input stage. This corresponds to the degeneration factor F
in Eq. 4.7. This explains why amplifiers with un-degenerated BJT LTPs have such poor
slew rate. For these stages I__ /gm is only 52 mV. This number is typically 10 times larger
for an un-degenerated JFET differential pair. This is why many designers do not degen-
erate JFET input stages. In Chapter 9 we'll discuss a compensation technique that breaks
the relationships of Eqs. 4.4 and 4.7.
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CHAPTER 5

Amplifier Classes, Qutput
Stages, and Efficiency

formance and cost. It is also challenged by its interface to the real world, where

difficult loads, high voltages, and high currents may exist. The output stage must
also operate at high power levels, often at elevated temperatures. Indeed, there is often
a trade-off between heat generation and sound quality. The class A output stage is per-
haps the best example of this.

This chapter serves as an overview and introduction to output stages. Detailed
design and nuances will be covered in Chapter 10. BJT output stages will be discussed
here, while MOSFET output stages will be discussed in Chapter 11. Many of the prin-
ciples and technical challenges are the same for MOSFET power amplifiers.

Several important issues involving output stages and different topologies and
classes will be discussed. This chapter will begin with a review of the popular class AB
emitter follower (EF) output stage and the basics of crossover distortion. The latter will
be discussed in much greater detail in Chapter 10. The Complementary Feedback Pair
(CFP) output stage is an alternative to the EF output stage, and its merits and shortcom-
ings will be considered. Output stage efficiency and power dissipation will be covered,
as well as output stages that operate more efficiently.

I I The output stage of a power amplifier has perhaps the greatest influence on per-

Class A, AB, and B Operation

The output transistors in a push-pull class A power amplifier remain in conduction
throughout the entire cycle of the audio signal, always contributing transconductance
to the output stage signal path. In contrast, the output transistors in a class B design
remain on for only one-half of the signal cycle. When the output stage is sourcing cur-
rent to the load, the top transistor is on. When the output stage is sinking current from
the load, the bottom transistor is on. There is thus an abrupt transition from the top
transistor to the bottom transistor as the output current goes through zero.

The formal definition of classes A and B is in terms of the so-called conduction
angle. The conduction angle for class A is 360 degrees (meaning all of the cycle), while
that for class B is 180 degrees. More accurately, the definition should really be the angle
over which the transistor contributes transconductance to the output stage and signal
current to the output. This precludes many so-called nonswitching amplifiers from
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being called class A. Such amplifiers include bias arrangements that prevent the power
transistor from completely turning off when it otherwise would.

Most power amplifiers are designed to have some overlap of conduction between
the top and bottom output transistors. This smoothes out the crossover region as the
output current goes through zero. For small output signal currents, the output transis-
tors are in the overlap zone and the output stage effectively operates in class A. These
amplifiers are called class AB amplifiers because they possess some of the characteristics
and advantages of both class A amplifiers and class B amplifiers. Most push-pull vacuum
tube amplifiers operate in class AB mode. Class AB output stages have a conduction
angle that is greater than 180 degrees, although sometimes only slightly so.

There is some semantic controversy in the definition of class B and class AB output
stages. This arises partly because transistors do not turn on and off abruptly, so the
definition of 180-degree conduction is fuzzy. There is a grey region between class B and
class AB. I view class B as an amplifier that is underbiased. I also say that a class AB
output stage has transitioned into its class B region when it exits its class A region.

I will use the term class AB to describe the optimally biased output stage, as it has
important historical origins in push-pull vacuum tube amplifiers. Optimally biased
class AB output stages can have a very substantial quiescent current when multiple
output pairs and low-value emitter resistors are used. They have a class A region that
extends to double the value of the output stage quiescent bias current.

The Complementary Emitter Follower Output Stage

The complementary emitter follower is the workhorse for the majority of power ampli-
fiers that employ BJT output stages. Figure 5.1 shows simplified views of the Darling-
ton and Triple emitter follower (EF) output stages. In each case the bias spreader is split
to show how it would be driven from a voltage source. In a real amplifier the bias
spreader (usually a V, multiplier) is driven from a pair of VAS transistor collectors.

The output stage in Figure 5.1a is a class AB complementary Darlington arrange-
ment comprising emitter follower drivers Q1 and Q2 followed by output devices Q3
and Q4. Emitter resistors R1 and R2 set the idle current of the drivers at about 50 mA.
The output stage emitter resistors R3 and R4 provide thermal bias stability and also
play a role in controlling crossover distortion. The output stage provides a voltage gain
of slightly less than unity. Its main role is to buffer the output of the VAS with a large
current gain. If driver transistor beta (f) is assumed to be 100 and output transistor f3 is
assumed to be 50, the combined current gain of the output stage is 5000. When driving
an 8-Q load, the impedance seen by the VAS looking into the output stage will be about
40 kQ.

The triple emitter follower (Triple) shown in Figure 5.1b provides much higher
current gain and better buffering of the VAS. This output stage was popularized by
Bart Locanthi, and is also known as the Locanthi T circuit [1, 2]. If the added predriver
transistors Q5 and Q6 have betas of 100, the current gain of this output stage will be
approximately 500,000, and when driving an 8-Q load, the VAS will see a very light
load of about 4 MQ. The predriver and driver stages operate in class A in the Locanthi
T circuit.

Returning to the Darlington output stage of Figure 5.1a, Q1 and Q3 conduct on
positive half-cycles and transport the signal to the output node by sourcing current into
the load. On negative half-cycles, Q2 and Q4 conduct current and transport the signal
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Ficure 5.1 (a) Darlington and (b) Triple class AB output stages.

to the output node by sinking current from the load. When there is no signal, a small
idle bias current of approximately 100 mA flows from the top NPN output transistor
through the bottom PNP output transistor. A key observation is that the signal takes a
different path through the output stage on positive and negative half-cycles. If the volt-
age or current gain of the top and bottom parts of the output stage is different, distor-
tion will result. Moreover, the splice point where the signal current passes through zero
and crosses from one path to the other is usually nonlinear, and this leads to so-called
crossover distortion.

Output Stage Voltage Gain

The voltage gain of the output stage is determined by the voltage divider formed by the
output stage emitter follower output impedance and the loudspeaker load impedance.
The output impedance of each half of the output stage is the sum of the output tran-
sistor’s re’ and R,. This is illustrated in Figure 5.2.

Since the two halves of the output stage act in parallel when they are both active at
idle and under small-signal conditions, the net output impedance will be about half
that of each side.
= (re’ +R))/2 (5.1)

Z out(small signal) quiescent

If the output stage is biased at 100 mA, then re’ of each output transistor will be
about 0.26 Q. The summed resistance for each side will then be 0.26 + 0.33 = 0.59 Q. Both
output halves being in parallel will then result in a net output impedance of about 0.3 Q.
Because voltage gain is being calculated, these figures assume that the output stage is
being driven by a voltage source. If the load impedance is 8 Q, the voltage gain of the
output stage will be 8/(8 + 0.3) = 0.96. If instead the load impedance is 4 Q, the gain of
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Fieure 5.3 Amplifier output stage gain.

the output stage will fall to 0.93. The voltage divider action governing the output stage
gain is illustrated in Figure 5.3.

Bear in mind that the small-signal gain of the output stage has been calculated at its
quiescent bias current. The value of re” for each of the output transistors will change as
transistor currents increase or decrease, giving rise to complex changes in the output
stage gain. Moreover, for larger signal current swings, only half of the output stage is
active. The output impedance under those conditions will be approximately re’ + R
rather than half of that amount. These changes in incremental output stage gain as a
function of output signal current cause what is called static crossover distortion.
+R, =R, (5.2)

4
out(large signal) =re high current

At high current, re’ becomes very small. At =1 A, re’ is just 0.026 Q, much smaller
than a typical value of R.. At 10 A, re’ is theoretically just 0.0026 Q. That is why for large
signals Z_ = R,.
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The Optimal Class AB Bias Condition

If R, is chosen so that

R =re (5.3)

E quiescent

then

out(large signal) out(small signal) = E

(5.4)

and crossover distortion is minimized. Oliver showed this mathematically in Ref. 3.
We have

re/quiescent = VT/Iq (55)
R, =V,/I, (5.6)
Vq = VRE_quiescent = REIq = VT (57)

The voltage V, is the voltage that appears across each emitter resistor when the
condition in Eq. 5.3 is met and the class AB output stage is optimally biased. The opti-
mal quiescent bias current I = V_/R,. Here that number is 79 mA.

When Oliver’s condition is met, the output impedance at idle of each half of the
output stage is ¢’ + R, = 2R, so the parallel combination is once again equal to R . Thus,
the nominal output impedance of the output stage when voltage driven is R, for an opti-
mally biased class AB stage. Satisfying the Oliver condition is about the best one can do
to minimize crossover variation in net output impedance of the stage. All of this is valid
for ideal BJTs. Real-world B]Ts have some intrinsic ohmic emitter resistance that must be
counted as part of R.. It often results largely from base resistance RB divided by j3 of the
transistor. If intrinsic RB =3 Q and = 100, this added resistance will be 0.03 Q. This will
reduce slightly V when the stage is optimally biased.

Equalizing the large-signal and small-signal output stage gains is only a compro-
mise solution and does not eliminate static crossover distortion because the equality
does not hold at intermediate values of output current as the signal passes through the
crossover region. This variation in output stage gain as a function of output current is
illustrated in Figure 5.4. This data corresponds to the simple amplifier of Figure 5.2
with a quiescent bias current of 100 mA and employing 0.33-Q emitter resistors. The
M]JL21193/21194 output pair was used for the simulation. The theoretical optimum
bias current for this arrangement is 79 mA (placing 26 mV across each R,), so this rep-
resents a very slightly overbiased condition. As a result the output stage gain is slightly
higher in the crossover region, evidencing slight gim doubling [4]. The slight asymme-
try on the left and right sides of the plot result from differences in the NPN and PNP
output transistors.

Output Stage Bias Current

The quiescent bias current I_ of the output stage plays a critical role in controlling cross-
over distortion. It is important that the right amount of bias current flows through the
output stage, from top to bottom, when the output stage is not delivering any current
to the load. Notice that together the two driver and two output transistors require at
least four V, voltage drops from the base of Q1 to the base of Q2 to begin to turn on.
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Ficure 5.4 Output stage gain versus output current.

Any additional drop across the output emitter resistors will increase the required bias-
spreading voltage.

The required bias voltage for the output stage is developed across the bias spreader,
which is usually a V, multiplier. The objective of the bias spreader design is tempera-
ture stability of the output stage quiescent current. The temperature coefficient of the
voltage produced by the V, multiplier should match that of the base-emitter junction
voltages of the driver and output transistors. Since the V,_of a transistor decreases
2.2mV/°C, it is important for thermal bias stability that these junction drops track one
another. The output transistors will usually heat up the most. Because they are mounted
on a heat sink, the V, multiplier transistor is often mounted on the heat sink so that it
is exposed to the same approximate temperature. This approach is only an approxima-
tion, because the drivers are often not mounted on the heat sink and the temperature of
the heat sink changes more slowly than that of the power transistor junctions.

gm Doubling

If the output stage is strongly overbiased, well beyond Oliver’s criterion, the intrinsic
emitter resistance re” of the BJT is very low, even under quiescent conditions. The net out-
put impedance of the stage at idle will then be closer to R,/2. The output stage transcon-
ductance gm is just the inverse of its output impedance. The quiescent gm of the output
stage is doubled in the limiting case of very high bias. However, the output impedance at
extremes of output current, when only one output transistor is contributing transconduc-
tance, is still equal to R;. Thus, gm has doubled in the crossover region with respect to gm
outside the crossover region. This gives rise to the term gm doubling [4]. The gm-doubling
phenomenon is illustrated in Figure 5.5, where the quiescent bias of the output stage has
been increased to 300 mA. All other conditions remain the same as in Figure 5.4.
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Ficure 5.5 The gm-doubling effect in an overbiased class AB output stage.

These observations all assume that the output stage is effectively being driven in
voltage mode. This will always be the case when the output impedance of the VAS is
significantly lower than the impedance seen looking into the output stage. This will
certainly be the case with a Triple output stage and a VAS whose output impedance is
quite low due to the shunt feedback of Miller compensation. An output stage that is
effectively current driven will not suffer gm doubling because it is not operating in a
transconductance mode but rather in a current gain mode. Distortion will then be gov-
erned by beta mismatch of the NPN and PNP transistors. Pick your poison.

The Small Class A Region of Many Amplifiers
The class A region of many class AB power amplifiers is remarkably small. This gives
rise to crossover distortion at very low signal levels. Consider an amplifier with 0.33-Q
emitter resistors. With 26 mV across each R, the bias current will be 79 mA. The peak
current output at the edge of the class A region will be twice this amount, or 158 mA.
With a 4-Q load, this will correspond to 0.63V peak, for a power level of 50 mW.

If the quiescent bias is set well above the optimum described by Oliver, there will be
a large conduction overlap region and a correspondingly large class A region. This will
lead to lower distortion at small power levels, but result in gm-doubling distortion when
signal amplitudes are sufficient to cause the output stage to exit the class A region.

Output Stage Efficiency

Even apart from the electric bill, output stage efficiency is very important because any
input power that is not converted to output power is converted to heat. This directly
affects the cost of the amplifier because increased heat production requires more expen-
sive heat sinks.
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Heat versus Sound Quality

Minimizing heat dissipation is where any designer will have some difficult decisions to
make. There are some unavoidable trade-offs to be made between heat and sound qual-
ity. This does not mean that one must choose class A or even heavily overbiased class
AB, but such trade-offs with sound quality will exist.

The heat trade-off is especially so with respect to quiescent power dissipation in
each output stage. For a 100-W amplifier, quiescent dissipation can range from about
10 W for a mediocre BJT output stage to over 30 W for an excellent BJT output stage to
perhaps 45 W for a high performance MOSFET output stage.

Power dissipation at 1/3 power or 1/8 power into the load must also be considered.
The 1974 FTC rule on power output claims for amplifiers required an amplifier to sus-
tain 1/3 rated power into an 8-Q load for one hour without overheating [5]. Some
designers do not adhere to this part of the rule. However, doing so tends to produce an
amplifier that is more reliable in practice. Some designs will instead sustain 1/8 power
into the load for one hour.

Estimating Power Dissipation

The most important thing to recognize is that power dissipation equals input power
less output power. Most power dissipation in an amplifier is in the output stage transis-
tors. It results from the product of output transistor V_ and I, where V__ is the power
supply rail voltage less the output voltage V_ . Consider an ideal 100-W amplifier driv-
ing an 8-Q resistive load. The power supply rails are 40 V, and at a full output swing of
40V the output current will be 5 A.

Atsmall V_ ,V_ isnearly 40 V, but the collector current is quite low, so there is rela-
tively little power dissipation. At medium output voltages like 20 V, both voltage and
current are moderate, so instantaneous power dissipation is fairly high (in this case
about 40 W). At high output voltages, like 38 V, the collector current is high (in this case
nearly 5 A), but V__ is low, so dissipation is low. These relationships hold for a resistive
load, but are altered for a reactive load.

Average power dissipation for a sinusoidal signal will behave in a similar way.
Power dissipation of a class AB output stage will be small at low power levels and will
increase with output power up to about 1/3 maximum output power. At higher output
power levels the dissipation will actually decrease a bit because the voltage across the
output transistors will tend to be smaller when they are conducting the greatest current
(at the peaks of the sine wave). When operated at 1/3 power, dissipation for an ideal
amplifier is equal to about 40% of its clipping power. This number is closer to 46% for a
real-world amplifier. When operated at full power, a real-world amplifier will dissipate
about 37% of its clipping power; the ideal amplifier will dissipate about 26%. These
figures do not include power dissipation in the drivers or any other part of the power
amplifier preceding the output stage.

Interestingly, the power dissipation for a class A amplifier tends to decrease with
increases in output power. This is so because the input power is constant while the out-
put power is increasing; this leaves less power to dissipate.

Estimating the Input Power

Consider a 100-W, 8-Q BJT design that uses a single pair of idealized output transistors
with 0.5-Q emitter resistors. The output of this idealized design can swing all the way to
the 40-V rails. This is often the model used to estimate output stage power dissipation as
a function of output power, ignoring many realities. This example also illustrates how
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Ficure 5.6 Power dissipation as a function of output power.

low the quiescent bias current can be in such a class AB output stage. There were in fact
many BJT output stages designed with 0.5-Q emitter resistors. The optimum idle bias
current in this design is only 52 mA, resulting in a quiescent power dissipation of 4 W.

At full power into an 8-Q load, the output voltage is 40-V peak and the output cur-
rent is 5-A peak. The current drawn from each supply rail is a half-wave rectified wave-
form with a peak current of 5 A. The average of a half-sine is about 63% and the duty
cycle is 50%, so the average rail currentis 0.5 * 0.63 * 5 A=1.58 A. Average input for two
40-V rails is then 126 W. With 100-W output, the power dissipation is 26 W. The same
calculation at 1/3 power of 33 W results in an average rail current of 0.91 A and an input
power of 73 W, leaving a power dissipation of 40 W.

An Example
A100-W /8-Q power amplifier was simulated to illustrate the power dissipation of a real
amplifier design as compared with one whose dissipation is estimated with ideal output
transistors and output voltage swings that extend to the rails. The amplifier employed
an output Triple with = 48-V rails and two output pairs with 0.33-Q emitter resistors.
Figure 5.6 is a plot of amplifier power dissipation as a function of output power for the
100-W design when it is driving an 8-Q resistive load. Only the power dissipation for the out-
put stage is shown. The second curve represents an idealized 100-W amplifier with 40-V rails.

Complementary Feedback Pair Output Stages

The emitter follower output stage is simple and straightforward, but there also exist
common emitter-based output stages. In some situations, for example, they may be able
to swing closer to the power supply rail. A complementary feedback pair is illustrated
in Figure 5.7a. This circuit, called a CFP, can be used in small signal and power stages as
well. It consists of an NPN transistor feeding a PNP transistor in a tight feedback loop.
In many ways it acts like an NPN transistor with some improved properties. The CFP
in Figure 5.7a is configured as an emitter follower. It has a current gain that is the prod-
uct of the B of the two transistors, so it shares the buffering capability of the Darlington
connection. However, because of the local feedback, it has low output impedance.
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Ficure 5.7 (a) Complementary feedback pair (CFP). (b) Quasi-complementary output stage. (c) CFP
output stage.

The Quasi-complementary Qutput Stage

During the 1960s and early 1970s there were few, if any, good silicon PNP power tran-
sistors, so the complementary output stages that we take for granted nowadays were
not common. In order to make an output stage with the properties of a complementary
push-pull output stage, an NPN power transistor was configured with a PNP driver in
a CFP arrangement that emulated a PNP power transistor. This was the basis of the
quasi-complementary output stage illustrated in Figure 5.7b. This output stage suffered
from its fundamental asymmetry. Different mechanisms govern the dynamic output
impedance of the top and bottom parts of the stage, and the Oliver criterion for mini-
mizing crossover distortion is virtually impossible to apply. The quasi-complementary
output stage is only mentioned here for historical purposes, and by way of introduction
of the use of the CFP in modern true complementary output stages.

The CFP Output Stage

A Complementary Feedback Pair (CFP) output stage is shown in Figure 5.7c. Here both
output devices are operated in the common-emitter (CE) mode rather than as emitter
followers. Some designers advocate the CFP output stage because it has a high degree
of local feedback that linearizes each half of the output stage [4]. This results in very low
output impedance for each half of the output stage and thus, presumably, reduced
crossover distortion. Each of the upper and lower CFP stages acts like a super emitter
follower with extremely high transconductance. Assuming that emitter resistors (R)
are still used between each stage and the output node, the output impedance will be
very low and largely dominated by the R, value.
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Biasing and Thermal Stability

Bias stability in the CFP output stage will tend to be better than that in an emitter fol-
lower output stage. This is because the bias in the CFP is mainly dependent on the
driver transistor, which is subject to less heating. The bias current is less influenced by
the changing power dissipation of the output transistor, allowing bias to be set with
greater precision and stability. For this reason it is possible to obtain adequate bias sta-
bility with smaller values of R, in the CFP arrangement than would be permitted in the
emitter follower arrangement. The use of smaller R, can lead to a reduced amount of
crossover distortion because the net output impedance of the output stage is smaller, so
dynamic variations in it will have less effect on incremental gain.

Optimum Class AB Bias Point and gm Doubling

The output impedance of the CFP is much lower than that of the emitter follower as a
result of the local feedback. This means that the output transistor’s re” is no longer a
major determinant of the output impedance of each half. The output impedance is
much more fully determined by the emitter resistor R,. This makes it more difficult to
avoid gm doubling and the crossover distortion that it brings.

The optimum quiescent voltage V_across each emitter resistor in an EF output stage
is ideally 26 mV. This makes the product of ¢grm and R, equal to unity, in accordance with
Oliver [3]. The optimum V, across the analogous R; output resistor in the CFP output
stage is on the order of 3.1 to7.2mV, depending on where R, falls in the range of 0.47 Q
to 0.1 Q [4]. This corresponds to output transistor bias currents on the order of 15 mA to
31 mA. This is a direct result of the higher gm of the CFP stages for a given operating
current. The output transistors are thus operating in a starved mode in order to get the
net stage transconductance down to a point where gm doubling will not be too bad.
Indeed, when there are multiple devices in parallel, each has only a fraction of this cur-
rent. The f, of the output transistors is quite low under these conditions.

The greater bias precision and stability of the CFP provides little net value because
it is really needed to keep crossover distortion down because crossover distortion in the
CFP output stage is more sensitive to the bias setting. The high transconductance of
each half of the output stage causes the crossover region for the CFP to be much nar-
rower and more abrupt. This implies higher-order crossover distortion products.

Although the claim may be true that as a single stage the CFP is more linear than a
double EF, this does not hold for a class AB stage consisting of a complementary CFP
pair due to the gm doubling that will occur under most realistic conditions.

High-Frequency Stability

The second major concern is one of high-frequency stability. The CFP can be notori-
ously difficult to stabilize under all conditions. This is because of the larger amount of
local feedback resulting from the feedback loop in the CFP. Its loop gain is a function of
the load impedance and of the B, f,, and C of the output transistors. These stages may
also be more vulnerable to destabilizing influences like capacitive loads. Some sort of
local feedback compensation network is often needed with the CFP.

Turn-Off Issues in CFP Output Stages

The conventional CFP output stage has no problem turning on, as the driver transistor
can pull quite a bit of current from the base in the turn-on direction. The CFP does,
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however, suffer from limited ability to turn off quickly. Turn-off current is supplied by
R1 and R2 in Figure 5.7c, where only 7 mA of turn-off current is available. The voltage
across these resistors can never be more than the V, of the output transistor. This is in
contrast to the emitter follower output stage where current flowing in the opposite half
of the output stage provides an increased voltage drop across the driver emitter resistor
in the Locanthi T circuit [1]. There are few options for improvement of turn-off in the
CFP output stage. For example, the speed-up capacitor sometimes used in emitter fol-
lower output stages cannot be used. As a result, the CFP is often shower to switch off
and may be more prone to high-frequency switching distortion and common mode
conduction (shoot-through).

The driver transistors in the CFP output stage do not operate in class A. This is a
further disadvantage for this arrangement.

Miller Effect in the CFP Output Stage

The collector-base capacitance in the CE-operated output devices creates a Miller effect
in the CFP. The small-signal effect is to reduce CFP bandwidth and to partially compen-
sate its feedback loop. The large-signal effect is to cause high-frequency distortion due
to the nonlinearity of C of the output transistor. Moreover, there is also the large-signal
action of the Miller effect that opposes turn-off. Consider the case where total C, is 500 pF
and the output voltage slew rate is 50 V /us. This current will be 25 mA, more than what
is often run through the base-emitter resistor.

CFP Triples

As with simple Darlington output stages, the conventional two-transistor CFP does not
have adequate current gain to enable the really high performance achievable by light-
ening the load on the VAS. As with emitter follower Triples, there are CFP Triples.
Although there are many ways to incorporate three transistors into a CFP, the safest and
most straightforward is to simply precede the CFP with an emitter follower predriver.
It adds two V| to the required amount of bias spread and does not change any of the
stability or transconductance characteristics of the CFP.

CFP Degeneration

The CFP output stages described thus far do not include emitter degeneration in the
driver or output transistors. This is partially responsible for the high transconductance
of the CFP. Modest emitter degeneration in each transistor can reduce CFP loop gain
and provide smaller transconductance for a given amount of bias current. A typical
design would employ a 100-Q resistor in the emitter of the driver and a resistor of the
same value as R, in the emitter of the output transistor. The use of paralleled output
transistors requires emitter degeneration of the CFP output transistors anyway.

Stacked Output Stages

Some output stages are designed with two transistors in series to share the voltage
swing required to produce the output signal. This reduces the maximum rated voltage
requirement for the power transistors, but more importantly it increases the available
Safe Operating Area (SOA). This is especially significant because safe area in bipolar
transistors often decreases rapidly at higher voltage due to second breakdown effects.
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However, modern transistors have higher voltage ratings and are less prone to second
breakdown. As a result, the use of stacked output stages is much less common than it
used to be.

Figure 5.8 illustrates a simple stacked output stage design where two Locanthi Tri-
ples are stacked atop one another. A popular example of the stacked output stage is the
Double Barreled Amplifier by Marshall Leach (also referred to as the Leach Superamp) [6].
The inner transistors drive the load in a conventional fashion, while the outer transis-
tors provide a signal voltage to the collectors of the inner transistors. The outer stage of
the stacked arrangement is driven in a bootstrapped arrangement with a signal derived
from the output. The bootstrap signal is divided in half by R5 and R7 on the top half so
that inner and outer parts of the output stage divide the voltage swing equally.

R5 is shown connected to the rail, where garbage will unnecessarily get into the
circuit and appear at the collectors of the inner devices. For this reason, R-C filters
should be placed in the rail lines to R5 and Ré. For simplicity, the stage is shown with
only one output pair. Most stacked designs will be high-power amplifiers, so that two
or more pairs will be used.

Stacked output stages suffer some loss of headroom as a result of two power tran-
sistors being connected in series. For this reason, they are slightly less efficient. The
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outer transistors in the stack shield the more important inner transistors from garbage
on the power rail and also reduce the Early effect.

Cascode Output Stage
If the upper stage in the NPN stack is fed with the full audio signal, V_ of the bottom
output transistors will be constant (at a few volts) and a cascode output stage will result.
This architecture has been discussed by Nelson Pass [7]. The upper stage can be fed in
a feed-forward arrangement from the VAS or a bootstrapped arrangement from the
output node. The arrangement places nearly the full SOA burden on the outer power
transistors, but allows the power transistors that actually drive the load to operate in a
constant V__ mode. This eliminates the Early effect and improves the PSRR of the output
stage. Similarly, any effect due to nonlinear base-collector capacitance of the output tran-
sistors will be greatly reduced. The inner transistors driving the load can also be faster
power transistors because they are not subject to large voltage and SOA requirements.
The cascode output stage keeps the main output devices cooler by exposing them
to a relatively small, constant V. Power dissipation swings with program material are
thus smaller, leading to smaller output stage dynamic thermal effects (a form of so-
called memory distortion).

Soft Rail Regulation

If instead the upper transistors in the stack are fed with no signal but with only a fil-
tered version of the rail voltage, this becomes an output stage that is fed from a quasi-
regulated supply voltage. The filtered rail tracks the available rail voltage and does not
dissipate as much power as a conventional fixed-voltage-regulated output stage. This is
what I refer to as soft rail regulation. It is little more than feeding the output stage through
a pass transistor that is configured as a capacitance multiplier.

The advantage of this scheme is that the output transistor is shielded from the noise
and ripple on the high-current main rail power supply. This imparts a very high effec-
tive PSRR to the output stage. It also prevents the nasty pass-through of power supply
ripple to the amplifier output when the amplifier clips. As with other stacked output
stages, some operating headroom and operating efficiency are lost. The pass transistor
can also function as a fast electronic circuit breaker if appropriate control circuitry is
included.

Classes G and H

The quest for higher efficiency has led to the development of other types of output
stages, the better-known variants being class G and class H. The class G and class H
output stage configurations are designed to reduce output stage power dissipation by
effectively changing the rail voltage applied to a conventional class AB output stage as
a function of the instantaneous program amplitude. These amplifiers are popular in
professional audio applications where the sonic penalties sometimes associated with
these designs are not such a big problem.

Conflicting Terminology

In class G, the rail voltage is elevated in a linear way to a higher voltage once the pro-
gram peak output level requires it. Class H is very much like class G, but the power
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supply for the output stage is switched abruptly to higher levels when the signal wave-
form exceeds a certain threshold.

The U.S. and Japanese naming conventions for these classes is sometimes reversed,
as explained in Ref. 8. The remainder of this section will focus on class G, in accordance
with the Anglo-Japanese class nomenclature, where the supply voltages to the output
stage are increased in a linear fashion when required.

Class G Operation

Figure 5.9 illustrates how the rail voltages change as a function of the signal for a class
G amplifier. At low power levels the output stage operates from a fixed intermediate
rail voltage supplied through commutating diodes. As the signal increases and the head-
room for the output stage becomes small, the rail is lifted by a set of power transistors
above in a fashion that is linear with the signal so as to provide a constant amount of
headroom as the signal increases further. The upper power transistor is connected to
the high-voltage rail. In a sense, the bottom output stage transistor is transformed into
a cascoded output stage for the higher signal levels, since under these high-level condi-
tions its collector is moving with the signal.

Figure 5.10 shows a simplified schematic of a Class G output stage. This design is
very similar to the stacked output stage of Figure 5.8, except that R7 and R8 have been
replaced by bypassed Zener diodes D5 and D6 to provide a full bootstrapped signal
swing to the outer Triples. Diodes D1 and D2 are the commutating diodes. They supply
the rail current from the low-voltage power supply when the signal swing is small.
When the signal swing becomes large enough to reduce the V_ of Q5 or Q6 to a small
value, outer transistors Q11 and Q12 lift the rail, maintaining a fixed minimum V_
across Q5 and Q6.

The breakdown voltage of D5 and D6 establishes the minimum V _ that Q5 and Q6
will see. The relevant voltage is between the collector of Q5 and the output node and
must be set to take into account the voltage drop across the emitter resistors under high-
current conditions. At the same time, the Zener breakdown voltage must not be so large
that the base of Q7 is driven beyond the high-voltage rail. A typical value for the Zener
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voltage might be 6.8 V. The amplifier output therefore must never be driven to within
less than 6.8 V of the rail. If necessary, Baker clamps can be used to prevent this from

happening.

Driver isolation diodes D3 and D4 prevent excessive reverse base-emitter voltage
from being applied to drivers Q9 and Q10 when the output signal swings negative with
respect to the low-voltage rail. R7 and R8 establish the forward bias current of these
diodes when they are on at about 10 mA. R7 and R8 also provide turn-off current to Q9

and Q10.
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Ficure 5.11 Class G power dissipation as a function of output power.

A feed-forward approach to driving Q7 and Q8 can also be used. In that case Zener
diodes D5 and D6 are instead placed in the VAS collector path on either side of the bias
spreader to provide offset voltages to the bases of Q7 and Q8. This approach takes away
from available VAS headroom, so boosted VAS rails are recommended.

Class G Efficiency

Figure 5.11 is a plot of power dissipation as a function of output power for a 250-W
class G output stage. The power dissipation for a comparable class AB design is also
plotted.

Choice of Intermediate Rail Voltage

The choice of the intermediate rail voltage determines the signal amplitude at which the
amplifier transitions its current draw from the low-voltage supply to the high-voltage
supply. As such, it affects the power dissipation profile of the amplifier as a function of
the signal level. If sine wave signals were the governing criteria, one might adjust the
low-voltage rail so that the two peaks in power dissipation had the same maximum
power dissipation. However, real program material has a higher crest factor than sine
waves; this means that it spends relatively less time at high amplitudes. This argues for
choosing a lower intermediate rail voltage to reduce power dissipation for conditions
of small signal amplitude.

Headroom Considerations

Class G requires additional rail voltage headroom because of the presence of the outer
stage and the need for headroom for the inner stage. This decreases the value-added
contributed by class G for lower-power amplifiers. Class G may also benefit from
boosted driver rails that allow the outer transistors to swing closer to the rails while
maintaining adequate headroom for the VAS.

13
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Rail Commutation Diode Speed

Turn-off time of the rail commutation diodes is a problem that creates a performance
challenge for Class G amplifiers. The commutation diode provides the intermediate rail
voltage to the output transistor under low-swing conditions. When a signal peak occurs,
the high-rail output transistor pulls the collector node of the main output transistor to
a higher voltage, following the signal as its amplitude increases. This action turns off
the commutating diode at a fairly high rate of change of current and voltage. Prior to
this switching action, the commutation diode will have been conducting fairly high cur-
rent. Diodes cannot instantly stop conducting current.

As aresult, the commutation diode will resist the change in its voltage to the reverse
direction. The turn-off current for the commutation diode must be supplied from the
high-side transistor. This can cause a significant current spike and possibly a voltage
spike at a time when the main output transistor is operating at low V_ where its ability
to provide power supply rejection is minimal.

When the commutation diode lets go as the signal goes more positive, the high-side
transistor has been conducting this extra diode current and still wants to conduct the
higher current. It will create a positive voltage glitch at the collector of the main output
transistor as it tries to put this extra current into the collector of the output transistor. It
may in theory have no other place to go than into the output load. For this reason,
reverse recovery time of the commutation diodes is very important.

Fast Recovery Epitaxial Diodes (FRED) are a good solution because they have minimal
charge storage and fast reverse switching times. These silicon diodes are available in
voltage and current ratings that are adequate for high-power class G amplifiers. The
Vishay HEXFRED® devices are especially well suited to this application [9].

The Transition to Cascode Operation

By now it should be apparent that the class G output stage is just another type of stacked
output stage that operates in two modes. For smaller signals, it operates as a conven-
tional class AB output stage powered with the intermediate rail voltage. At higher signal
levels, when the commutation diode is turned off, the output stage acts like a cascode as
described in Section 5.6. As observed by Self [4], Early effect is present in the former case
but not in the latter case. This means that transistor current gain will vary with the signal
in the former case but not in the latter case. If changes in current gain alter the effective
load impedance seen by the VAS, distortion will result. Similarly, if current gain varia-
tions alter the voltage gain of the output stage, distortion will also result. For this reason
it is important to design the class G output stage so that beta variations have a minimal
effect on its circuit behavior. Use of the Triple-based class G output stage discussed above
is very effective to this end.

Safe Operating Area

The stacked nature of the class G output stage reduces the maximum required SOA
on the output transistors as compared to a straight class AB design. This happens because
the inner transistors are never subjected to a V_ greater than the intermediate rail voltage
plus the main rail voltage. The outer transistors are never subjected to V_ greater than
the difference between the main rail voltage and the intermediate rail voltage.
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5.7 ClassD

No chapter on output stages would be complete without discussion of class D amplifi-
ers, whose popularity and performance increase daily. An entire book could be written
on class D, not to mention a chapter. Here we touch on it very briefly for completeness,
but defer any meaningful discussion to Chapters 28-31.

Class D amplifiers are popular as a result of the never-ending quest for efficiency.
They rely on the fact that an on-off switch (a MOSFET transistor) cannot dissipate any
power if it has no voltage across it or if it has no current passing through it. The simple
class D output stage uses high-speed solid-state switches to connect the positive and
negative supply rails to the output node alternately, with different duty cycles, such
that the average value applied to the output is the desired value corresponding to the
signal. This is referred to as pulse width modulation (PWM). The alternation between
positive and negative connection of the supply rails to the output node is at a high fre-
quency well above the audio band.

When the output signal is to have large positive amplitude, the positive supply
rail is connected to the output most of the time (i.e., with a high duty cycle). When the
average output signal should be zero, the pulse widths of the positive and negative
connections of the rails to the output node will be equal, corresponding to a 50% duty
cycle.

The way in which the input signal is converted into a PWM representation and the
way in which the output switches are driven is where most of the complexity and inno-
vation lie. Approaches range from simple analog techniques to sophisticated high-
speed DSP-based techniques, some of which rely on Sigma-Delta techniques borrowed
from the land of A/D and D/A converters.

Achieving low distortion and high sound quality is a special challenge for class D
amplifiers, but great progress has been made. One example of such a challenge is the
poor power supply rejection inherent in the simple class D approach. If the power sup-
ply rail is connected to the output node through a switch, it is easy to see that there will
be very little power supply rejection in the circuit.

References

1. Locanthi, B. N., “Operational Amplifier Circuit for Hi-Fi,” Electronics World, pp. 39-41,
January 1967.

2. Locanthi, B. N., “An Ultra-low Distortion Direct-current Amplifier,” Journal of the
Audio Engineering Society, vol. 15, no. 3, pp. 290-294, July 1967.

3. Oliver, B. M. “Distortion in Complementary Pair Class B Amplifiers,” Hewlett Packard

Journal, pp. 11-16, February 1971.

. Self, D., Audio Power Amplifier Design Handbook, 5th ed., Focal Press, 2009.

5. Federal Trade Commission (FTC), “Power Output Claims for Amplifiers Utilized in
Home Entertainment Products,” CFR 16, part 432, 1974.

6. Leach, W. Marshall, Jr., “Double Barreled Amplifier,” Audio, vol. 64, no. 4, pp. 36-51,
April 1980.

7. Pass, Nelson “Cascode Amplifier Design,” Pass Labs, www.passdiy.com.

8. Duncan, B., High Performance Audio Power Amplifiers, Newnes, 1996.

9. HFA25PB60 HEXFRED®, Ultrafast Soft Recovery 25A diode, Vishay, www.vishay.com.

I


www.passdiy.com
www.vishay.com

This page intentionally left blank



6.1

CHAPTER 6

Summary of Amplifier
Design Considerations

be addressed in designing a power amplifier. Now that basic power amplifier

design principles have been covered, it is a good time to go over this before get-
ting into deeper design considerations. This will also help put into perspective those
later discussions. All of these topics will be covered in much greater detail in later
chapters.

I I This chapter is intended to summarize the numerous considerations that should

Power and Loads

This may seem obvious, but one first needs to decide what the rated power of the ampli-
fier should be and into how low an impedance load it will be operated, taking into
account the fact that rated power will usually be a function of the load impedance.
Nominal power is usually stated into 8 €, but what power will be needed into 4 Q or
even 2 Q? An ideal amplifier doubles its power as the load is halved. How close to this
ideal should this amplifier come? Will this amplifier need to be able to operate continu-
ously into a load impedance of 4 Q or even 2 Q? What are the expectations for testing?
Will the amplifier be expected to operate at 1/3 power with both channels driven into a
2-Q Joad for an extended period?

Worst-Case Loads

Loudspeakers are anything but a resistive load. What will the criteria be for the worst-
case load? What minimum impedance will be designed for? What phase angle of the
load impedance will be tolerated? How much direct load capacitance will be allowed
without stability problems?

Peak Output Current

High-output-current capability is often associated with good-sounding amplifiers. At
minimum, it is good insurance against the unpredictability of difficult speaker loads
that are driven by unusual program material. It is not difficult to concoct scenarios
where the peak load current into a reactive load can be twice that into a resistive load of
the same impedance. An amplifier rated at 100 W into an 8-Q load will attempt to pro-
duce peak currents of 40 V/2 Q = 20 A into a resistive 2-Q load. Double this and you get
40 A for a nominal 100-W amplifier. The numbers get ugly fast.

17
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Slew Rate

The required slew rate for an amplifier can sometimes be a point of controversy, but
some minimum guidelines can put things into perspective and prove useful. Much of it
amounts to how much margin is desired against the maximum slew rate likely to occur
in program material. To be generous, assume it is that of a full-power sinusoid at 20 kHz.
A decent margin to add on top of that is to require the amplifier to have sufficient slew
rate to support a full-power sinusoid at 50 kHz.

The required slew rate for a sinusoid at 20 kHz is 0.125 V/us per peak volt of out-
put. This means that a 100-W amplifier producing 40 V peak requires a minimum slew
rate capability of 5 V/us. Adding the margin for full-power capability at 50 kHz raises
this number to 12.5 V/us. Required slew rate tends to increase as the square root of
power, so a corresponding 400-W amplifier would require a minimum slew rate capa-
bility of 25 V/us. In reality, for very high quality reproduction, substantially higher
slew rate capabilities are desirable and not difficult to achieve. Unfortunately, high slew
rate alone does not guarantee low values of high-frequency distortion.

Sizing the Power Supply
The power supply design will have the greatest influence on achievable output power,
on both a short-term basis and a long-term basis. All unregulated power supplies sag
under a heavy load. A stiffer power supply sags by a smaller amount. The amount by
which a power supply sags under a given load is referred to as its regulation.

When the amplifier is operating under a no-load condition, the power supply must
only deliver the bias currents, perhaps on the order of 100 to 200 mA per channel for a
modest-sized power amplifier. When the amplifier is delivering full power into an 8-Q
load, the power supply will have to deliver considerably more current, in the order of
amperes. Still more current will have to be delivered when a 4- or 2-Q load is being
driven to rated power.

Average Power Supply Current

A100-W amplifier driving a resistive 8-Q load will put out 40 V peak at a current of 5 A
peak. The average current drawn from each rail will be about 63% of the peak for half
of the cycle for a class AB output stage. This comes to about 1.6 A average per rail. Note
that with 45-V rails this corresponds to input power of 144 W and thus an output stage
power dissipation of 44 W.

Average power supply current will increase as the square root of rated power and
the inverse of the load resistance. The 100-W amplifier (with a perfect power supply
that does not sag) will produce 400 W into a 2-Q load, and its average power supply rail
current will be 6.4 A. Input power will be 576 W, and power dissipation will be 176 W.

Sizing the Power Transformer
Power transformers are usually rated in Volt-Amperes (VA) delivered as AC into a
resistive load with a given degree of sag (regulation) from no-load to full-load. It is not
always easy to correlate this to the amount of current that can be delivered as DC by a
capacitor-input rectifier into a load with a given amount of regulation.

One of the biggest issues in sizing the power transformer is the desired degree of
stiffness of the resulting power supply. Some designers will prefer a power supply with
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higher compliance (less regulation), resulting in greater dynamic headroom. The leg-
endary Phase Linear 700 is a good example of this philosophy. In more recent times, it
appears that designers of very high-quality amplifiers prefer a stiff power supply,
eschewing dynamic headroom for greater output current capability and greater ability
to handle smaller load impedances. Stiffer power supplies may produce better sound
quality as a result of less program-dependent rail voltage variations.

Sizing the Reservoir Capacitors

Large reservoir capacitors are always a good thing, but they are expensive. There is no
objective way to state the required size, but a look at power supply ripple as a function
of reservoir capacitance and output current can provide useful perspective.

The 100-W/8-Q amplifier driving 400 W into a 2-Q load will consume an average
rail current of 6.4 A. A gross approximation of the peak-to-peak ripple voltage is arrived
at by assuming that the rail voltage decays over one-half cycle (8.3 ms) in the amount of
V =1#T/C.If the 100-W amplifier has reservoir capacitors of only 10,000 UF, then the
ripple under these conditions (6.4-A average load current) becomes 5.3 V peak to peak.
It is easy to see why some better power amplifiers have 100,000 uF of reservoir capaci-
tance on each rail.

A 400-W/8-Q amplifier driving 1600 W into a 2-Q load will consume average DC
current of 12.8 A. If ripple is to be limited to 1 V peak to peak, then the reservoir capac-
itance must be on the order of C =1 * T/V = 106,000 uF.

Sizing the Output Stage

The output stage must be able to handle the maximum anticipated power supply rail
voltages that will occur under no-load conditions with high mains voltage conditions.
It is easy for a designer to reason that a 100-W/8-Q amplifier requires 45-V rails and
thus the output stage will see no more than 90 V. This is far, far from safe. In addition to the
usual safety margins, one must take into account power supply regulation (the rails will
rise under no-load conditions) and high mains voltages. With 20% regulation and 130-V
mains, the rail voltages may rise to over 60 V if the nominal mains voltage is 120 V.

Even more importantly, the amount of available safe operating area in the output
stage must be adequate to handle the most difficult load conditions anticipated, taking
into account the kind of output stage protection to be employed. This will influence the
number of output pairs needed. More aggressive protection circuits will allow the use of
a smaller output stage, but will likely interfere with audio performance under some
conditions. How rarely do we want the protection circuit to have to engage? Will we
employ a V-I protection circuit at all?

Number of Output Pairs
The required number of output pairs depends on power dissipation, needed safe oper-
ating area, and desired maximum output current. Even if the latter two considerations
are ignored for now, a conservative look at power dissipation can lend some insight.
The 100-W/8-Q amplifier driving 400 W into a 2-Q load will dissipate 176 W in its
output stage. Let’s arbitrarily argue that the output stage should be sized to withstand
this full-power dissipation indefinitely for purposes of full-power bench testing into a
2-Q load. Let’s further assume that the heat sink temperature is allowed to reach 70°C
under these conditions and that junction temperature must not exceed 150°C. There is
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thus an 80°C rise allowed to the junctions for 176 W. This amounts to a net thermal
resistance from heat sink to junction of 0.45°C/W spread out over the total number of
output transistors including their heat sink insulators.

Consider two output pairs comprising four transistors. This means that each tran-
sistor is allowed 1.8°C/W from junction to heat sink. Assume the insulators have a
thermal resistance of 0.5°C/W. This means that the junction-to-case thermal resistance
of each transistor must be no greater than 1.3°C/W. This corresponds to a transistor
with a power dissipation rating of about 96 W. Thus two output pairs are adequate for
this output stage power dissipation criteria. For simplicity, assume that the required
number of output pairs increases in proportion to the rated amplifier power.

For 150-W output transistors, the amplifier could possibly go to 150 W/8 Q under
these dissipation criteria. A rule-of-thumb thus emerges: divide the rated power by 75
and round up to the next integer. This is the minimum number of output pairs recom-
mended to satisfy this thermal criterion. A 400-W amplifier would thus require six pairs
of output devices.

It is important to remember that this rule of thumb does not take into account SOA
requirements and possible output current requirements. It also does not take into
account operating at 1/3 power into a 2-Q load, where output stage dissipation will be
higher. Power transistors are not as expensive as they used to be, so it is easier to be
generous in this regard. A greater number of output transistors relaxes thermal con-
cerns, improves thermal stability, and makes the amplifier performance less vulnerable
to beta droop effects.

Sizing the Heat Sink

Getting rid of the heat in a power amplifier is one of the most important design consid-
erations and it can be a large factor in the cost of the amplifier. The size of the heat sink
will largely be determined by the nominal power rating of the amplifier in combination
with the lowest anticipated load impedance. How long the amplifier will have to be
able to run safely into that load will also influence the required size of the heat sink. A
key point here is that the maximum power dissipation for a typical class AB output
stage occurs at an output power that is approximately 1/3 rated power. It is important
to note that other types of output stages, such as class A, class G, and class H, may have
very different heat sinking requirements.

A Simple Guideline

A fairly conservative approach to estimating the required heat sink thermal resistance
can be arrived at by assuming that the heat sink temperature shall not exceed 60°C
when the amplifier is operated at 1/3 power into an 8-Q load. The highest temperature
of an object that you can touch without excessive pain is about 60°C. The FTC metric of
1/3 power into an 8-Q load for 1 hour may seem conservative, but remember that things
get worse rapidly when the amplifier is called on to deliver its power into the many
loudspeakers that exhibit much lower impedances than 8 Q [1].

A 100-W/8-Q amplifier will dissipate about 50 W in its output stage at 1/3 rated
power when driving an 8-Q load. If the ambient temperature is 25°C, then a rise of 35°C
will be allowed. This translates to a required heat sink thermal resistance of 0.7°C/W.
Amplifiers with higher power ratings will require a correspondingly smaller thermal
resistance to ambient.
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Amplifiers designed to handle today’s often highly compressed program material
at high levels while driving low-impedance speaker loads should be designed with
significantly lower heat sink thermal resistance, especially if they are expected to oper-
ate in hot environments.

Protecting the Amplifier and Loudspeaker

One of the tougher practical design considerations for a power amplifier is protection.
There are two major aspects here. The first, and most important, is that the amplifier
should not fail in such a way that it will destroy the expensive loudspeakers to which it
is connected. The second is that the amplifier should not self-destruct when driving a
difficult load at high power levels or when it is subjected to a short circuit at the output.
Finally, it is desirable that when the protection circuits engage, they do so in a way that
is benign and that causes as little damage to the audio signal as possible. Some protec-
tion circuits can create high-amplitude spikes which are very audible and can even
damage tweeters.

Loudspeaker Protection

It is very important to protect loudspeakers from high DC voltages at the output of the
amplifier. An output stage that fails will often do so by shorting the output of the ampli-
fier to one of the rails. Speaker fuses are often used, but they can be unreliable and
introduce low-frequency distortion. Active circuits that sense a DC level at the output
of the amplifier can be used to open a loudspeaker relay or disable the power supply to
the output stage. An alternative is to crowbar the output of the amplifier to ground with
a TRIAC that is fired when DC is sensed.

Short Circuit Protection

This is the most fundamental form of protection for the amplifier itself. With a rugged
output stage, a loudspeaker fuse or rail fuses or circuit breakers may be sufficient. How
long it takes them to act is the key here. Current limiting and active amplifier shut down
circuits can also play an important role in protecting the amplifier against short circuits.

Safe Area Protection

SOA protection is much more sophisticated than short circuit protection or current lim-
iting. Its purpose is specifically to protect the output transistors from unsafe combina-
tions of voltage and current that may cause the output transistors to fail. Safe area
protection is often associated with V-I combinations that occur when complex load
impedances are being driven. Safe area protection, often synonymous with V-I limiting,
has a dubious reputation for interfering with sound quality, and some designers dis-
pense with it. If the output stage is made big enough, V-I limiting can sometimes be
avoided without incurring undue risk to the output transistors.

Power and Ground Distribution
The schematic may not tell all when it comes to power and ground distribution. Even
well-designed amplifiers can sound bad if they are implemented with poor power and
ground distribution. The key here is to understand the nature of all the current flows in

121



122

Audio Power Amplifier Basics

6.7

the power and ground circuits of the amplifier, and to recognize that no wires have zero
impedance. Moreover, current flowing in any wire will create a magnetic field that may
induce noise or distortion into neighboring circuits.

When Ground Is Not Ground

Ground is whatever single reference point you pick it to be. Ground is not ground
when current flows from the point being considered to the reference point. This reality
is simply due to the finite impedance present in any wire or piece of interconnect. The
best recommendation is to follow the currents and to understand the nature of those
currents.

The well-known star grounding approach seeks to keep the currents of one circuit
from flowing through the ground line of another circuit. In such a case, a small-signal
reference ground will have very little current flowing in it and will remain at pretty
much the same potential as the reference ground. Life is not that simple, and most
power amplifier ground topologies are only an approximation to star grounding at
best. A key point to understand is that most of the currents that are important to avoid
are AC currents. Bypass capacitors can often destroy the integrity of a star ground
arrangement by providing another (unintended) path through which these AC currents
can flow.

Ground Loops

Unintended ground loops can make great antennas. They don’t just pick up and
introduce hum. They can serve as an entryway for EMI. They can also serve to pick
up and distribute voltages resulting from nonlinear magnetic fields in the amplifier.
These include magnetic fields associated with power supply rectification and signal
currents.

Nonlinear Power Supply Currents

The class AB output stage creates nasty half-wave-rectified nonlinear currents of large
amplitude in the power rails. These currents can cause unwanted nonlinear voltage
drops in power lines and grounds through which they are allowed to flow. They can
also create AC magnetic fields that induce nonlinear voltages into nearby circuits [2].

Current Flows Through the Shortest Path

Make this reality work for you rather than against you. Manage impedances and topol-
ogy so as to force currents to circulate locally when possible.

Other Considerations
There is a myriad of additional design choices and implementation considerations that
come into play in the design of an amplifier. Some could be classified as feature choices,
whereas others could be classified as performance targets.

Output Stage Bias and Thermal Stability

Special attention needs to be paid to how the output stage bias will be set and how its
variation over environmental and program conditions will be minimized. This will help
minimize crossover distortion. At the same time, it is very important that the output
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stage never be allowed to enter a condition of thermal runaway. There can be conditions
where the output stage can run away before the heat sink even knows what happened.

Output Node Catch Diodes

The output node of the amplifier must never be allowed to go beyond the power supply
rails by more than a diode drop. Such high-voltage excursions can occur as the result of
an inductive speaker load whose current has suddenly been interrupted or limited.
Such inductive kicks can damage output transistors, speaker relay contacts, and tweet-
ers. For this reason, silicon diodes are wired in a reverse-biased manner from the output
node to each of the power supply rails. They will conduct if the output voltage attempts
to go beyond the rail voltage. For amplifiers that incorporate speaker relays, it is best to
include such catch diodes on both sides of the relay.

Protection of Speaker Relay Contacts

Speaker relay contacts can be more vulnerable to damage than one might think, often
as a result of arcing when they open. Such damage can result in pitted contacts that will
impair the sound quality. The output catch diodes mentioned above can help by avoid-
ing voltages greater than the rail voltage from appearing across the contacts. This by
itself may not be fully sufficient. Sometimes an R-C snubber network across the contacts
can help avoid arcing as well.

Physical Design and Layout

One should always be aware of the surroundings of the path of a sensitive signal or of
an inductive component. For example, input and feedback lines should be kept away
from the power supply and the main rail lines to the output stage. If the amplifier uses
an output coil, that coil should not be near ferrous material or low-level circuits.

The Feedback Path

The negative feedback should be tapped from the output after the high-side and low-
side currents of the class AB output stage have been merged where the emitter resistors
are joined. The signal should remain a high-level, low-impedance signal until it reaches
the physical location of the input stage. In other words, most of the feedback network
should reside in close proximity to the input stage. This reduces the effect of any cor-
rupting influences on its way from the output to the input stage.
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distortions in power amplifiers, is studied in depth in Chapter 10. Both CHAPTER 13
static and dynamic crossover distortions are covered. Part 2 also Other Sources of Distortion

includes a detailed treatment of MOSFET output stages and error cor-

rection techniques. Part 2 closes with a discussion of other sources of
distortion that are less well known.
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CHAPTER 7
Input and VAS Circuits

fier design understanding, but it did not include significant sophistication of the

input stage (IPS) and voltage amplifier stage (VAS) circuits. Rather, it started
with the most basic IPS-VAS and evolved it in a linear way to achieve much-improved
performance. Although the end result was quite good, there are many ways to skin a cat
and achieve further improved performance. Moreover, the analysis of the IPS-VAS was
fairly superficial, for example, there was little discussion of noise.

I I The amplifier that was evolved in Chapter 3 served as a good platform for ampli-

Single-Ended IPS-VAS

The single-ended IPS-VAS was discussed at length in Chapter 3 where a basic amplifier
was evolved to a high-performance amplifier. Most of the evolution in the design took
place in the IPS-VAS. 1t is referred to as single ended because the VAS is single ended
with a current source load. Later in this chapter we will focus on designs that include a
push-pull VAS for improved performance.

The IPS-VAS shown in Figure 7.1 is unlike the simple IPS-VAS that was used as a
starting point in Chapter 3. It is provided with +45-V rails that correspond to an ampli-
fier capable of delivering about 100 W into an 8-Q load. This IPS-VAS includes emitter
degeneration and is arranged with output stage predrivers and drivers as if a Triple EF
was being used for the output stage. The output stage is not present, and the feedback
is taken from a center tap on the driver emitter bias resistor. This allows distortion of the
IPS-VAS to be evaluated in the absence of the distortion of an output stage.

The pair of 234-Q emitter degeneration resistors implements 10:1 degeneration of
the input differential pair by increasing the total emitter-to-emitter resistance R, from
52 Q to 520 Q. This reduces its transconductance by a factor of 10.

Recall the relationship described in Chapter 2 for Miller compensation:

CMiller = 1/(2 nfcRLTPAcI)

where A is the closed-loop gain, R, is the total emitter-to-emitter LTP resistance
including re’, and f is the desired gain crossover frequency for the negative feedback
loop. Setting f, to 500 kHz and closed-loop gain to 20, we have

C1=C,,,.. =0.159/(500 kHz * 520 Q * 20) = 30.6 pF

Miller
By this calculation C1 must be about 30 pF.
Notice that +1 mA is available from the input stage to charge and discharge C1. This
results in an achievable slew rate of 1 mA /30 pF =33 V/us. This is a respectable value
of slew rate for an audio power amplifier of modest power level.
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Ficure 7.1 A simple single-ended IPS-VAS.

Improved Single-Ended IPS-VAS

The IPS-VAS shown in Figure 7.2 is very much like the last one shown in Chapter 3 that
was evolved to a high-performance level. The major improvements made to that design
included a current mirror load on the IPS and a Darlington-cascode VAS with current
limiting. This combination of improvements greatly increased the open-loop gain while
virtually eliminating the Early effect in the VAS.

Figure 7.3 plots 20-kHz THD as a function of output level for the IPS-VAS circuits of
Figures 7.1 and 7.2. One can see the great improvement in performance achieved by
merely adding a few small-signal transistors to the circuit. Bear in mind that this distor-
tion does not include output stage distortion. Isolating the IPS-VAS distortion is the
best way to compare different designs of this portion of an amplifier.

Shortcomings of the Single-Ended IPS-VAS

The single-ended IPS-VAS is asymmetrical. With a 10-mA quiescent current, the single-
ended VAS can never source more than 10 mA to the output stage. However, it can sink
an amount of current that is limited only by whatever current limiting is built into the
VAS. The transconductance of the single VAS transistor varies in accordance with the
amplitude and polarity of the output current. When the VAS is sourcing high current to
the output stage, the VAS transistor is operating at a low collector current, and its transcon-
ductance is correspondingly low. When the VAS is sinking high current from the output
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Ficure 7.2 An improved single-ended IPS-VAS.

stage, the VAS transistor is operating at high current and has high transconductance. Such
signal-dependent changes in transconductance lead to open-loop gain variations that are
dependent on the signal in such a way as to cause second harmonic distortion. The degen-
eration of the VAS mitigates this problem but does not eliminate it.

A VAS design in which the Early effect can play a significant role will suffer second
harmonic distortion from the Early effect as well, since the current gain and output
impedance of the VAS will depend on the output signal voltage.

Perhaps the single biggest improvement that can be made to the VAS is to make it
push-pull, replacing the current source load with a second common emitter VAS tran-
sistor that is driven with a signal of polarity opposite to that driving the first VAS tran-
sistor. This makes the VAS symmetrical, providing equal sourcing and sinking current
capabilities and canceling most effects that create second harmonic distortion. The
transconductance of the VAS is doubled because it becomes the sum of the transcon-
ductances of the positive and negative VAS transistors. When one transistor’s gm is
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Ficure 7.3 THD-20 as a function of output power for the VAS circuits of Figures 7.1 and 7.2.

high, the gm of the other one is low. For a given quiescent current, the maximum avail-
able VAS output drive current is doubled.

Most of the IPS-VAS variations that will be seen in this chapter simply reflect differ-
ent approaches to delivering the necessary drive signal to the added complementary
VAS transistor.

Opportunities for Further Improvement

Many variations on the IPS and VAS are possible. Some provide improved symmetry
and performance, while others bring functional features like Baker clamps to control
clipping behavior. Others simply represent alternative approaches to the IPS-VAS that
some believe sound better or are more immune to things like EMI ingress.

Input Stage Stress

Input stage distortion cannot be ignored. Some IPS-VAS architectures will increase or
decrease the susceptibility of the amplifier to distortion that originates in the IPS. Per-
haps the most well known effect is high-frequency distortion caused by increased error
signal input amplitude at high frequencies. This distortion is associated with transient
intermodulation distortion (TIM) and slewing-induced distortion (SID) [1, 2, 3, 4]. Input
stage distortion is reduced, but not eliminated, by input stage degeneration.

The size of the error signal presented to the input stage is a measure of input stage
stress that results in input stage distortion. For a given output signal amplitude, the
input stage stress is inversely proportional to the open-loop gain for a sinusoidal signal.
In a typical amplifier design with dominant pole compensation, the open-loop gain is
smaller at high frequencies (like 20 kHz), leading to greater input stage stress. At low
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frequencies, the open-loop gain is substantially higher, leading to substantially reduced
input stage stress. Amplifiers with wide open-loop bandwidth have the same open-
loop gain at low and high audio frequencies and thus place just as much stress on the
input stage at low frequencies as they do at high frequencies.

Amplifiers with low amounts of negative feedback (and thus low open-loop gain)
across the audio band subject the input stage to correspondingly greater input stage
stress. Amplifiers with no global negative feedback have open-loop gain simply equal
to the amplifier gain; this means that the full amplitude of the line level input signal is
applied to the input stage, creating the greatest stress and demanding the design of an
input stage that is very linear up to high input signal levels. This requires an input stage
with very high dynamic range.

There is one caveat to the above observations. The error signal applied to the input
stage in amplifiers with high open-loop gain at low frequencies is essentially a differenti-
ated version of the input signal. If the amplifier is driven with a square wave, the peak
error signal under some conditions can approach the peak-to-peak value of the input sig-
nal, implying an error signal swing that could in theory be twice as large as the case where
open-loop gain was uniform across the bandwidth to which the square wave is limited.

JFET Input Stages

A popular alternative to the BJT input differential pair is the JFET input pair. This choice
has advantages and disadvantages. Many believe that the sound is better while others
believe that its superior resistance to input EMI is important. JFETs usually have
increased input referred voltage noise, but in power amplifier applications this is not a
serious issue due to the line-level signal voltages involved. Moreover, JFETs have virtu-
ally no input current noise. When a BJT-LTP is degenerated to the same transconduc-
tance as a JFET (to help slew rate, for example), the noise contributed by the emitter
degeneration resistors will often increase the input voltage noise of the B]T stage to be
similar to that of the JFET stage.

In the strictest sense, the gm of a JEET-LTP is not as linear as that of a BJT-LTP degen-
erated to the same low value of transconductance. However, the cutoff characteristic of
a BJT pair is much sharper. Figure 7.4 shows a comparison of the differential pair trans-
fer characteristic for BJT and JFET input pairs that have the same small-signal transcon-
ductance. For the JFET differential pair, the device is the Linear Systems L5844 operating
with a tail current of 2 mA and with gm of about 2.0 mS for each transistor. The BJT-LTP
operates at a tail current of 1 mA and is degenerated by a factor of 10 with 470-Q emitter
resistors to bring its transconductance down to the same 2 mS. Both LTPs are loaded
with a current mirror.

Figure 7.5 shows THD-1 as a function of signal level for the same two input stages.
The bottom two traces show the sum of fifth- and seventh-order harmonics for these
stages, giving an idea of the relative levels of the less benign higher-order harmonics.

The JFET has the advantage of extremely high input impedance and essentially no
input bias current, but sometimes its higher input offset voltage detracts from the
advantage of no input bias current. Because JFETs do not need a relatively low-value
return resistor for bias, they simplify the DC offset design of the input stage, even when
DC servos are employed. The ability to employ large-value return resistors results in an
amplifier that can have inherently higher input impedance and employ a much smaller
input coupling capacitor.
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JFET Transistors

JFETs operate on a different principle than B]Ts. Picture a bar of n-type doped silicon
connected from source to drain. This bar will act like a resistor. Now add a pn junction
somewhere along the length of this bar by adding a region with p-type doping. This is
the gate. As the p-type gate is reverse biased, a depletion region will be formed, and this
will begin to pinch off the region of conductivity in the n-type bar. This reduces current
flow. This is called a depletion-mode device. The JFET is nominally on, and its degree of
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conductance will decrease as reverse bias on its gate is increased until the channel is
completely pinched off.

The reverse gate voltage where pinch-off occurs is referred to as the threshold voltage V..
The threshold voltage is often on the order of —.5V to 4V for most small-signal N-channel
JFETs. Note that control of a JFET is opposite to the way a BJT is controlled. The BJT is
normally off and the JFET is normally on. The BJT is turned on by application of a
forward bias to the base-emitter junction, while the JFET is turned off by application of
a reverse bias to its gate-source junction.

The reverse voltage that exists between the drain and the gate can also act to pinch
off the channel. At V, greater than V, the channel will be pinched in such a way that
the drain current becomes self-limiting. In this region the JFET no longer acts like a
resistor, but rather like a voltage-controlled current source. These two operating regions
are referred to as the linear region and the saturation region, respectively. JFET amplifier
stages usually operate in the saturation region.

JFET | , versus v o Behavior

Figure 7.6a shows how drain current changes as a function of gate voltage in the satura-
tion region; Figure 7.6b illustrates how transconductance changes as a function of drain
current in the same region. The device is one-half of a Linear Systems LS844 dual JFET.
Threshold voltage for this device is nominally about 1.8 V.

The JFET I-V characteristic (I, versus V) obeys a square law, rather than the expo-
nential law applicable to B]Ts. The simple relatlonshlp below is valid for V, >V and
does not take into account the influence of V,_ that is responsible for out'put re51stance
of the device.

1,=B(V, - V) (7.1)

The equation is valid only for positive values of V. - V.. The factor p governs the
transconductance of the device. When V =V, the V_ -V, term is zero and no current
flows. When V=0V, the term is equal to V? and maximum current flows.

The maximum current that flows when V =0Vand V, >>V,is referred to as I .,
a key JFET parameter usually specified on data sheets. Under these conditions the chan-
nel is at the edge of pinch off and the current is largely self-limiting. In this case it is the
reverse bias of the gate junction with respect to the drain that is pinching off the chan-
nel. The parameter f is the transconductance coefficient and is related to I, . and V. The

value of I for the LS844 is about 3.1 mA, and the value of B is about 0.9 mA/ V2
B=1I,/V? (7.2)

The parameter 3 can also be expressed in mS/V; this means that if gm is plotted as
a function of V', a straight line will result. With some manipulation of Eq. 7.1, it can be
seen that the transconductance of the JFET is proportional to the square root of the

drain current.
gm=2,Bl, (7.3)

This is different from the behavior of a BJT, where gm is proportional to collector
current. Transconductance for a JFET at a given operating current is smaller than that of
a BJT by a factor of 10 or more in many cases. The transconductance for the L5844 at
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I,=1mA s about 2 mS. The gm of a BJT at [ =1 mA is about 40 mS, greater by a factor
of 20. The larger LSK389 has V,=-0.54 V, I, .= 8.4 mA, and gm of 11.3 mS at 1 mA.
The JFET turn-on characteristic is much less abrupt that that of a BJT. Absent degen-
eration of a BJT, the input voltage range over which the JFET is reasonably linear is
much greater than that of a BJT. The collector current of the BJT increases by a factor of
about 2 for every increase of 18 mV in V, . Between 0.75 mA and 1.5 mA, Vgs of an 1.S844

changes by about 370 mV.

JFET RFI Immunity

When operating in the quiescent state, the gate-source junction of the JFET is typically
reverse biased by a volt or two. In contrast, the base-emitter junction of the BJT is forward
biased by about 600 mV. This means that the latter is more prone to rectification effects at
its base-emitter junction, making the un-degenerated BJT far more prone to RFI pickup,
demodulation, and intermodulation. A degenerated BJT is less prone to this effect because
it has a higher signal overload voltage as a result of the emitter degeneration.

Voltage Ratings

JFETs often do not have as high a voltage rating as BJTs, and this sometimes requires that
JFET input stages be cascoded. The LSK389, for example, has maximum V,_of only 40 V.
Most of the voltage drop required in an IPS can be accommodated by the addition of BJT
cascode transistors. Figure 7.7 illustrates a JFET-IPS that can handle the rail voltages
encountered in a typical power amplifier. Each LS844 JFET is operated at a drain current
of 1 mA, and its drain is loaded by a BJT cascode whose bases are biased at +15 V.

g *+— +V0ai

R2
120

o_,[:‘cn

-15V

Ficure 7.7 A cascoded JFET input stage.
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The JFETs employed are the Linear Systems monolithic dual-matched LS844 devices.
These devices are matched to within +5 mV and have typical input-referred noise of
3 nv/+/Hz. The 2-maA tail current for the JFETs is required to bring their transconductance
up to that of the degenerated BJTs in Figure 7.2. This means that the Miller compensation
capacitor can remain of the same value. Note, however, that slew rate will be doubled as
a result of the doubled tail current for the JFETs.

JFET Input Pairs and Matching

The threshold voltages among discrete JFETs can be quite different, so it is virtually
mandatory to employ monolithic dual-matched pair devices. While discrete P-channel
JFETs are readily available, dual-matched pairs like the Toshiba 25K389/25]09 are scarce
and largely no longer in production. That is why the IPS-VAS of Figure 7.7 is upside
down from the BJT version of Figure 7.2. N-channel matched JFET pairs are better per-
forming and much more readily available.

Some IPS-VAS circuits use a full-complementary IPS-VAS with two pairs of JFET-
LTPs, one N-channel, and one P-channel. The scarcity of P-channel matched pairs makes
this kind of IPS difficult to build in practice. It is also true that the P-channel matched
pairs, when available, may not be well matched to the N-channel complements for
transconductance at a given operating current.

Complementary IPS and Push-Pull VAS

The VAS designs illustrated in Chapter 3 were all of a single-ended drive nature, where
the large voltage swing at the output of the VAS was developed by a common-emitter
stage loaded by a constant current source. In those examples, the maximum amount of
pull-up current on the VAS output node was limited to the value of the current source,
which in turn was equal to the idle current of the VAS. The pull-down current would
not be limited in the same way. The collector current of the VAS transistor would be
smaller when the output node was being pulled up and larger when the output node
was being pulled down. This in turn meant that the transconductance of the VAS tran-
sistor would be different under these two conditions. This asymmetrical structure and
behavior of the VAS can lead to second harmonic distortion and other performance
impairments.

The push-pull VAS addresses these limitations by employing active common-emitter
VAS transistors of each polarity, one pulling up and one pulling down. Such a sym-
metrical architecture has many advantages. Twice the peak drive current is available for
a given VAS quiescent current and the symmetry suppresses the creation of second
harmonic distortion.

The key challenge with the push-pull VAS is how to drive the two common-emitter
VAS transistors, one referenced to the positive rail and the other referenced to the nega-
tive rail. In the approaches described in this section, two input pairs are employed, one
a PNP-LTP and one an NPN-LTP. P-channel and N-channel JFET-LTPs can be used also.
The PNP-LTP provides drive to the NPN-VAS transistor on the bottom while the NPN-
LTP drives the PNP-VAS transistor on the top. A simplified version of an IPS-VAS using
this approach is illustrated in Figure 7.8.

Each LTP is powered by its own tail current source. Twin Miller compensation
capacitors are employed; one feeds back to the input of each polarity of VAS transistor.
Many amplifiers have been designed with arrangements like this one. It is an elegant
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Ficure 7.8 Complementary IPS-VAS circuit.

way to drive a push-pull VAS and, if nothing else, has appealing symmetry on the sche-
matic. Many of the usual IPS-VAS improvements can be applied to the arrangement of
Figure 7.8, such as Darlington-connected VAS transistors.

Complementary IPS with Current Mirrors
We saw in Chapter 3 the great improvement that resulted from employing current mirror
loads on the IPS-LTP. Such an approach is illustrated in Figure 7.9. Here there is a current
mirror on top driving the PNP-VAS transistor and another current mirror on the bottom
driving the NPN-VAS transistor. Both current mirrors enable the input stage to provide high
gain, especially given that both of the VAS transistors employ a Darlington connection. Look
at the circuit and see if you can calculate the VAS quiescent current from the components and
currents shown. You can’t. That is the problem with this circuit. The VAS quiescent current is
indeterminate. This is not a practical and reliable circuit. Some means must be introduced to
establish some reliability with the VAS bias current. Such a means will cause the output volt-
age of the current mirror to be at a defined level when the LTP is in balance.

One approach to solving this problem is illustrated in Figure 7.10. First notice that
each current mirror has had a helper transistor added to it (Q13, Q14). This is little more
than an emitter follower that supplies the base current for the current mirror transistors,
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Fieure 7.9 Complementary differential input stage with current mirror loads suffers quiescent
bias instability.

rather than having it drained from the incoming current. This improves DC balance of the
current mirror and greatly decreases the influence of transistor beta on its operation.

Notice also that the helper transistor separates the voltage at the current mirror
input (collector of Q6) by one additional V, from the rail. This puts that voltage 2V,
plus the drop across R6 away from the rail. This happens to be the same voltage drop
from the rail as exists at the input to the Darlington VAS transistor if V, drops are the
same and amount of degeneration voltage drop is the same.

Resistor R14 connected across the collectors of Q1 and Q2 accomplishes the remain-
der of solving the problem. When the LTP is in balance, no current flows through R14; the
voltage on both sides is the same. The voltage at the emitter of the VAS transistor then
becomes approximately the same as the voltages at the emitters of the current mirror
transistors, which are set by the LTP tail current. It is easily seen that the quiescent current
of the VAS is now established so that it depends directly on the tail current in the LTPs.
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Ficure 7.10 Complementary differential input stage with stabilized current mirror loads.

The price being paid here is a slight reduction in the gain of the input stage. It is
differentially loaded by R14 instead with very high indeterminate impedance set by
transistor betas. The effective load resistance is half the value of R14, since the current
flowing through R14 is recirculated through the current mirror to further oppose volt-
age change at the output of the current mirror. The value of the differential shunt resis-
tor can be quite high if well-balanced circuitry is used with precision resistors.

This circuit is sensitive to differences in the tail currents for the NPN and PNP LTPs.
It can be seen that any such difference will attempt to set a different quiescent current
for the top and bottom halves of the VAS. This cannot be, so an input offset voltage will
be created for the overall stage that forces the top and bottom VAS transistors to operate
at the same current.
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Complementary IPS with JFETs

Many fine amplifiers have been made with the complementary IPS using JFETSs, as illus-
trated in Figure 7.11. All of the same approaches and caveats apply. The JFET-LTPs are
cascoded to keep the drain voltages of the JFETs at suitable levels.

There are two concerns that apply with complementary JFET input stages. First and
foremost, P-channel dual-matched JFETs are very difficult to find. Few, if any, are still in
production as of this writing. Secondly, the transconductance of the P-channel pair does
not match that of the N-channel pair at the same operating current without painstaking
selection of devices.

Complementary IPS circuits do not perform well if the transconductances of the top
and bottom halves are not well matched; each half will have different gain, and the top
and bottom parts of the VAS will tend to fight each other. This results in second har-
monic distortion. This is especially so if twin Miller compensation capacitors are used
as shown. Each compensation capacitor creates a shunt feedback loop that makes the
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Ficure 7.11 Complementary differential input stage with JFETs.
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output impedance of its half of the VAS low. Two low-impedance sources connected in
parallel (the top and bottom halves of the VAS) will fight each other unless each one is
trying to put out the exact same voltage as the other one. If the transconductances of the
top and bottom LTPs are not the same, this condition will not be satisfied. Optional
emitter degeneration resistor pairs R1-R2 and R3-R4 can be set to different values in
order to better equalize the transconductances of the top and bottom LTPs.

Floating Complementary JFET-IPS

An elegant complementary JFET-IPS popularized by John Curl floats the complemen-
tary differential pairs. An arrangement like this is shown in Figure 7.12. This design
takes advantage of the depletion mode biasing of the JFETs to create what is effectively
a floating common current source for the N-channel and P-channel LTPs. The sum of the
V. voltages of the top and bottom JFET pairs at the chosen operating current is forced to
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Fieure 7.12 Complementary differential input stage with floating JFETs.
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appear across bias resistor R5 connecting the two pairs, thus establishing the tail cur-
rents, which will be equal. Optional source degeneration resistor pairs R1-R2 and R3-R4
can be used to help equalize top and bottom LTP transconductances. The resistances of
any degeneration resistors must be taken into account in choosing the value of R5.

The tail current in this design will depend directly on the threshold voltages of the
JFET pairs, so some selection or adjustment of R5 may be necessary to arrive at the
desired tail current.

Complementary IPS with Unipolar JFETs

The relative unavailability of P-channel dual-matched JFETs makes it tempting to pur-
sue an input stage which uses only N-channel JFETs but which still is able to create
output signal currents that face both upward and downward.

This is made possible by the circuit shown in Figure 7.13. The N-channel JFETs (Q1,
Q2) still act as a differential pair in the upward direction, but their source currents are
harvested with a pair of PNP cascode transistors in their source circuit (Q3, Q4). The col-
lector currents of these cascode transistors flow downward to a current mirror to
drive the NPN-VAS transistor. Resistors R1 and R2 provide the degeneration. If one
assumes that the base line connecting Q3 and Q4 floats, it is easy to see that the dif-
ferential input voltage creates a current that flows through the loop created by Q1, R1,
Q3, Q4, R2, and Q2.

The key to making this arrangement work is to get the right bias currents to flow
without interfering with common mode rejection. This involves properly generating
the voltage at the interconnected bases of Q3 and Q4. This voltage must float with the
common mode input voltage and be offset downward by the proper amount to estab-
lish the desired bias current. Transistors Q5 and Q6 perform this function.

Q5 and Q6 are emitter followers whose output is summed by R3 and R4 to form a
replica of the common-mode voltage. This replica is applied to the bases of Q3 and Q4.
Current source I1 provides the necessary pull-down bias current for the emitter follow-
ers. Notice that the V, drops of Q3 and Q5 cancel each other, as do those of Q4 and Q6.
As a result, the voltage drop across R1 and R3 are equal if all V, drops are equal. Like-
wise, the voltage drop across R2 is the same as that across R4. The DC voltage drops
across R1 and R2 set the bias current, and the drop across R3 and R4 is controlled by
current source I1. If R3 and R4 equal R1 and R2, then the bias current flowing in Q1 will
be equal to one-half I1. Current I1 is the “tail current” of the arrangement.

The arrangement is completed with upper cascode transistors Q7 and Q8. Current
mirrors at the top and bottom (Q9, Q10, Q11 and Q12, Q13, Q14) provide the loading.
R11 and R12 provide differential loading on the current mirror outputs to provide VAS
quiescent current stability.

Unipolar Input Stage and Push-Pull VAS

The relative scarcity of complementary JFET pairs also makes it desirable to have designs
that require only a conventional LTP of one polarity (usually N-channel JFET) while still
being able to drive a push-pull VAS. The key to achieving this is how to turn around the
signal drive for the opposite side of the VAS. Tom Holman’s APT-1 power amplifier is a
good example of this design approach (wherein NPN BJT devices were used) [5].
Figure 7.14 shows such an approach where a current mirror (Q5, Q6) is used to gen-
erate the drive signal for the NPN-VAS transistor. The signal current from one side of



Input and VAS Circuits

R6
220

Q10

1 mA 15 pF

Ficure 7.13 Complementary IPS with N-channel JFETs.

the LTP output is reflected down to the negative rail where it is used to drive the NPN-VAS
transistor. A cascode transistor is placed in the path of the reflected current so as to
reduce quiescent voltage on Q6. This architecture does not appear to lend itself well to
the use of LTP current mirror loads in the way that they were employed in some earlier
arrangements.

Differential Pair VAS with Current Mirror
A slightly different approach is illustrated in Figure 7.15. Here the PNP VAS is actually a
differential pair. It is fed from an IPS with a current mirror load, so high gain and good
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Ficure 7.14 N-channel input stage with complementary VAS.

DC balance is achieved in the IPS. The VAS LTP is fed from both outputs of the IPS, but
because of the current mirror arrangement only the IPS output from Q3 has significant
voltage movement. The IPS output from Q4 acts as a voltage reference for the other input
of the VAS LTP. Diodes D1 and D2 prevent the current mirror transistors from saturating
when the amplifier clips. The PNP VAS LTP (Q10, Q11) is preceded by NPN emitter fol-
lowers Q8 and Q9. Their V, drops cancel those of the LTP transistors. The LTP is powered
by twin current sources and its gain is set by R8 connected between the emitters of Q10
and Q11. The twin current source arrangement helps conserve voltage headroom because
the VAS bias current does not flow through the emitter degeneration resistance.

The bottom half of the VAS is formed by a current mirror (Q13, Q14, Q15). A cascode
(Q12) is situated in the path of the current from Q10 to the current mirror to share the
voltage drop that spans both supply rails. Conventional Miller compensation is pro-
vided by C1 connected from the collector of Q11 to the base of Q9. A further advantage
of this design is that the VAS is naturally current limited; it can never sink or source
more than the total amount of its LTP tail current.

IPS with Differential Current Mirror Load

A more advanced form of unipolar IPS-VAS front end is shown in Figure 7.16. This
arrangement was used in Ref. 6. The key advantage of this circuit is that it allows the
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Ficure 7.15 Differential pair VAS with current mirror load.

use of a balanced current mirror structure to load the input stage. The differential cur-
rent mirror exhibits very high impedance in the differential mode, but rather low imped-
ance in the common mode. It thus provides some additional common-mode rejection.
The primary elements of the differential current mirror are current sources Q5 and Q6.
Emitter followers Q7 and Q8 jointly act as the current mirror helper transistors, creating
and feeding back a common mode voltage to control current sources Q5 and Q6. The
emitter followers also buffer the differential signal before application to the VAS LTP.

The differential current mirror establishes a well-defined common-mode voltage
level to be applied to the VAS LTP. This, combined with the differential drive of the LTP,
allows the use of a simple resistor tail for Q9 and Q10. The VAS in Figure 7.16 also
employs cascodes Q11 and Q12, suppressing the Early effect and allowing the use of fast,
low-voltage transistors for Q9 and Q10. The bias voltage provided for the cascodes is also
used to power emitter followers Q7 and Q8, again allowing the use of fast, low-voltage
transistors. A similar approach is used for the cascoded current mirror Q14-Q17.

Diodes D1 and D2 clamp the IPS differential output voltage to prevent saturation of
Q5 and Q6 when the amplifier clips. This IPS-VAS is best used with Miller input compen-
sation (MIC) as implemented by C1 and R18. MIC will be described in Chapter 9. The
series R-C network across the IPS collectors (C2 and R5) provides some lag-lead fre-
quency compensation for the high-impedance intermediate nodes between the IPS and
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Ficure 7.16 Input stage with differential current mirror load.

1.5

VAS. This compensates the local MIC feedback loop. In some MIC implementations an
additional series R-C network is required from the VAS output to ground.

Input Common Mode Distortion

In the customary noninverting amplifier configuration the full line-level input signal is
applied to the input stage as a common mode signal. This can create distortion in a
number of ways. Since this distortion makes itself apparent as an effective input-
referred differential signal at the input stage, negative feedback cannot reduce it.

One source of common-mode distortion can originate in the tail current source. A cas-
coded current source can reduce this contributor. Another problem can arise from the Early
effect in the LTP transistors. At high frequencies the nonlinear collector-base capacitance of
the LTP transistors can also introduce common-mode distortion, especially if the imped-
ances of the networks driving the LTP are not very low. An IPS with a single-ended output
and not loaded by a current mirror is more vulnerable to common-mode distortion. In
some cases JFETs may be more susceptible to common-mode distortion than BJT devices.
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Ficure 7.17 N-channel input stage with driven cascode.

Input common-mode distortion can be reduced with a driven cascode. Figure 7.17
shows how an input stage cascode can be driven with a replica of the common-mode
signal, making the collector-base voltage of the LTP transistors constant, independent
of signal. The replica is formed by passing the amplifier output signal through a second
feedback network formed by R3 and R4. Other approaches to generating the common-
mode signal for driving the cascode are also possible. For example, the tail signal of the
LTP can be buffered and level shifted as needed.

Early Effect

As discussed in Chapters 2 and 3, the current gain of a transistor is mildly dependent
on the collector voltage. This leads to a finite output resistance in a common-emitter
stage, and unfortunately this resistance is nonlinear. It was shown that the use of a cas-
code VAS greatly reduces this effect, but does not eliminate it completely. The usual
cascode fixes the potential at the collector of the common-emitter stage, so that signal
voltage at the base still modulates V, .

There is also the Early effect at the input to the driver or predriver transistors of the
output stage. This is because the base-collector voltage of the driver transistor is modu-
lated by the signal, and thus its beta is influenced via its Early effect. The bias current
flowing through the driver, even if constant, will result in a changing base current for
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the driver. The shunt feedback provided by the usual Miller compensation will reduce
the output impedance of the VAS, and this will also reduce the influence of the Early
effect.

Baker Clamps
When amplifiers are overdriven, they will clip. How cleanly they clip can have an effect
on the sonic performance of the amplifier. How often amplifiers clip depends on many
factors, not the least of which include loudspeaker efficiency and the crest factor of the
program material being played. In some cases, amplifiers may clip more often than we
think. When they do, it is important that they clip cleanly.

In the VAS circuits we have seen thus far, if the amplifier is driven to clipping, the VAS
transistor will almost certainly go into saturation. This occurs when the collector voltage
goes so low that the base-collector junction becomes forward-biased. Transistors tend to
be slow to come out of saturation, and this can lead to a phenomenon called sticking.

A Baker clamp is a diode-based circuit that prevents the signal excursion from going
far enough to allow the protected transistors to saturate. A Baker clamp can be as simple
as a diode connected to a fixed voltage reference. Baker clamps and related circuitry to
control amplifier behavior in the real world are discussed in Chapter 17.

Amplifier Noise

This section is not intended to be a thorough coverage of noise, but rather to introduce
a basic understanding of it. Although the noise characteristics of a power amplifier are
not as critical as those of a preamp, it is still important to achieve low noise because
there is no volume control in the power amplifier to reduce noise from the input stage
under normal listening conditions. This is particularly so when the amplifiers are used
with high-efficiency loudspeakers. Here we will explore the way in which noise is gov-
erned by the circuits and discuss ways to minimize it.

Power amplifier noise is usually specified as being so many dB down from either
the maximum output power or with respect to 1 W. The former number will be larger
by 20 dB for a 100-W amplifier, so it is often the one that manufacturers like to cite. The
noise referenced to 1 W into 8 Q (or, equivalently 2.83 V RMS) is the one more often
measured by reviewers.

The noise specification may be unweighted or weighted. Unweighted noise for an
audio power amplifier will typically be specified over a full 20-kHz bandwidth (or
more). Weighted noise specifications take into account the ear’s sensitivity to noise in
different parts of the frequency spectrum. The most common one used is A weighting,
illustrated in Figure 7.18. Notice that the weighting curve is up about +1.2 dB at 2 kHz,
whereas it is down 3 dB at approximately 500 Hz and 10 kHz.

Noise Power

The noise arising from different sources is usually assumed to be uncorrelated. For this
reason, it adds on a power basis. This means that noise voltage adds up on an RMS
basis as the square root of the sum of the squares of the various sources. Two noise
sources each 10 uV RMS will add to 14.1 uV RMS. Two noise sources, one 10 pV and the
other 3 uV will sum to \/(1 00+9) = \/(109) =10.44 puV. This shows how a larger noise
source will tend to dominate over a smaller noise source.
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Noise Bandwidth

Most noise sources have a flat noise spectral density, meaning that there is the same
amount of noise power in each hertz of frequency spectrum. This means that total noise
power in a measurement is proportional to the bandwidth of the measurement being
made. This gives rise to the concept of noise bandwidth.

A perfect brick-wall filter would have a noise bandwidth equal to its signal band-
width. Because real filters roll-off gradually, the noise bandwidth is slightly different
than the 3-dB bandwidth of a filter (often slightly more). A 12.7-kHz single-pole LPF has
an equivalent noise bandwidth (ENBW) of 20 kHz. Conversely, the ENBW of a 20-kHz
first-order LPF is 31.4 kHz. The ENBW of a single-pole roll-off is equal to 1.57 times the
pole frequency. The ENBW of the A-weighting function is 13.5 kHz.

Noise Voltage Density
White noise has equal noise power in each hertz of bandwidth. If the number of hertz is
doubled, the noise power will double, but the noise voltage will increase by only 3 dB
or a factor of v/2. Thus noise voltage increases as the square root of noise bandwidth
and noise voltage is expressed in nanovolts per root hertz (nV/ JHz ). There are 141V Hz
in a 20-kHz bandwidth. A 100-nV/ \/E noise source will produce 14.1 uV RMS in a
20-kHz measurement bandwidth.

As an aside, so-called pink noise has the same noise power in each octave of band-
width. Pink noise is usually employed in certain test measurements. Pink noise is created
by passing white noise through a low-pass filter having a 3 dB per octave roll-off slope.

Relating Input Noise Density to Signal-to-Noise Ratio
Most of the noise in an amplifier is usually contributed by the input stage or other early
stages. For this reason, the noise of an amplifier is often referred back to the input.
Input-referred noise is calculated by measuring the output noise and dividing it by the
gain of the amplifier. A good op amp might have input-referred noise of 2nV/ JHz.

If an amplifier has 10nV/ JHz of input-referred noise, what is its signal-to-noise ratio
(SNR)? Assume that the SNR is in an unweighted 20-kHz bandwidth and that it is
referred to 2.83 V RMS out. Also assume that the amplifier has a voltage gain of 20. The

output noise voltage will be 10nV/+/Hz *141v/Hz %20 =28.2uV. This is 100,000 times
smaller than 2.83 V, so the SNR is 100 dB.

Now consider a wideband unweighted noise measurement of the same amplifier.
Assume the amplifier has a closed-loop bandwidth of 500 kHz with a single-pole roll-off.

The ENBW will be 785 kHz (886+Hz), and the output noise will be 177 uV RMS. The
SNR will be 16,000, corresponding to about 84 dB.

A-Weighted Noise Specifications

The frequency response of the A-weighting curve is shown in Figure 7.18. It weights the
noise in accordance with the human ear’s perception of noise loudness.

The A-weighted noise specification for an amplifier will usually be quite a bit bet-
ter than the unweighted noise because the A-weighted measurement tends to attenu-
ate noise contributions at higher frequencies and hum contributions at lower
frequencies. A very good amplifier might have an unweighted signal-to-noise ratio of
-90 dB with respect to 1 W into 8 Q, while that same amplifier might have an A-weighted
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Ficure 7.18 A-weighting frequency response.

SNR of 105 dB with respect to 1 W. A fair amplifier might sport 65-dB and 80-dB SNR
figures, respectively. The A-weighted number will sometimes be 10-20 dB better than
the unweighted number.

VAS Noise

The input stage is not the only source of noise in an amplifier, even though it often
dominates. Later stages create noise, and their input-referred noise can be referred back
to the input of the amplifier by the voltage gain that precedes them. For example, a VAS
with input noise of 30 nV/ JHz will contribute an amplifier input-referred noise compo-
nent of 10 nV /+/Hz if the voltage gain of the input stage is 3. The message here is that
VAS noise cannot be ignored, and may even dominate the noise in some amplifier
designs. This can happen because the VAS is not usually designed for low noise and
input stage gain is sometimes quite small.

Power Supply Noise

The power supply rails in any amplifier are often corrupted by numerous sources of
noise. These may include random noise and other noises like power supply ripple and
EMI and program-dependent noise from the output stage. The power supply noise can
get into the signal path as a result of the signal circuit’s limited power supply rejection
ratio (PSRR).

There are two important ways to control power supply noise. The first is to do a
better job filtering the power supply rails. This is especially effective for power supply
rails that provide power to low-level circuits. The second is to employ circuit topologies
that have inherently high PSRR. The ability of a circuit to reject power supply noise usu-
ally decreases as the frequency of the noise increases. In other words, PSRR degrades at
high frequencies. Fortunately, it is often possible to do a more effective job of filtering
the power supply rails at higher frequencies.
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Resistor Noise

All resistors have noise. This is referred to as Johnson noise or thermal noise. It is the most basic
source of noise in electronic circuits. It is most often modeled as a noise voltage source in
series with the resistor. The noise power in a resistor is dependent on temperature.

P =4kTBW =1.66 x 10 W/Hz (7.4)

where k = Boltzman’s constant = 1.38 x 1072 J/°K
T = temperature in °K = 300°K @ 27°C
B =bandwidth in hertz

The open-circuit RMS noise voltage across a resistor of value R is simply

e, = 4kTRB (7.5)

e, =0.129 nV/vHz per VQ (7.6)

Noise voltage for a resistor thus increases as the square root of both bandwidth
and resistance. A convenient reference is the noise voltage of a 1-kQ resistor:

1kQ=>4.1nV/VHz

From this the noise voltage of any resistance in any noise bandwidth can be estimated.

Shot Noise

Bipolar transistors generate a different kind of noise. This noise is related to current
flow and the discreteness of current. This is called shot noise and is associated with the
current flows in the collector and the base of the transistor. The collector shot noise cur-
rent is usually referred back to the base as an equivalent input noise voltage in series
with the base. It is referred back to the base as a voltage by dividing it by the transcon-
ductance of the transistor. Once again, the resulting input-referred noise is usually mea-
sured in nanovolts per root hertz.

The shot noise current is usually stated in picoamperes per root hertz (pA/ JHz)

and has the RMS value of
Ishot = \)qudCB (77)

I, =0.57 pA/\Hz/\JuA (7.8)

where g=1.6 x 10" Coulombs per electron.
B =bandwidth in hertz

It is easily seen that shot noise current increases as the square root of bandwidth
and as the square root of current. An 1-mA collector current flow will have a shot noise
component of 18 pA /+/Hz.

1mA =>18 pA/vHz

The transconductance of a BJT operating at 1 mA is 38.5 mS. Dividing the shot noise
current by gm we have input-referred noise ¢, =0.47nV/vHz. From Equation 7.6 we
can see that this is the voltage noise of a 13-Q resistor.
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At the same time, notice that re” for this transistor is 26 Q. The noise voltage for a
26-Q resistor is 0.66 nV /+/Hz. The input-referred voltage noise of a transistor is equal to
the Johnson noise of a resistor of half the value of re’. This is a very handy relationship.

BJT Input Noise Current

The base current of a transistor also has a shot noise component measured in units of
pA/~Hz. Recall that

I, =0.57 pA/NHz/JuA (7.8)

Consider a BJT biased at 1 mA and with a beta of 100. Base current will be 10 nA.
This corresponds to 3.16@ . Input noise current will be 1.8 pA/ JHz. Put another
way, base shot noise is collector shot noise divided by \/E .

If the base circuit includes source resistance, the base shot noise current will develop
an equivalent noise voltage across that resistance. If the source impedance driving that
transistor’s base is 1 k€, then the input noise voltage due to input noise current will be
1.8nV/vHz.

Noise of a Degenerated LTP

Consider an LTP input stage biased with a tail current of 1 mA and degenerated with
470-Q emitter resistors. Assume that the stage is fed from a voltage source. The noise
contributions of the transistors and degeneration resistors will each be increased by a
factor of v/2 because there are two of each in series.

The resistor noise of each emitter resistor is 2.9 nV/ \/E . The collector shot noise
current of each transistor willbe 12.7 pA/ JHz. Transistor gm is 19.3 mS. Input-referred
base-emitter noise is 0.66nV /+Hz. Input-referred voltage noise of each half of the LTP
is thus 3.0 nV/y/Hz, with the degeneration resistor noise strongly dominating. Input
voltage noise for the stage is 3 dB higher, at 4.2 nV/ JHz.

Now assume that the stage is fed from a 1-kQ source. Resistor noise is 4.1 nV/ JHz.
Assume that transistor beta is 100. Base current is 5 pA. Input noise current is
1.3pA/ JHz. Input noise voltage due to input noise currentis 1.3 nV/ JHz. Total input
noise voltage across the input impedance is thus 4.3 nV/ JHz.

Total input noise for the arrangement is the power sum of 4.2nV/ JHz and

4.3nV/VHz, which is 6.0 nV/+Hz.

JFET Noise

JFET noise results primarily from thermal channel noise. That noise is modeled as an
equivalent input resistor  whose resistance is equal to approximately 0.6/gm [7]. If
we model the effect of gm as rs” (analogous to re” for a BJT), we have r, = 0.6rs". This is
remarkably similar to the equivalent voltage noise source for a BJT, which is the voltage
noise of a resistor whose value is re’/2. The noise of a BJT goes down as the square root
of I because gm is proportional to I , and re” goes down linearly as well. However, the
gm of a JFET increases as the square root of I,. As a result, JFET input voltage noise goes
down as the 1/4 power of I.. The factor 0.6 is approximate, and SPICE modeling of the
LS844 suggests that the number is closer to 0.67.

At I,=0.5 mA, gm for the LS844 is about 1 mS, corresponding to a resistance rs” of
1kQ. Multiplying by the factor 0.67, we have an equivalent resistance r, of 670 €2, which

has a noise voltage of 3.4 nV/+/Hz.
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Noise Simulation

With an understanding of the basics of noise and the cause-effect relationships, noise
analysis is best handled by SPICE simulations. In this approach, the noise contribution
of every element can be evaluated by clicking on the circuit element. The base-current
noise in a simulation will show up as a component of the voltage noise in the resistors
that make up the source impedance to the base node.
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CHAPTER 8
DC Servos

‘ ’ irtually all of the discussion on power amplifiers thus far has ignored the reality

of AC coupling and DC offset. The primary focus of this chapter is DC servos.

They make up a separate global feedback loop that acts at DC to control ampli-
fier output offset. However, it is also important to understand the origins and potential
magnitudes of DC offsets in amplifiers of conventional design. Some approaches to
reducing offsets in conventional designs are also discussed, and some of them are rele-
vant to designs incorporating DC servos.

Figure 8.1 shows a simple amplifier with the usual DC blocking arrangements. The
VAS and output stage are shown as an amplifier symbol. Coupling capacitor C1 blocks
any DC from the source. Input return resistor R1 biases the LTP input node at about
0 V. With a 20-kQ input return resistor, a 5-uF coupling capacitor is required to push the
input cutoff frequency below 2 Hz. This capacitor should be of very high quality.

The negative feedback network includes a 20-kQ feedback resistor (R3) and a
1.05-k< feedback shunt resistor (R2). These resistors set the closed-loop gain at 20. The
network also includes an electrolytic capacitor (C2) in the shunt leg that allows the DC
gain of the amplifier to fall to unity at DC. This prevents LTP input voltage offsets from
being multiplied by the closed-loop gain of the amplifier.

The electrolytic capacitor introduces a second low-frequency roll-off with a time con-
stant approximately equal to R2 * C2. The value of C2 must be 100 uF to push this second
roll-off frequency to below 2 Hz. This is why the capacitor usually must be an electrolytic
type, preferably nonpolarized. The back-to-back diodes across the electrolytic prevent it
from being subjected to excessive voltages in the event that the output of the amplifier
becomes stuck to one rail or is otherwise driven to a large voltage for a significant period
of time. A 100-W sinusoid at 2 Hz would attempt to place about 1.4 V peak across C2.
Under these conditions the diodes would become forward-biased and cause distortion.
Sometimes the diodes are left out for this reason. In other cases two diodes are put in
series or two Zener diodes are used.

The electrolytic capacitor is problematic because it is in the signal path. Electrolytic
capacitors can be notoriously nonlinear and will cause distortion. Any signal voltage
appearing across the electrolytic will be distorted. At minimum, capacitance is nonlin-
ear with voltage across the capacitor and ESR is nonlinear with current through the
capacitor. Distortion from the capacitor rises at lower frequencies as a larger signal volt-
age appears across the capacitor. A very high-quality nonpolarized electrolytic should
be used for C2. Some designers bypass C2 with a quality film capacitor. This can
improve the sound, but the higher impedance of the film capacitor over much of the
audio band limits its effectiveness in reducing distortion from C2.
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Ficure 8.1 Conventional amplifier DC block arrangement.

8.1

An alternative to the electrolytic capacitor is a large film capacitor in combination
with higher circuit impedances in the feedback network. If R2 is set to 5 kQ and R3 is
set to 95 kQ, then a 22-pF film capacitor will yield a low-frequency corner below 2 Hz.
This is a costly and bulky solution. The high impedance in the feedback network invites
noise and DC offset impairments.

We will see that the single biggest reason for employing a DC servo is the elimina-
tion of the electrolytic capacitor. The DC servo is a smaller and less expensive solution
that provides much higher sound quality and performance.

Origins and Consequences of DC Offset
Input offset voltage of the LTP can be less than 1 mV for dual monolithic B]Ts or can be
more than 20 mV for unmatched discrete BJTs. A JFET-LTP implemented with dual
monolithic JFETs can be had with input offset voltages less than 10 mV without great
difficulty. As long as these input voltage offsets are not multiplied by a DC closed-loop
gain greater than unity, satisfactory amplifier output offsets are achievable. Amplifier
DC offsets greater than about 50 mV should be avoided.

Input Bias Current

Input offset voltage of the differential pair is not the only source of DC offset in the ampli-
fier. A more serious problem with DC offset occurs in amplifiers with BJT input stages as
a result of base current. Importantly, JFET input stages do not suffer this problem.
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The PNP-LTP transistors in Figure 8.1 are each biased at 1 mA. If transistor beta is
100, base current will be 10 uA. The base current on the input side of the LTP flows
through input return resistor R1, resulting in a small positive voltage at the base of Q1.
If the base current is 10 pA, the base of Q1 will be at +0.2 V.

Assume that the betas of the LTP transistors are the same, so that 10 pA also flows
from Q2 through feedback resistor R3. If the feedback resistor is of the same value as the
input return resistor, 0.2 V will be dropped across it as well. In this case the output volt-
age of the amplifier will be zero, as desired (assuming no input offset